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El calentamiento global es una gran amenaza para la civilizacion, los gases de efecto inver-
nadero (GHGs) en la atmosfera aumentan la radiacion solar absorbida, elevando la temper-
atura del planeta. En Chile, la industria del transporte es la mayor emisora de GHGs, por
lo que es crucial cambiar a vehiculos hibridos o eléctricos. Ademas, el uso de energias ren-
ovables puede reducir emisiones. Sin embargo, la estacionalidad de estas fuentes de energia
hace necesario almacenar la energia producida durante periodos de alta produccion. Por
ende, las investigaciones enfocadas en mejorar la capacidad de almacenamiento de energia se
han intensificado. En particular, el almacenamiento quimico de energia es el més utilizado y
esté presente en casi todos los dispositivos electronicos en forma de baterfas recargables.
En el area de las baterfas recargables, las de iones de litio (LIB) han atraido mucha atencion
debido a su alta densidad volumétrica y de masa para el almacenamiento de energia (400
Wh/L y 180 Wh/g respectivamente). Aunque ofrecen un disenio flexible y evitan problemas
de memoria presentes en generaciones anteriores, suelen tener limitaciones en el rendimiento,
las cuales estdn asociadas comtnmente al catodo. Por este motivo, se exploran diversas op-
ciones de catodos, destacando los 6xidos de metales de transicion como LiCoO,y, LiMnyOy,
LiFePOy, LiNiy.5Mn;.504 y V505. Entre estos, el pentoxido de vanadio destaca debido a su
alta capacidad teorica de almacenamiento que llega hasta 442 mAh/g para la intercalacion
de tres iones Lit y 294 mAh/g para la intercalacion de dos LiT por formula, ademés de su
abundancia, bajo costo y facil preparacion.

A pesar de que el V5,05 presenta una alta capacidad de intercalacion, también presenta prob-
lemas como un bajo coeficiente de difusion iénica y disolucién en el electrolito, por lo cual, las
investigaciones sobre interfaces electrodo-electrolito mas estables se vuelven muy importantes
para mejorar el desempeno del V,O5. A partir de los estudios de la interfaz catodo electrolito
(CEI) han aparecido algunas soluciones, entre las que destaca recubrir la superficie catodica
con un material inerte reduciendo el contacto entre el electrolito y el catodo, y regulando o
promoviendo la formaciéon de una interfaz de mas estable. En este contexto, la formacion
de una monocapa molecular autoensamblada (SAM) en la superficie del catodo antes del
contacto con el electrolito puede ser una manera eficiente de mejorar el desempenio del V5Os.
En este trabajo se estudié la formacion de SAMs en la superficie de VoOj5 y su influencia en
el desempeno como catodo de bateria de litio. Por consiguiente, se fabricaron peliculas de
pentoxido de vanadio de distintos espesores sobre substratos de silicio, que fueron caracteri-
zadas quimica y topograficamente, luego la muestra mas oxidada fue recubierta con de acido
4-(amino)benzoico y caracterizada. Después se elabor6 un nuevo conjunto de muestras sobre
substratos de acero inoxidable y se funcionalizaron algunas con acido 4-(fenilazo)benzoico
(PPBA) con el fin de comparar sus propiedades como catodo de bateria. Se observo que la
muestra recubierta con PPBA presenta una mayor capacidad de carga-descarga y eficiencia
energética en comparacion con la muestra pristina. Ademas de ello, el analisis postmortem
apunta hacia la formacion de una CEI protectora cuando se recubre con moléculas indicadas.
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Global warming is one of the biggest threats to civilization, the greenhouse gases (GHGs) in
the atmosphere increase the absorbed solar radiation, increasing the global temperature.

In Chile, the transport industry has the highest GHG emissions. Therefore, there is a ne-
cessity to transition to hybrid or electric vehicles. Additionally, the use of renewable energy
sources to produce electricity can further reduce GHG emissions. However, the seasonality of
these energy sources makes it necessary to store the energy produced during periods of high
production to supply the periods of low production. As a result, research aimed at improving
energy storage has been increasing. Particularly, chemical energy storage is widely used due
to its presence in almost every electronic device in the form of a rechargeable battery.

In the field of rechargeable batteries, lithium-ion batteries (LIBs) have attracted a lot of at-
tention due to their high volumetric and gravimetric energy density, reaching up to 400 Wh/L
and 180 Wh/g, respectively. LIBs are also design flexible and do not suffer memory problems
of first-generation Ni-based batteries. However, the performance of LIBs is primarily limited
by the cathode, which often exhibits issues such as low ionic and/or electronic conductivity,
dissolution in the electrolyte, and so forth. As a result, various cathode options are being
studied, with transition metal oxides such as LiCoO,, LiMnyOy,, LiFePO,, LiNigsMn; 50,
and V5,05 being the most promising. Among these options, vanadium pentoxide stands out
due to its high theoretical capacity (442 mAh/g for three Li* intercalation and 294 mAh/g
for two Li' intercalation per formula), abundance, low cost, and ease of preparation.
Although V505 has a high theoretical capacity, it also presents problems such as a low ionic
diffusion coefficient and dissolution in the electrolyte. For this reason, research on more sta-
ble electrolyte-electrode interfaces has become crucial to improve the performance of V,0s5.
Solutions have emerged from the study of cathode-electrolyte interface (CEI) such as coating
the surface of the cathode with an inert material to reduce the contact of the electrode with
the electrolyte and regulating or promoting the formation of a stable solid electrolyte interface
(SEI) to reduce the cathode dissolution. In this context, the formation of a self-assembled
monolayer (SAM) on the surface of the electrode before contact with the electrolyte can be
an efficient way to improve the performance of V,0s5.

This work studied the formation of self-assembled monolayers on the V,05 surface and
their influence on the cyclability as cathodes of lithium-ion batteries. Samples of vana-
dium oxides with different thicknesses were prepared on silicon substrates and characterized
chemically and topographically. The most oxidized sample was then functionalized with 4-
(amino)benzoic acid and characterized. A new set of V,0O5 samples was prepared on stainless
steel and functionalized with 4-(phenylazo)benzoic acid (PPBA). Both bare V,05 and PPBA-
capped V,0Os5 surfaces were characterized and tested as LIB cathodes, resulting in an increase
in both the charge/discharge capacity and the energy efficiency. Furthermore, postmortem
analysis indicates the formation of a protective CEI in the PPBA-capped sample.
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Introduction

Global warming is one of the biggest threats to civilization. The greenhouse gases (GHGs)
in the atmosphere increase the absorption of solar radiation, leading to an increase in the
average global temperature [1, 2]. Some of the most relevant GHGs are carbon dioxide
(CO,), methane (C'Hy), nitrogen oxides (NO, ) and chlorofluorocarbons (CFC) due to their
high concentration or high global warming potential. Hence, among these gases, C'O, is the
most significant, accounting for 82% of the total GHGs and showing a strong correlation with
temperature [2].

In Chile, the transport and energy industry emit the highest amount of CO, per year [3].
Therefore, transitioning from conventional internal combustion engine vehicles to hybrid or
electric vehicles can significantly reduce C'O; emissions [4]. Additionally, the use of renewable
energy sources such as solar energy or wind power to produce electricity can further reduce
C'O, emissions, but the seasonality of these sources necessitates energy storage during periods
of high production to supply the periods of low production [5].

Energy storage systems have been extensively studied, as the demand for energy storage
is estimated to triple by 2030 compared to 2020 [6]. Some of these systems include pumped
hydro storage, thermal energy storage, flywheel energy storage, chemical storage, among
others [7]. Among them, chemical storage is the most widely used and can be found in
almost every electronic device in the form of a battery. This type of system stores and releases
electricity through electrochemical reactions transforming chemical energy into electricity and
vice versa. Rechargeable batteries release the stored chemical energy through a reversible
electrochemical process, allowing them to be recharged.

An electrochemical battery consists of an anode (a reductant), a cathode (an oxidant), and
an electrolyte (which conducts cations but is an electronic insulator). For liquid electrolytes,
a separator is necessary to prevent physical contact between the electrodes inside the cell.
The separator must also be an electronic insulator and permeable to the electrolyte.

When a battery is being used, for example, in the discharging process, the cathode and
the anode are connected outside the battery through an electronic device or a measuring
device. The electrochemical potential difference between the cathode and anode induces
an electron flow outside the battery. At the same time, cations in the electrolyte move,
generating a concentration gradient with more cations at the cathode and fewer in the anode.
This generates the chemical reactions and liberates the stored energy. When the battery is
rechargeable, the charging process is stimulated by an external source, usually by applying
a potential that forces cations in the electrolyte to go from the cathode to the anode either



oxidizing the cathode or reducing the anode.

