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Abstract

Ibrahim Saleh (Ph.D. Mechanical Engineering)

Ceramic nanotubes for applications in solar to fuel conversion, batteries, and chemical gas
sensing
Thesis directed by Professor Prashant Nagpal

The design and development of a new class of material is urgently needed today to meet
the current challenge of finding safe, reliable, renewable and environment-friendly energy sources.
Also, developing new, safe and reliable energy storage system is needed to store the excess and
unused energy produced by a renewable energy source such as solar or wind source. In addition,
fabricating sensitive, portable and low-temperature gas sensor material is currently required to
reduce the sensor’ energy consumption, detect toxic and combustible gases and analyze human
exhaled breath for medical diagnosis. Fortunately, recent breakthroughs in the fabrication of quasi
one-dimensioned metal oxide and ceramic-fiber composites have opened the door to investigate
new materials as a potential candidate for the applications of energy and gas sensors.

In this thesis we aim to: i) develop new, simple and cost-effective technique to synthesize
doped and undoped inorganic metal oxide nanotube architecture for application in solar to fuel
conversion, energy storage batteries, and chemical gas sensing, ii) synthesize and characterize a
composite material made from Polymer Derived Ceramics (PDCs) and graphite fiber as high
capacity, reliable and cost-effective lithium-ion battery negative electrode.

In the first part of the current work, we explain in detail a new technique of synthesis and
doping transition metal oxide, TiO2, nanotube via electrochemical anodization of titanium metal

sheet in organic electrolytes containing a small amount of fluoride ion. We were able to



simultaneously incorporate several anions and cation elements into the TiO, nanotube crystal

lattice by modifying the electrolyte composition in the anodization electrochemical cell.

Several analytical techniques such as X-Ray diffraction, scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) were employed to study the structure,
morphology and the elemental composition of the fabricated nanotube. The undoped, N-doped,
Fe-doped, N-Fe co-doped and N-C co-doped TiO2 nanotubes were investigated as possible
photoanodes candidate for photocatalytic water splitting application. The obtained results showed
an improvement in; i) the nanotubes light absorption, especially the N and N-C doped samples, ii)
the nanotubes charge transfer efficiency with N and N-Fe doped nanotubes as the most efficient

samples, iii) the charge transport efficiency of the doped samples.

In the second part, we investigated N-doped and undoped TiO2 nanotubes as possible
reliable, safe and durable lithium-ion battery anode material. The results showed high and save
lithium intercalation/deintercalation potential profile and relatively good cycling stability of both
samples besides about a 25% increase in the specific capacity of N-doped nanotube. Also, we
fabricate and study the electrochemical behavior of composite material made from polymer-
derived ceramics and graphite fiber as possible high capacity lithium-ion battery anode material.
The anode electrochemical behavior was evaluated based on the thickness of the SiCO films. Thick
films exhibited the typical behavior of bulk SiCO with high first cycle loss. However, thin films,
100 nm thick, show low first cycle as well as high capacity.

In the last part, an effort has been to improve the performance of TiO, nanotube as a room
temperature gas sensor by modifying its surface properties with anion and cation dopant materials.
The investigated gases were; i) Volatile Organic Compounds (VOCSs) such as acetone, methanol,

ethanol, ii) water, iii) gases such as nitric oxide and carbon monoxide. The results of the study



revealed that the sensitivity and selectivity of cation or/and anion doped TiO2 nanotubes have
increased toward specific target gases such as acetone. It was also observed that undoped and Nb-

doped TiO2 nanotubes detected NO and CO at room temperature.
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Chapter 1

1 Background and Introduction



1.1Renewable energy

Today approximately 17 TW of energy is consumed globally per a year and more energy demands
are expected to rise exponentially in the next few decades owing to the growth in global population,
which is expected to increase up by 50% in 2050[1]. Currently, the energy
supply comes mainly from non-renewable fossil fuels such as oil, natural gas and coal Fig (1).
Unfortunately, with the current high global energy consumption rate, the fossil fuel energy source
will be inevitably depleted in about less than 100 years. Another long-term negative impact of
burning and consumption the fossil fuel is the amount of the released hazardous unwanted harmful
gas products, especially carbon dioxide, to the atmosphere, which eventually will lead to
undesirable climate change owing to the increase in global average annual temperature that cannot
be reversed Fig (2). Therefore, it is important and critical to find an abundant, renewable, cost-
effective, efficient, and environmentally friendly alternative energy source.

There are different forms of renewable energy such as wind, biomass, geothermal and solar, with
each one having its advantages and disadvantages. However, solar energy is considerate one of the
most viable alternatives to fossil fuel energy sources since it offers abundant and extremely clean
energy source with zero greenhouse gas emission. In fact, the sun emits an about 3.86 X
102® watts of energy with 1 KW/m? of energy on the earth surface and according to U.S. Energy
Information Administration In 2017, the average annual electricity consumption for U.S.
residential utility customer was about 867 kWh per month. Therefore, 200 m? residential utility

receives about 1000 kW in just 5 hours of a sunny day.



1.2 Hydrogen as an alternative energy source and energy storage

Lately, many researchers have been investigating hydrogen as a potential pollution-free energy