Lithium-ion batteries (LIBs) are the most studied type of rechargeable battery due to
their high volumetric and gravimetric energy density, reaching up to 400 Wh/L and 180
Wh/kg respectively. Figure 1 shows the comparison of energy density for different battery
technologies [8]. Additionally, LIBs are flexible in design, have low self-discharge (typically
< 5% per month), operate at nearly three times higher voltage than Ni-based batteries and
do not suffer from the memory problem seen in Ni-Cd batteries [9].
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Figure 1: Comparison of mass and volume energy density of different rechargeable batteries
technologies

At present, lithium-ion batteries dominate the market as a power source for portable
electronic devices [10]. Additionally, their use in the hybrid and electric vehicles market is
on the rise, and by 2040, the number of electric vehicles is expected to increase by a factor of
60 or 70 compared to 2016 [11]. On the other hand, LIBs have high efficiency when it comes
to storing and releasing energy from sources like wind power and ocean currents, positioning
them as one of the most promising contenders in the field of energy storage [12].

At present, lithium-ion batteries (LIBs) hold a dominant position in the market as the
primary power source for portable electronic devices [10]. Additionally, their utilization in
the hybrid and electric vehicle sector is on the rise, and projections suggest a substantial
increase—possibly 60 to 70 times compared to 2016—in the number of electric vehicles by
the year 2040 [11]. Conversely, lithium-ion batteries exhibit remarkable efficiency when it
comes to storing and releasing energy from sources like wind power and ocean currents,
positioning them as one of the most promising contenders in the field of energy storage [12].

2



As aforementioned, lithium-ion batteries are composed of an anode, electrolyte, and cath-
ode. Generally, anodes are carbon or silicon-based materials, the electrolyte is usually a
high concentration of lithium salt dissolved in carbon-based solvents, and cathode materials
are mostly transition metal oxides or phosphates such as LiC0O,, LiMn,0,, LiFePQOy, and
V505 19, 13]. Currently, the performance of LIBs is limited by the cathode, which exhibits
small specific capacities between 160 and 200 mAh /g, compared with anode materials whose
specific capacity is one order of magnitude higher, theoretically reaching up to 4200 mAh/g in
the case of silicon [14]. Additionally, cathode materials have other problems such as low ionic
and electronic conductivity, irreversible phase transitions, among others. For this reason,
the cathode is a critical component to study to obtain LIBs with higher power and energy
density.

To get a better understanding of how to enhance the cathode performance is necessary
to understand how a battery works and the problems it may present. After assembling a
rechargeable battery, during the first charge/discharge cycles, a spontaneous film called solid
electrolytic interface (SEI) is formed on the surface of the anode due to the reduction of the
electrolyte and the oxidation of the anode in the interface (see figure 2). This reaction is usu-
ally self-passivating and protects the electrode from further degradation [15, 16]. Similarly,
when the operation voltage is high enough, the cathode is reduced, and the electrolyte is oxi-
dized in the cathode-electrolyte interface (CEI), which usually does not generate a protective
layer at the interface or does not produce one at all [17]. These processes are produced by
the difference in chemical potential, where the anode-electrolyte interface induces an electron
transfer from the anode to the electrolyte lowest unoccupied molecular orbital (LUMO), and
in the cathode-electrolyte interface, it induces an electron transfer from the highest occupied
molecular orbital (HOMO) of the electrolyte to the cathode [18, 19].
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Figure 2: Battery scheme with cathode and anode, and their interfaces with electrolyte CEI
and SEI respectively



In the electrolyte of the lithium-ion battery, the main components are the lithium salt and
the carbon solvents. The lithium salt used, such as lithium hexafluorophosphate (LiPFg),
contains fluoride ions (F~) which can release hydrogen fluoride (HF) when it reacts with
trace amounts of water (H,O) present in the system. On the other hand, the carbon solvents
utilized in the electrolyte contain additional trace amounts of H,O impurities. Consequently,
when the water (H,0) from the carbon solvent comes into contact with the lithium salt during
battery operation, it initiates a reaction causing the decomposition of the lithium salt, leading
to the production of more HF [20, 18, 19].

Moreover, hydrogen fluoride is highly corrosive and reacts with the lithium salt, the carbon
solvents, and the cathode, leading to the deposition of new lithium salts and carbonates in
the SEI and CEI |21, 22, 23, 19]. The reduction of the carbon solvent in the electrolyte
produces lithium oxide (LiyO), lithium ethylene dicarbonate (LEDC), or lithium ethylene
monocarbonate (LEMC), which are the main SEI components besides ethylene, C'O,, and
other products. Meanwhile, the main CEI components are oxidized carbonates and the
produced lithium salts.

Additionally, HF' has a preferential adsorption on the cathode surface, promoting the
reduction and dissolution of the transition metal in the electrolyte, leading to the deposition
of transition metal ions in the anode. These ions catalyze the electrolyte decomposition and
stimulate the growth of lithium dendrites [24, 18, 19].

In cathode materials research, many efforts have been made to enhance their properties,
including changing the crystal structure, doping with different elements, mixing different
cathode materials, and coating the surface, among other techniques |21, 25]. These changes
are intended to improve their performance in battery mode, whether it be increasing rate
capability, capacity, electronic and ionic conductivity, and more. Over the past years, various
cathode materials have been investigated. One of the most successful cathode materials in the
commercial category was LiC'0Os; however, cobalt is expensive, and the structure exhibits
low thermal stability and fast capacity fade. This drives the investigation of new cathode
materials [25].

Furthermore, layered LiNi,Co,Mn,O, and LiNi,Co,Al,Oy (NCM and NCA respectively,
with  + y + z = 1) have been applied in electric vehicles due to their higher capacity and
thermal stability compared to normal layered compounds such as LiNiO,, LiC0QO,, and
LiMnQO,. Despite this, NCA, NCM, and LCO charge capacity reach up to 200 mAh/g
[26, 27|, making it necessary to research cathode materials with even higher capacity, such
as V505, which has a theoretical capacity of 294 mAh /g when storing 2 Li ions and also
possesses a layered structure [28; 29, 30, 31].

Vanadium is the fifth most abundant transition metal in the Earth’s crust, found in about
65 minerals in different oxidation states, ranging from V*? to V™. Vanadium can form
various simple oxides, including VO, V503, V Oy, and V505, as well as more complex oxides
like the Magnéli phases V,,0y,_1 [30] and Wadsley phases V,,0a,.1 [30, 32, 33]. Magnéli
phases are composed of V3 and V*+* oxidation states, starting from 15,05 at n = 2 with
only V2 oxidation state, and ending in VO, with V4 when n — oco. These phases usually
exhibit metal-insulator transitions at different temperatures, depending on the structure and
composition, besides anisotropic charge transport, which has inspired the development of
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electronic devices [30]. Vanadium Wadsley phases are quasi-layered materials composed of
V+t and VT oxide states, and include V505, V307, ViOy, VsOq3, and the B phase VO,
[32, 30]. These compounds are suitable for electrochemical devices, thanks to their stable
layered structure with the ability to reversibly intercalate ions [32]. Particularly, V5Os5 is the
most stable oxide and has been extensively studied due to its physical properties, such as
electrochromism, field-emission, and electrochemical properties, leading to many applications,
including sensors, electrochromic windows, catalysts, actuators, among others.

Interest in vanadium pentoxide as a cathode material has recently increased due to the
resurgence of lithium metal as an anode for LIBs, which eliminates the biggest obstacle
of vanadium pentoxide - its lack of inherent lithium ions. Moreover, V505 proves to be
a promising candidate not only for lithium-ion batteries (LIBs) but also for other metal
batteries like sodium-ion batteries and magnesium-ion batteries [13]. Additionally, it is easy
to obtain nanostructures of vanadium pentoxide, such as nanofibers, nanobelts, nanorods,
and more [34].

Another advantage of vanadium pentoxide is its abundant sources, low cost, ease of prepa-
ration, and good safety characteristics compared to other cathodes used in LIBs. Further-
more, V505 has the ability to store two lithium ions with a theoretical capacity of 294 mAh /g,
which is higher than that of typical layered compounds. These factors make vanadium a
highly promising material for lithium storage.

Vanadium pentoxide is a typical intercalation compound and has eleven possible struc-
tures, among which the most stable is the orthorhombic layered structure with the Pmnm
symmetry with lattice parameters a = 11.512 A, b =3564 A, and ¢ = 4.368 A, where the
layers are held together by weak Van der Waals forces in the ¢ direction. Furthermore, a
complete unit cell is comprised of two formula units, and the structure is made out of V' Os
square pyramids with the vanadium in the center surrounded by oxygen. The pyramid shares
edge and corner with the adjacent pyramids forming a double chain linked along the a axis
forming a layered structure with a distorted close-packed oxygen array. The structure of 15,05
promotes the ion intercalation between the layers rather than through them [31], distorting
the lattice as ions intercalate, leading to phase transitions.

Depending on the lithium intercalation degree (z in Li,V205), we can observe different
phase transitions in V505. Some of these phases are labeled as «, ¢, §, v, and w. These
phase transitions manifest in the charge or discharge profile as distinct plateaus. Specifically,
the a-¢, -9, 0-7v, and y-w transitions occur at 3.4 V, 3.2 V, 2.2 V| and 1.9 V, respectively,
and induce volume changes (refer to figure 3 [35]). The first phase, a-Li,V20j, has the
minor lithium concentration (z < 0.1), and the structure of pristine V50j5 slightly changes.
Then, with increasing lithium content, the Li, V505 structure starts puckering, changing to
e-Li, V505 (0.35 < = < 0.7), and 0-Li, V505 (0.7 < z <= 1), with an increase in volume
near 11%. These phase changes are fully reversible when lithium is inserted and extracted
from the structure in the voltage range 2.4 — 4.0 V. When more lithium is inserted and
x > 1, a structural change from 0-Li, V505 to 7-Li, V505 phase occurs through the rotation
of two V Oj5 square pyramids in opposite directions giving way to a puckered chain of square
pyramids that alternate up and down. This 0-v phase transition is irreversible and involves
a relative volume contraction of ~7%. Moreover, v-Li, V505 itself can reversibly intercalate



Li-ions in the range 0 < x < 2 in the 2—4 V range, reaching the highest reversible capacity of
294 mAh/g. Deeper discharge of ~-Li, V505 leads irreversibly to the formation of w-Li, V505
phase, which allows storing up to 3 Li-ions. Further study of this phase indicates that
after the first discharge-charge process, 0.4 mol of Li gets trapped, and then in the second
discharge, 2.65 mol gets trapped, indicating that the w-Li, V505 phase is irreversible [36].
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Figure 3: Crystal structure and volume change during lithium intercalation in V5,05

Although V5,05 has high capacity, it may present some problems, such as low lithium-ion
conductivity, moderate electric conductivity, and poor cycling stability, causing low reversible
capacity at large current densities. Many efforts have been made to enhance ionic and
electronic conductivity and structural stability of vanadium pentoxide cathodes for LIBs.
Among the most studied strategies, the construction of nanostructured V505 allows for an
increase in the surface area of de/intercalation and shortens the diffusion path length for ions
and electrons. Cation doping can improve the electrical conductivity and cycling stability by
reducing polarization [29].

Another strategy to enhance the cathode performance is coating its surface with a suit-
able material, such as ion and electron conducting polymers, carbon-based structures, or
other materials that can protect the cathode from dissolution by avoiding contact with the
electrolyte[29]. Also, one way to induce the formation of a protective coating is by adding ad-
ditives in the electrolyte, enhancing the interfacial stability due to the additive decomposition
prior to solvent oxidation [37]. For instance, Zhuang et al. [38] studied para-aminobenzoic
acid (PABA) as an additive in the electrolyte and showed that PABA molecules are adsorbed
on the cathode surface, improving the capacity retention from 61 to 94%. A more recently
studied alternative to protect the cathode from the electrolyte, also with high thickness con-
trol, is to cover the cathode’s surface with Self-Assembled Monolayers (SAMs)[37]. SAMs
can form a homogeneous ultrathin and dense layer. Besides, SAMs are both mechanically
and chemically stable due to their strong immobilization on the oxide surface through the
formation of chemical bonds and can be highly ordered, supported by intermolecular inter-
actions [39]. Thus, it is known that SAMs can change the chemical and physical properties
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of solid surfaces [39, 37].

Motivated by the above, the main objective of this work is to investigate the influence of
functionalization with molecules onto vanadium oxides’ surfaces on the cyclability in lithium-
ion batteries. The samples are topographically characterized by atomic force microscopy
(AFM) in contact mode and electrically by conductive AFM. Also the chemical composition
and oxidation states are obtained by X-ray photoelectron spectroscopy (XPS), and angle-
resolved XPS is used to prove the adhesion of the molecules.

This work was financed by Nucleo Milenio MultiMat and by the project fondecyt regular
1191799



Chapter 1

Experimental Section

In this chapter, the experimental techniques used to characterize the samples are described.
The methods used to elaborate the vanadium pentoxide, deposit the molecules on the surface,
assemble and test the batteries are also explained. Finally, the methods used to characterize
the samples are presented.

1.1 Experimental Techniques

The experimental techniques and equipment used in this work are mentioned and described
in the following sections. We will start with the techniques used to elaborate the samples,
followed by the description of the equipment used to characterize them.

1.1.1 Electron beam evaporation

This is a physical vapor deposition (PVD) technique in which an electron beam collides
with the material to evaporate, contained in a crucible. The electron beam is generated by
passing a current through a filament using thermionic emission. The electrons’ trajectories
are curved by a magnetic field and a beamformer while being accelerated by a high voltage,
directing them towards the crucible. As the electrons hit the surface of the material, it heats
up, increasing the vapor pressure until the desired evaporation rate is achieved.

The evaporated material is expelled radially, covering everything in the vacuum cham-
ber, including the substrate. This equipment allows precise control of the electron emission
current and the acceleration potential applied, thereby enabling accurate regulation of the
evaporation rate (see figure 1.1).

1.1.2 Quartz tube furnace

This is a hermetic quartz tube usually surrounded by heating coils in a thermally insulating
matrix with the capacity to maintain a controlled atmosphere and control the temperature via
feedback from a thermocouple. This is usually used to promote different chemical reactions
at the surface of the substrate with different reagents. In figure 1.2 the quartz tube furnace



—

Figure 1.1: Operation diagram of an electron beam evaporation system

used is shown in the left panel, and the flow controllers are shown in the right panel.

Figure 1.2: Real images of the quartz tube furnace used and its flow controllers in Physics
Department at PUC.

1.1.3 Scanning electron microscopy

The Scanning Electron Microscope (SEM) is a research tool that utilizes an electron beam
instead of visible light to capture high-resolution images at the microscopic and nanometric
levels. The SEM operates by generating a high-energy electron beam, which is focused and
scanned across the surface of the sample. When these electrons interact with the sample,
secondary signals, such as secondary electrons (SE) and backscattered electrons (BSE), are
produced, providing detailed information about the sample’s topography, composition, and
structure. Additionally, the SEM is capable of conducting chemical analyses and particle
size measurements using advanced techniques such as energy-dispersive X-ray spectroscopy
(EDS). See figure 1.3[40)|
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Figure 1.3: Schematic diagram of Scanning Electron Microscope

1.1.4 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy is a technique used to study the chemical composition
of the surface of a material. In this technique, the surface to be analyzed is irradiated by
an X-ray source, causing the emission of electrons (photoelectrons) due to the photoelectric
effect. These electrons are directed to a detector where their kinetic energy is measured, and
it is given by the equation 1.1 [41].

Ek:hV—EB—¢ (11)

where hv is the energy of the X-ray photons, Ep is the binding energy of the electrons, which
depends on the atomic orbital from which the electron comes, and ¢ is the spectrometer work
function (see figure 1.4 [42]).

Since the binding energy depends on the atomic species and its orbital, each element has
a different spectrum, which allows for their identification. Also, a change in the oxidation
state yields a shift in the binding energy, which allows us to glimpse the oxidation state of
the element in question. Therefore, as the photons’ energy is a fixed variable, dependent
on the anode used to generate the X-ray, which are usually Al (Ka = 1486.6 ¢V) or Mg
(Ka = 1253.6 €V), and the work function is a parameter dependent on the spectrometer, it
is enough to measure the photoelectrons’ energy to determine the elemental composition.

1.1.5 Atomic force microscopy

This is a type of scanning probe microscopy technique that utilizes a cantilever with a sharp
tip fixed at the end. The back of the cantilever is reflective, and a laser light is directed onto
its back during operation and reflected to a detector. While the tip "touches" the surface
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Figure 1.4: Representation of the photoclectric effect in an XPS system

being analyzed, the deflection and motion of the cantilever are detected and recorded with

the detector.

Usually, the detection system consists of a laser light from a solid-state diode, which is
deflected on the back of the cantilever and directed towards a position-sensitive photodetec-
tor. This allows us to identify vertical and horizontal deflections by analyzing the relative
intensities (see figure 1.5). As a result, we can measure the interaction force between the
tip and sample, which is well described by a Lennard — Jones potential (see figure 1.6).
Consequently, we can establish a relationship between the measured interaction force and

the height differences, obtaining a topographic image.

Photodetector

Deflection of the — Attraction and
cantilever M v Repulsion

M

Figure 1.5: Herein presents a schematic representation of the operation of an Atomic Force

Microscope (AFM).

1. Contact mode: In this measurement mode, the tip is in the repulsive region of the
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Figure 1.6: Operating mode of AFM according to the potential region.

potential, which is defined as physical contact. The tip is dragged across the sample, and
the surface is contoured by either using a constant distance or constant force repulsion
between the tip and the sample. This scanning mode allows for better imaging but
causes more erosion on the tip

. Non-contact mode: Here, the tip and sample are in the attractive region of the potential,
and the cantilever-tip system is oscillating at its natural frequency. As the tip sweeps
the sample, the tip encounters valleys and peaks, which change the tip’s distance to
the surface; therefore, the oscillation frequency changes. This change is detected by the
photodetector, and by applying feedback, the tip is repositioned, and the displacement
is recorded. Since the tip is far from the sample, the lifespan is higher, but the lateral
resolution decreases.

. Tapping mode: In this operating mode, the tip is driven to oscillate, maintaining a con-
stant amplitude, going through the attractive and repulsive parts of the potential (That
is why this mode is also known as semi-contact mode). Then, the amplitude of the can-
tilever’s oscillation changes when approaching a valley or peak; this change is detected,
and the tip is repositioned, obtaining the topographic image. This mode grants better
lateral resolution than non-contact mode and a higher lifespan than contact mode.

In contact mode, there is also the option to apply a bias voltage between the tip and the
sample, which allows getting current images and voltage-current curves for specific points
or areas of the sample while sweeping it. To obtain this current, it is necessary to use a
conductive tip, which is usually made by coating the tip with a conductive material. This
application is called conductive AFM (C-AFM).

1.1.6 Galvanostat and Potentiostat

These electrochemical techniques consist of varying the voltage of an electrochemical cell
within a certain range of interest. As the potential is varied, the cathode undergoes reduction
or oxidation, going through phase transitions.

In a galvanostat, the voltage is varied by applying a constant current through the elec-

12



Current (pA)

11 0.9 0.7 0.5 0.3
Potential (V vs Ag/AgCl)

Figure 1.7: Typical cyclic voltammetry diagram in a charge/discharge process

trodes, which allows the calculation of charge/discharge capacity using the formula QQ = I xt,
where [ is the applied current and ¢ is the charge/discharge time. Cyclability measurements
are made by charging and discharging at a constant current, and rate capability is measured
by charging and discharging at different currents.

The potentiostat is an electronic device that maintains the potential of an electrode with
respect to another by adjusting the current. This equipment allows for performing cyclic
voltammetry, a technique used to sweep the selected potential window by changing the po-
tential linearly and collecting the current densities as a function of the potential. This allows
the observation of current peaks, which appear at the potential where redox reactions take
place (see figure 1.7).

1.2 Samples’ preparation

Vanadium pentoxide thin films were fabricated by the group of professor Samuel Hevia at
the institute of physics at the Pontificia Universidad Catolica de Chile. The samples were
prepared on two different substrates: n and p doped Si(100) (1 to 10 Qcm) and polished
stainless steel (SS) AISI 304. Before the evaporation, the SS coins were washed and polished
with sandpaper, followed by a two-step polish with alumina suspensions and distilled water.
First, using a particle size of 0.3 pum, and then with alumina suspension of 0.05 yum particle
size.

For the vanadium pentoxide, first, metallic vanadium thin films were evaporated by
electron-beam from vanadium pellets (99.8% purity). The deposition was performed in high
vacuum with a base pressure of 10~7 mbar, and the pressure during the deposition was kept
below 2 x 1075 mbar. The evaporation rate and the final thickness were measured during
the process. The evaporation rate was 6 nm/min and remained constant throughout the
evaporation. The thicknesses of metallic vanadium films achieved were 10, 25, 50, 100, and
150 nm.

After the evaporation, the vanadium films were oxidized following this protocol: First, a
horizontal quartz tube furnace was purged with 200 sccm of Ar flow at room temperature.
Then, Ar flow was turned off, and O, was introduced with a flow of 200 sccm along with the
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start of a temperature gradient. After 30 minutes, the system reached 500 °C, and the system
was maintained under these conditions for 60 min. Finally, the heater source was turned off,
and the Oy flow was maintained until the quartz tube returned to room temperature. The
resulting thicknesses obtained were 30 4+ 1, 75 + 3, 150 4+ 5, 300 4+ 10 and 450 4+ 15 nm.
These thicknesses were measured by atomic force microscopy on samples with a clean edge
prepared through lithography, and by scanning electron microscopy cross sections images of
vanadium pentoxide (see ref. [31]).

The samples functionalized with molecules were prepared by immersing the vanadium
oxide thin films in a solution of molecules in 2-propanol at a concentration of C'= 10 mM.
The para-aminobenzoic acid (HyNCsH4CO2H) samples were immersed for 20 hours, while
the para-(phenilazo)benzoic acid (CsHs N = NCgH,CO2H) samples were immersed for 24
hours. After the immersion, the samples were washed with 2-propanol and dried under a
flow of Nj.

To prepare the samples for measurement in battery mode, the vanadium oxide cathodes
were transferred to a glove box in an argon atmosphere where they were assembled as the
cathode of the lithium battery. The battery assembly involved using a Swagelok PFA straight
union of 1/2 inches with stainless steel 304 collectors. First, lithium metal was attached to
one end of the battery as the anode, and then the fiberglass separator was placed on top
of it. Next, drops of lithium hexafluorophosphate electrolyte were added until the separator
was moistened. Finally, the cathode was placed on top of these components to close the cell.

1.3 Samples’ Characterization

To identify the topography, chemical composition, and battery performance of the vanadium
oxide samples, the following procedures were followed.

1.3.1 Chemical characterization

To identify the chemical composition and oxidation states, an XPS equipment with angle-
resolving capabilities was used. The analysis started with a wide spectrum to identify the
atomic species present on the sample. Subsequently, high-resolution spectra were obtained
for the species of interest to analyze their oxidation states.

For the PPBA powder, a high-resolution spectrum was obtained to infer the oxidation
states of carbon in the material and their associated binding energy. The same analysis was
performed for nitrogen and oxygen spectra.

Regarding the vanadium oxide samples, high-resolution spectra of vanadium and oxygen
were measured to determine the initial oxidation states of the sample. These spectra were
then compared with the spectra of the functionalized samples. Additionally, signals of carbon
and nitrogen were analyzed to confirm the presence of the molecule. Furthermore, angle-
resolved XPS was performed at different angles to gain insight into the orientation of the
molecules.
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1.3.2 Topographic and electrical characterization

AFM (Atomic Force Microscopy) and C-AFM (Conductive Atomic Force Microscopy) equip-
ment were employed to gather information on the topography and electrical properties of the
samples. Topographical images were taken for both the bare V,05 and the V.05 samples
capped with molecules. These images were obtained at a size of 5000 x 5000 nm?, allowing
the determination of surface roughness, and smaller images were also captured enabling ob-
servation of smaller structures. Subsequently, conductive AFM was utilized to electrically
characterize these structures.

1.3.3 Cyclic Voltametry

The samples were pre-lithiated in a IviumStat.h standard (£ 5 A /£ 10 V) using cyclic
voltammetry (CV) at a to ensure an identical starting point and to obtain the position of
redox peaks. The CV was performed in the voltage ranges of 2.6 —4 V and 2—4 V| at a scan
rate of 0.1 mV/s. The potential resolution of this instrument is 0.02 mV, with an accuracy
of 0.2% or 1 mV.

1.3.4 Cyclability

For the battery mode test, a technique is used to vary the voltage of the electrochemical cell
by applying a constant current, which charges or discharges the battery within the range of
interest. In the case of the vanadium pentoxide cathode, the voltage range is from 2 to 4 V,
where 2 atoms of lithium are inserted into the vanadium pentoxide structure (2 > x > 0 in
Li,V505). The batteries were tested using a BT2143 potentiostat/galvanostat system from
Arbin Instruments. First, the battery is discharged from its starting voltage at 0.1C to obtain
a common starting voltage for all samples. Then, one cycle is performed at 0.1C, followed
by 100 cycles at 1C. !

IBattery C-rate is a standardized measure representing the rate at which a battery is charged or discharged
relative to its nominal capacity. It is expressed as a multiple of the battery’s capacity. For instance, a 1C
rate indicates the battery can be fully charged or discharged in one hour, while a 0.5C rate would take two
hours for a complete charge or discharge.
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Chapter 2

Study of bare vanadium pentoxide
surface

The bare surfaces of vanadium pentoxide (V205) with different thicknesses, which were elabo-
rated using the previously described method, were studied using several techniques, including
SEM, AFM, XPS, and AR-XPS. These techniques allowed for the characterization of their

surface topography and chemical composition.

2.1 Topographic characterization

The samples to analyse are of different thicknesses. Those are 30 £ 1, 75 £ 3, 150 £ 5,
300 £ 10 and 450 4+ 15 nm, measured by means of atomic force microscopy (AFM) and
scanning electron microscopy (SEM). Therefore, those techniques were also used to identify
the topographic structures and analyze the surface.

Scanning Electron Microscope (SEM) images of vanadium pentoxide samples on stainless
steel were captured to initially assess the surface appearance. In figure 2.1, the nanostructur-
ing of the surfaces is evident. For the 30 nm thickness (a), elongated structures are observed
in various directions. For the 75 nm thickness (b), the surface configuration bears a resem-
blance to a disk-like shape [43|, appearing to lie in-plane over the substrate. As the thickness
increases from 150 nm to 450 nm, disk-shaped structures are observed in all directions. It
appears that in the 30 nm and 75 nm thicknesses, the structures do not completely cover the
substrate, and the Si signal from the substrate is detected in XPS, as will be discussed in
subsequent sections. Furthermore, the surface microstructure in all samples is homogeneous
regardless of the thickness, allowing observation by AFM in contact mode.

The AFM topographic images of bare V505 samples show high surface roughness in all
thicknesses due to the formation of structures. The highest surface roughness is observed in
the sample with a thickness of 30 nm, reaching up to 45 nm RMS. This sample also presents
a different kind of structures compared to the samples of higher thicknesses, which appear
similar to nanobelts, see in figure 2.2a and 2.2b [44, 45|.
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Figure 2.1: SEM images of different vanadium oxide thicknesses a) 30 nm, b) 75 nm, c) 150
nm, d) 300 nm, e) 450 nm.

At larger thicknesses, the structures change to disk-like sheets (see figure 2.2(c-f)), reduc-
ing the RMS roughness. Thus, the 75 nm sample shows the smallest roughness (RM S < 30
nm) associated with the disk-shaped structures oriented in-plane; this value increases to 40
nm in the 150 nm sample and decreases at higher thicknesses (see figure 2.2(g)). The lower
roughness of the 75 nm sample and the increase in the 150 nm sample are attributed to an
increase in the coverage of the substrate.

The disk-like sheets present both terraces and borders, where the terraces are atomically
flat, mainly oriented at the [001] direction, with an RMS roughness of 0.5 nm. This topogra-
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Figure 2.2: AFM images of V5,05 samples with varying thicknesses: a) Topography and b)

Normal force for 30 nm thickness; Topography for ¢) 75 nm, d) 150 nm, e) 300 nm, and f)
450 nm thicknesses; g) Evolution of RMS roughness with thickness.
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Figure 2.3: AFM topographic images of 1505 displayed in 2D of 2000 x 2000 nm? and zoom
in from a terrace in 3D.

phy is typical of layered materials [43]. Furthermore, the largest terraces were found in the
sample of 300 nm thickness, covering areas of several 1071 um? (see figure 2.3).

2.2 Chemical characterization

The chemical characterization was performed by XPS, and first, a spectrum with a broad
energy range (1200 eV - 0 eV in binding energy) was obtained at a measurement angle set at
65 degrees with respect to the horizontal. The signals related to oxygen, vanadium, nitrogen,
and carbon species were identified in all thicknesses (see figure 2.4).
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Figure 2.4: XPS spectrum of the 300 nm sample in a broad energy range (1200 €V - 0
eV, binding energy) at a take-off angle of 65°, showing signals related to oxygen, vanadium,
nitrogen, and carbon species.

From high-resolution XPS (HR-XPS), the adventitious carbon signals C' — C/C' — H,
C—OH/C—0O-C,and C = O were found at 284.6 eV, 286.2 €V, and 288.3 eV, respectively.
Additionally, nitrogen peaks associated with adsorbed nitrogen onto vanadium oxides [46]
were identified, and these were fitted with two peaks at 399.7 eV and 401.6 eV. See figure 2.5
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Figure 2.5: High-resolution XPS spectra reveal various signals: a) adventitious carbon signals
C-C/C—H,C—-0OH/C—-0—-C,and C = O, b) nitrogen peaks at 399.7 eV and 401.6
eV attributed to adsorbed nitrogen onto vanadium oxides and c) the combined spectrum of
vanadium V2p and oxygen Ols, with Ols — V2p3/; and V2P, 5-V2P;/, distances with Ols
reference.

Furthermore, in the combined spectrum of vanadium V2p and oxygen Ols, two or three
peaks are observed in the oxygen’s side spectrum, accompanied by four peaks attributed
to vanadium and an additional two peaks corresponding to satellites on the vanadium side,
as reported in [47]. This observation suggests the presence of three oxygen bonds and two
vanadium oxide states, as illustrated in Figure 2.5 (c).

The two oxygen peaks are identified as O* —V bond, located at 530.0 eV and the V —O*H
bond, found at 531.7 eV. As shown by Mendialdua et al. [48], the best binding energy
reference for vanadium oxides is the peak of the oxygen associated with the vanadium bond
(O* — V), which has also been reported by many authors [48, 28, 49, 43|. This difference in
binding energy between the oxygen and vanadium core levels, Agy = Ols — V2p3/9, allows
for the correct identification of the oxidation state of vanadium.

In this regard, the peaks obtained for vanadium at 517.2 eV and 515.5 eV were identified
as V15 and V** oxide states, respectively, with Apy+s = 12.8 €V and Apys = 14.5 €V.
Additionally, there is no agreement on the energetic distance between V2ps,, and V2p,,,
peaks, and in this work, it was found to be 7.33 eV. See figure 2.5 (c).
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By comparing the equivalent homogeneous atomic fraction XPS atomic composition for
different thicknesses, as displayed in Table 2.1, we observed the Si spectra from the substrate,
which remains present until a thickness of 150 nm is reached. Beyond that point, the signal
disappears, attributed to substrate coverage, as mentioned earlier. Additionally, nitrogen

and adventitious carbon signals were present in all spectra.

Thickness [nm] | Vanadium | Oxygen | Carbon | Nitrogen | others
30 7.1 53.7 25.0 2.0 12.2
75 12.5 47.8 33.2 24 4.1
150 14.9 49.2 29.3 2.6 4.0
300 22.8 60.2 16.0 1.0 0.0
450 16.6 51.9 29.3 2.2 0.0

Table 2.1: Percentage of atomic concentration by specie and thickness

The atomic composition is summarized in table 2.1, and it can be seen that the sample of
300 nm has the highest vanadium composition. Moreover, through HR-XPS, it is observed
that this sample also has the highest proportion of V5 oxidation state (see figure 2.6).
This proportion agrees with the lower nitrogen content, which is expected to decrease when
increasing V5 proportion, due to the high affinity of nitrogen with V** sites rather than
V5 [46]. The ratio V*° : V™ of vanadium is close to 15, and the nitrogen content is close
to 1%.[46].
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Figure 2.6: a) Vanadium V> and V' percentage and b) vanadium V /74
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Chapter 3

Study of para-aminobenzoic acid onto
vanadium pentoxide surface

The sample chosen to be functionalized with PABA was the 300 nm thick one due to its
chemistry and topography, which marked it as the best choice for attaching molecules because
of its extensive terrace areas and high oxidation state, in a proportion V*°: V4 =15:1.
Additionally, this sample also exhibits a lower concentration of adsorbed nitrogen. Therefore,
this chapter presents the characterization of PABA SAM on vanadium pentoxide, using AFM
and XPS, and compares it with the bare surface.

3.1 Topographic characterization

The AFM topographic images of PABA-coated V5,05 show the same structures as before depo-
sition, as expected, and high surface roughness (RMS = 32.1 nm), which remains unchanged
compared to the bare surface, as seen in figure 3.1.

Thus, the topographic images do not exhibit molecular resolution due to the limited
resolution of the microscope, as the tip used for the measurements has a radius of 10 nm,
resulting in a lateral resolution of approximately 0.4 nm, which is very close to the dimensions
of the molecule (@ = 0.9 nm, b = 0.4 nm, and ¢ = 0.5 nm) [50].

deposition

Figure 3.1: AFM topographic images of 5000 x 5000 nm?, a) bare 100 nm thicknesses V505,
b) representative scheme of the molecule, and c) topographic image with molecules.
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3.2 Identification of the SAMs formation by XPS and
Density Functional Theory simulations

From the XPS spectrum with a broad energy range (1200 - 0 €V), we observe the same signals
as before deposition, which are related to oxygen, vanadium, nitrogen, and carbon species.
Therefore, the sample was eroded in UHV to remove the nitrogen contaminant, which was
confirmed by in-situ XPS. Subsequently, the sample was taken out from the vacuum chamber
to be functionalized with PABA. The equivalent homogeneous atomic fraction is summarized
in table 3.1, where the increase in carbon and nitrogen atomic composition due to the presence
of the molecule on the surface is observed. Furthermore, the initial carbon contamination was
estimated from XPS measurements at normal emission by comparing the carbon-to-oxygen
ratio of the signal intensities of the bare surface with the functionalized one, resulting in an
approximate 30% contamination relative to the carbon intensity of the PABA molecules.

V,05 surfaces | Vanadium | Oxygen | Carbon | Nitrogen
bare V5,05 22.8 60.2 16.0 1.0
Eroded V5,05 21.3 58.9 19.8 0.0
PABA V,05 14.7 45.9 35.9 3.5

Table 3.1: Percentage of atomic concentration of bare V5,05, eroded V505 and PABA V505

(a) v,0, (b) PABA/V,0,

CPS
CPS
[

L S N B R B LS BN B S LS R i
535 530 525 520 515 535 530 525 520 515
Binding energy (eV) Binding energy (eV)

Figure 3.2: Angle resolved XPS of V-O spectra from a) bare V,05 and b) PABA /V,05

A deeper analysis by HR-XPS of bare V205 and PABA/V,05 samples shows a higher pres-
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ence of —O*H at 531.5 eV on the uppermost surface when functionalized, see figure 3.2. This
is associated with the carboxylic functional group, confirming the presence of the molecule.
Additionally, the nitrogen and carbon spectra allow us to distinguish the signals associated
with benzene and the N H, functional group, as displayed and indicated in figure 3.3.

V,0,

.
. 2p,,

cPs
cps

404 402 400 398 396
Binding energy (eV)
Cls

CPS

cps

535 530 525 520 515 200 288 286 284 282 280
Binding energy (eV) Binding energy (eV)

Figure 3.3: XPS of bare and PABA caped V,05 and the molecule schematic. The Ols and
V2p signals are displayed for Vo035 bare surface, and Cls, N1s, Ols and V2p signals are
displayed for PABA-SAMs/V505.

Additionally, the V*° : V' ratio observed on the bare V5,05 surface was near 15 : 1, as
mentioned earlier. However, when functionalizing with PABA, the V5 : V*+4 ratio increases
to 25 : 1, indicating further oxidation of vanadium during functionalization. This increase
suggests a low percentage of oxygen vacancies in the functionalized sample.

Density functional theory (DFT) simulations were conducted by Fabian Dietrich and
Eduardo Cisternas at Universidad de La Frontera using Quantum Espresso. These simu-
lations were based on the crystal structure of a-15,05 with Pmmn symmetry, which was
obtained from '"The Materials Project’ web page [51]. To model the system effectively, a
supercell of 1 x 3 x 3 unit cells was constructed. Additionally, a 20 A vacuum space was
added above the top layer in the [001] direction to create a slab. The supercell optimization
was carried out with the bottom layer held fixed, as depicted in Figure 3.4 (left).

Next, a single molecule of PABA was placed on the optimized surface in different con-
figurations: standing up and interacting through the carboxylic group (left) or through the
amino group (right), as well as lying down and other twisted or displaced positions. The new
systems with molecules on the surface were then re-optimized to calculate the adsorption en-
ergies and the differences in dispersion correction, determining the most stable configuration,
shown in figure 3.4. Additionally, the same analysis was carried out for one, two, or three
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(100) 1 unit cell

Figure 3.4: The vanadium pentoxide bare surface is depicted, accompanied by three potential
adsorbed PABA molecule configurations. On the left, the vanadium pentoxide supercell spans
1x3x3 unit cells. In the center, PABA molecules are situated in a standing-up configuration:
on the left, interacting through the carboxylic group (designated as configuration CO 1),
and on the right, interacting through the amino group (referred to as configuration NH 1).
Lastly, on the right, a configuration denoted as flat 1 portrays the molecule lying down on
the surface.

molecules on the surface, calculating the adsorption energy per molecule and the interaction
energy between the molecules.

The results showed that when there are few PABA molecules on the surface, the most
stable configuration is lying-down. However, as the concentration of molecules increases, the
standing up configuration with the carboxylic group interacting with the surface becomes
more stable. The tables below display the adsorption and dispersion energies of the most
probable configurations for one molecule on the surface (table 3.2), and for two and three
molecules (table 3.3). Figure 3.5 provides a schematic representation of these configurations.

Configuration | EDZ eV | AEQ2 /eV || ED2/eV | AEDS /eV
CO_1 -1.37 -0.39 -0.98 -0.46
flat_ 1 -2.28 -0.88 -1.25 -0.95
flat_ 2 -2.13 -0.86 -1.35 -0.93
flat_ 3 -1.99 -0.90 -1.24 -0.96

Table 3.2: Adsorption and dispersion energies for different configurations of a PABA molecule
adsorbed on the V505 surface, using D2 and D3 dispersion corrections.

Afterwards, the system was expanded to 20 layers of vanadium pentoxide to simulate the
XPS spectrum of a slab of more than 10 nm thickness, considering an exponential decay of
the intensity, as shown in equation 3.1.

1(2) ~ o(hv, §)exp ( AC;:'( e)) (3.1)
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Configuration | EP2 ED2 ED2 | AEP2 || ED3 ED3 EP3 | AED3

ads, ag. ads,m int disp ads, ag. ads,m int disp
CO+CO_1 -3.14 -1.57 | -042 | -1.19 -1.95 -0.97 | +0.01 | -1.25
CO+CO_2 -3.13 -1.57 | -0.42 | -1.20 -1.97 -0.98 | -0.01 -1.26

CO+CO+CO_1| -538 | -1.79 |-1.33 | -2.23 -297 | -0.99 | -0.04 | -2.33
CO+CO+CO_2 | -538 | -1.79 |-1.33 | -2.17 -3.06 | -1.02 | -0.13 | -2.29
flat+flat+flat 1 | -3.80 | -1.27 - -1.99 -2.00 | -0.67 - -1.94

Table 3.3: Adsorption, interaction and dispersion energies for different configurations of two
and three PABA molecules adsorbed on the V5,05 surface, all values in eV.

where z is the depth of the atom, \ is the inelastic mean free path (IMFP) of the photo-
clectrons in V405 (21.78 A) [52, 53] and 6 is the angle of the detected electrons relative to
the surface, and o is the elastic-scattering cross section. The elastic-scattering cross section
was obtained from NIST Database [54] at an energy hv = 1487 eV. Therefore, those the-
oretical XPS calculations were made with the most probable standing-up and lying-down
configurations.

Afterward, the experimental data of carbon and nitrogen species show a ratio C': N be-
tween 8 and 11 (figure 3.6a), while the theoretical calculations indicate values between 5.4
and 6.4 for the standing-up configuration and 6.8 for the lying-down configuration, implying a
higher concentration of carbon, which is associated with contaminants from the adventitious
carbon [55]. This carbon contamination was estimated at 30% as mentioned above, so this
value was included in the simulation, obtaining values of C/N between 8 and 10, fitting the
experimental data better. Observing the C/O and C/V ratios (figure 3.6b), the uncontami-
nated simulation of the standing-up configuration (brown line) fits the experimental data well,
while considering the contamination, the curve (in red) shows slightly higher values than the
experiment. For the N/O and N/V ratios (figure 3.6¢ and f), the up-standing configuration
provides higher values than the experiment, and the lying down provides lower values. Conse-
quently, we assume that the surface is not homogeneously covered by up-standing molecules
but that there are also areas with lying-down molecules.

Given the experimental results, we expect the configuration of the molecules to be up-
standing with zones in a lying-down orientation, which is consistent with the theoretical
results. This is in agreement with the proposed configuration of chemisorbed PABA on Ti0,
[56] and Lil.gNio.GMno.QOQ [38]

26



CO+CO 1 CO+CO. 2

CO+CO+CO_1 CO+CO+CO0O_2 flat+flat+flat_1
Figure 3.5: Schematic representation of different configurations of PABA SAM adsorbed onto

vanadium pentoxide, including standing-up and lying-down orientations with one molecule
(top), two molecules (middle), and three molecules (bottom).
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Figure 3.6: Angular study of the ratio of atomic species detected on the PABA-SAMSs/V505
surfaces
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Chapter 4

Study of para-(phenylazo)benzoic acid
onto vanadium pentoxide surface

The study of PABA self-assembled monolayers formation onto vanadium pentoxide shows
that PABA molecules get adsorbed through the carboxylic functional group. Therefore, to
enhance the performance of vanadium pentoxide as a cathode for batteries, one can consider
choosing a molecule that has the carboxylic functional group, which has the potential to be
adsorbed onto the surface, along with another less reactive functional group that would not
block lithium intercalation. Furthermore, in this chapter, we investigate vanadium pentoxide
surfaces with a thickness of 150 nm, fabricated onto stainless steel, their functionalization
with para-(phenylazo)benzoic acid (PPBA), and their effects on the performance as cathode
materials for lithium-ion batteries.

4.1 Surface characterization

Vanadium pentoxide surfaces were deposited by the method described in Chapter 1 onto
stainless steel, resulting in a 50 nm thick layer of metallic vanadium, which upon oxidation
reached a thickness of 150 + 5 nm. Subsequently, AFM topographic images were taken,
revealing a roughness RMS of 18 nm, lower than that observed in samples onto silicon (RMS
= 32 nm). Additionally, it was observed that this roughness value remained unchanged when
functionalizing with PPBA, as the size of the molecule is still smaller than the resolution
limit of the microscope, similar to the PABA molecule. Furthermore, conductive AFM was
performed to study the electrical properties of both surfaces: bare and PPBA-capped V50:5.
Differences in conduction between steps and terraces of the structures were observed, as shown
in figure 4.1, where lighter sites in the current image (right panel) indicate higher conduction.
Figure 4.2 provides a more detailed view of steps and terraces, where (a) displays the AFM
topographic image, (b) shows the IV curves for steps and terraces, and (c) displays the lines
profile of two terraces connected by one step.

Furthermore, IV curves were obtained to observe the conduction behavior from -2 V to
2 V, as shown in figure 4.2(c). In this voltage range, the terraces (continuous line) exhibit
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Figure 4.1: AFM topographic and C-AFM current images of the same spot on the bare V5,05
surface. The current image was taken at —1 V. Both are images of 500 x 500 nm?

higher conduction than the steps (segmented line), and this trend was consistent on both
the bare V505 surface (red lines) and the PPBA-capped surface (blue lines). Moreover,
functionalizing with PPBA increased the difference in conduction, favoring the conduction
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4.2 Chemical characterization

From the XPS spectrum with a broad energy range (1200 eV - 0 V) of both bare and PPBA-
capped V505, it is observed that the signals are related to oxygen, vanadium, nitrogen, and
carbon species. Furthermore, the presence of iron (Fe) close to 1% of the signal aligns with
the coverage results found on Si. In the bare sample, the signals of carbon and nitrogen
are related to adventitious carbon and adsorbed nitrogen, consistent with the results from
the samples on Si. Thus, when functionalizing with PPBA, the proportion of nitrogen and
carbon increases as the oxygen and vanadium decrease, due to the presence of the molecule
on the surface. See figure 4.3 and table 4.1.

V,05 surfaces at 25° | Vanadium | Oxygen | Carbon | Nitrogen
bare V505 16.7 58.7 234 1.2
PPBA V,05 15.5 53.9 28.3 2.3

Table 4.1: Percentage of atomic concentration of bare V205, and PPBA V505
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Figure 4.3: XPS for bare and PPBA capped V,05 and the molecule schematic. The V2p
and Ols spectrum is displayed for V5,O5 bare surface, and Cls, N1s, Ols and V2p spectra
are displayed for PPBA capped V505

Through a detailed analysis of those quantities, the amount of oxygen bonded to vanadium
in the bare surface can be separated from the oxygen in contaminants and related to carbon in
contaminants, where a carbon-to-oxygen ratio of C': O ~ 1.4 : 1 is found, as summarized in
table 4.2. Then, the V5,05 oxygen is separated from those of the molecule and contamination
in PPBA-capped V505. Also, as the molecule has the chemical composition C13H19/N>0,
aratio C : O : N ~ 13 : 2 : 2 is expected since hydrogen cannot be measured by XPS.
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Therefore, by maintaining the contamination ratio found in the bare surface considering and
the PPBA chemical composition, it is found that 10% of the oxygen, 33% of the carbon and
57% of the nitrogen excess in the PPBA-capped surface are from the PPBA molecule, and
the rest is from contamination and adsorbed nitrogen. The summary is shown in table 4.2.

Vanadium | Oxygen | Carbon | Nitrogen
Bare V,0; 16.7 58.7 23.4 1.2
V5,05 16.7 41.8 ~ ~
Nadas ~ ~ ~ 1.2
Contaminants ~ 16.9 23.4 ~
PPBA-V;,0;4 15.5 53.9 28.3 2.3
V5,05 15.5 38.7 ~ ~
PPBA ~ 1.5 9.4 1.3
Contaminants ~ 13.7 18.9 ~
Nadas ~ ~ ~ 1.0

Table 4.2: Atomic concentration breakdown of bare V205 and PPBA V205, where in bare
V205 it is distinguishing pure V205, adsorbed nitrogen, and contaminants, and in PPBA
V205, it is distinguishing pure V205, adsorbed nitrogen, PPBA (expected) and contaminants
concentrations.

The HR-XPS spectra of vanadium and oxygen show a major proportion of V*° than V4
in both samples, bare and PPBA-capped V505. Thus, when observing the AR-XPS of the
bare sample, an increase in vanadium V' at larger angles is observed, indicating a thin
VO, over-layer in the upmost surface, as shown in figure 4.4(a). On the other hand, when
observing the PPBA-V,05 surface, the V** concentration first increases with the angle,
and then it decreases at the upmost surface, as seen in figure 4.4(b), indicating that the
molecule further oxidizes the upmost surface when functionalizing, reducing the thin VO,
over-layer. Additionally, the angle-resolved XPS for the carbon signal shows an increase in
the C' —C' : C'— OH ratio at higher measurement angles (sce figure 4.4(c)), meaning that the
C' — C peak is more superficial than C'— OH, indicating that the molecules interact with the
surface through the carboxylic group rather than the benzene ring. Furthermore, the C' — C
peak was found at 284.8 eV, thus, the benzene rings are not interacting with the surface.
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Figure 4.4: Vanadium oxide state ratio (V*°/V**) from angle resolved XPS for a) bare V,0s,
b) PPBA capped V5,05 and c¢) angle resolved carbon C-C/C-OH ratio

Afterwards, the thickness of the V' Oy over-layer and other species are estimated from the
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equation 4.1 derived by Strohmeier [57]|, where the subscript x indicates the species to study,
d is the thickness of the over-layer, \ is the inelastic mean free path of the photoelectrons,
is the angle of measurement with respect to the plane of the sample, N is the atomic density,
and o is the ionization cross-section of the photoelectrons. The cross-section parameters were

obtained from the NIST database[54|, and the inelastic mean free path and mass densities
from QUASES software [52].

(4.1)

N 5 Ix )\x T
dz = )\zsin(ﬁmkeoff) (1 -+ V205 / 7 )

Nz I,/ \yo, + 1,/ No00
Therefore, by replacing the variables with the intensities obtained from the HR-XPS spectra
and the measurement angles, the over-layer of VO, in the surfaces was calculated, which is
4.1% of ML in the bare surface, and 2.8% of ML in the PPBA-capped surface, confirming
the further oxidation of the over-layer. Moreover, the decrease in adsorbed nitrogen when
functionalizing with PPBA is consistent with the decrease in VO, since the atmospheric

nitrogen is mainly adsorbed onto V** sites [46]. Additionally, the adventitious carbon layer
was estimated at 13.2% of ML for the bare surface and 11.0% for the PPBA-capped.

On the other hand, the nitrogen layer was estimated at 4.5% ML onto the bare surface
and 8.3% ML for the PPBA-capped surface. Since the nitrogen in the molecule is 57% of
the total amount, there are 4.8% ML of nitrogen from the molecule. Therefore, using the
atomic density and the thickness of the nitrogen layer, we can express the nitrogen layer
in terms of the number of nitrogen molecules (two atoms) per square centimeter, that is,
4.8% ML ~ 3.5 x 10'® molec/cm?. Furthermore, since each PPBA molecule has two nitrogen
atoms, the calculated density of nitrogen molecules is the same as PPBA molecules on the
surface, which is very similar to the coverage obtained by Nicolau et al. [37]. Additionally,
by multiplying this density by the area of the V505 unit cell (A = a-b = 0.41 nm?), we obtain
the amount of molecules on the surface, which is equivalent to 0.14 molecules for every two
V505 formula units.

4.3 Surface density of states and electrochemical analysis

From DFT simulations using Quantum Espresso with the same configuration described in
Chapter 3, the density of states for the bare surface was calculated, as shown in figure 4.5(a).
An energy gap close to 2 €V is observed, slightly lower than that of the bulk (2.28 V), as seen
in figure 4.5(b). Therefore, the DFT calculation of the surface with PPBA was made with a
configuration similar to that with the PABA molecule. The structure used to calculate the
DOS is shown in figure 4.5(c), and their respective density of states is shown in figure 4.5(d).
In this last structure with PPBA, the Fermi energy moves close to 1 eV at higher energies
compared to the bare surface, and electronic states of the molecule from carbon, nitrogen,
and oxygen appear within the gap. Consequently, the highest occupied molecular orbital
(HOMO) of the surface changes from V505 atoms to nitrogen and carbons of the molecule,
as shown in figure 4.5(d).

Furthermore, the samples were assembled as cathodes for lithium batteries and were sub-
jected to cyclic voltammetry and cyclability measurements in both ranges 2.6 — 4 V and
2 —4 V. Additionally, from cyclic voltammetry in the range 2.6 — 4 V, the phase transitions
associated with aV5,05 <> V505 and V5,05 <+ 0V505 were observed at 3.41 V and 3.24 V,
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Figure 4.5: a) Structure and b) Density of States for the bare vanadium pentoxide surface.

c¢) Structure and d) Density of States for the vanadium pentoxide surface functionalized with
the PPBA molecule.

respectively, as seen in figure 4.6(a). Additionally, in the 2—4 V range, peaks associated with
the 6V505 <> 7V505 phase transition were observed at 2.38 V. The phase transitions found
are consistent with the theoretical results reported in [35] (refer to Figure 3). Moreover, the
peak associated with eV505 < 0V505 showed a shift of 0.02 V at higher voltages, due to
a shift of 0.04 V in their oxidation curve, as shown in figure 4.7(a). Due to this increase
in the peak-to-peak distance, the V505 <> 01505 phase transition is less electrochemically
reversible when cycling in the 2—4 V range. The phase transition potential and the difference
between oxidation and reduction peaks are summarized in tables 4.3 and 4.4, respectively.

On the other hand, cyclability measurements were made in both ranges, 2.6-4 V and 2-4 V.
The charge and discharge capacity per mass unit was calculated by using a mass of 6.3 x 107°
g. This calculation is based on the density of bulk vanadium pentoxide obtained from the
Materials Project [58] and involves multiplying by the thickness (150 nm) and the area of
the coin cells (123 mm?), which remains consistent across all surfaces. From the samples
cycled in the 2.6-4 V range, it is observed that the PPBA-capped V2,05 has both charge
and discharge capacity near 80 mAh/g, lower than the bare V5,05 with a charge capacity
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Table 4.3: E;/; potential obtained in different phase transitions for Bare and PPBA V,05 in

Surface | Voltage range [V]| | Eyp a3 e [V] | Eijpe <30 [V] | Eijp 6 < v [V]
Bare 2,6-4 3,41 3,24 ~
PPBA 2,64 341 3,24 ~
Bare 2-4 3,41 3,26 2,38
PPBA 2-4 3,41 3,26 2,38

2,6 —4 and 2 — 4 V voltage ranges

Surface | Voltage range [V| | AE a <> e [V] | AEc < 6 [V] | AE 0 < 7 [V]
Bare 2,6-4 0,03 0,10 ~
PPBA 2,6-4 0,03 0,10 ~
Bare 2-4 0,03 0,14 0,16
PPBA 2-4 0,03 0,14 0,17

Table 4.4: Difference in oxidation and reduction potential for each phase transition for Bare
and PPBA V505 in the 2,6 — 4 and 2 — 4 V voltage range

near 100 mAh /g and discharge capacity near 90 mAh/g, as shown in figure 4.6(b). However
PPBA-V,05 presents a higher surface stability since a higher energy efficiency is observed
from the first cycles, as shown in figure 4.6(c).

Furthermore, when cycling in the voltage range 2 — 4 V., the energy efficiency of PPBA-
capped V505 is still higher than bare V505, and the efficiency of both increases compared
to cycling in the 2.6 — 4 V range, as shown in figure 4.7(c). Moreover, the charge and
discharge capacity of the PPBA-V,0;5 starts at 175 mAh/g and is initially higher than the
bare surface. However, it gradually decreases over the first 60 cycles until it becomes equal
to the charge/discharge capacity of bare V5,05 which is 150 mAh/g, as shown in figure 4.7(b).
These results, together with the increase in conductivity shown in figure 4.2(c), may indicate
a higher ionic conductivity of V505 due to the functionalization with PPBA.
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4.4 Post mortem analysis

Postmortem analysis was performed using XPS at two angles: 0° (normal emission) and
70° (grazing angle). In the lithium spectra from normal emission, the presence of metallic
lithium (Li°) at 54.7 €V is observed, probably due to lithium atoms trapped within the lattice,
along with signals from lithium hydroxide (LiOH) or lithium carbonate (LioCOs3) at 55.4 €V,
resulting from the degradation of the electrolyte. An additional signal at 56.3 eV is observed
in one sample of bare V5,05, corresponding to lithium fluoride (LiF). When observing the
grazing angle spectra, the presence of Li,CO3 or LiOH, as well as Li° is observed, see figure
4.8.
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—L
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Figure 4.8: Lithium spectra for a) PPBA capped V5,05 and b) Bare V5,05

Furthermore, on the PPBA-V,05 surface, no metallic lithium is detected. In the oxygen
spectra, signals associated with lithium bonds in Li,CO3 or LiOH are observed at 532.2 eV
binding energy, along with an additional signal for the oxygen double bond —C' = Ox in
Li;CO3 at 533.2 eV. Additionally, in both the lithium and oxygen spectra, a higher con-
centration of LiOH and Li;COs is observed in the PPBA-capped V505, as shown in figure
4.9.
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Figure 4.9: Atomic concentration of Lithium and oxygen from Li,CO3 and LiOH

Moreover, the phosphorus spectra show signals related to the presence of lithium salts,
either from LiPFjg in the electrolyte or from its degradation in the form of Li, PF,, both at
P2ps,5 = 136.7 €V binding energy, along with oxidized lithium salts of the form Li,PF,O,
at P2pss, = 133.2 eV. Additionally, a signal related to P»Os is found in those spectra at
P2ps/5 = 134.8 eV.

In the fluorine spectra, signals related to F'~ anions and lithium salts (Li, PF,) are found
at 684.8 and 686.9 eV, respectively. A signal at 688.4 eV is also observed, which is attributed
to C-F bonds [59, 60]. Furthermore, in the PPBA-V,05 spectra, a signal at 690.2 eV is found,
which can be related to LiPFs|61] or Li, PF,0,[59] chemicals. Moreover, due to the absence
of the LiF signal from the lithium spectra, the signal found at 684.8 ¢V from F anions must
be from HF rather than LiF. By comparing these signals with that of Li, PF,, it is observed
that the PPBA-V505 has a much lower concentration of degraded lithium salts compared to
bare V50; (see figure 4.10).

Furthermore, in the vanadium spectra, an increase in V> concentration is observed at the
upmost surface in the bare sample, while in PPBA-V;,05, a nearly constant value is observed.
This difference can be attributed to a lower dissolution of the cathode, improving the stability
in the PPBA capped surface (see figure 4.11).
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Figure 4.10: Post-mortem Fluorine spectra for bare and PPBA capped V.05 a) at normal
emission and b) grazing angle
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Figure 4.11: Vanadium oxide state ratio V2 /V+4
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Chapter 5

Conclusions

Based on the preparation of vanadium pentoxide, after a meticulous characterization, the
laminar arrangement of the films is evidenced. Therefore fabrication of vanadium pentoxide
through the evaporation of metallic vanadium onto Si and subsequent oxidation in an oxygen
atmosphere allows the fabrication of at least two different structures: nanobelts and disk-
shaped structures by varying the thickness of deposited metallic vanadium. Furthermore,
between 10 and 25 nm of evaporated metallic vanadium, there must be either a critical
thickness where the structures change from nanobelts to disk-shaped, a range of thicknesses
where both structures coexist, or a different structure type in between. The oxygen flow,
treatment time, and temperature remain constant for all thicknesses; thus, the change in
oxidation state at lower thicknesses is attributed to the change in structures observed through
SEM and AFM. Additionally, vanadium pentoxide was successfully elaborated using the same
method on stainless steel substrates, resulting in lower roughness.

Functionalization of vanadium pentoxide surfaces with molecules is possible on both silicon
and stainless steel substrates through the carboxyl functional group, which further oxidizes
the vanadium while maintaining surface roughness. This indicates the possibility of modu-
lating the surface oxide state by functionalizing with molecules. Moreover, the concentration
of carbon and oxygen contaminants decreases, likely due to displacement by the molecules,
leading to a decrease in adsorbed nitrogen as well, owing to the reduction in V™ active sites.
Therefore, using the nitrogen concentration from the molecule, the density of molecules at
the PPBA-capped surface was estimated and found to be at 1.4 x 10~! molecules per V5,05
unit cell .

Furthermore, due to the absence of the carbon signal at 284,0 eV and the preferred
standing-up configuration at a high concentration of molecules, there are likely areas with
several molecules in an upstanding configuration and areas with a low quantity of molecules
lying down, or even without molecules. Additionally, DFT calculations show that the PPBA-
capped surfaces exhibit states within the band-gap arising from carbon, oxygen, and nitrogen
atoms in the molecules, which may be related to the increase in electronic conduction on the
terraces. Moreover, there is a decrease in conduction within the steps

For the samples on stainless steel, the conduction within the terraces of the structures
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is higher than that within the steps, and this difference is further magnified in the samples
capped with PPBA. This increased contrast in conduction favors the movement of charge
through the terraces rather than along the borders. It is likely that this phenomenon con-
tributes to the improved charge/discharge capacity, resulting from enhanced electronic con-
duction aligned with the preferred lithium ion transport direction.

The formation of the PPBA SAM on the cathodic surface has a passivating effect on the
same surface, protecting it from the corrosive action of hydrogen fluoride in the electrolyte

By introducing a protective SAM on a cathode surface, it is possible to alter the electronic
states on the surface, resulting in a different electrochemical behavior.
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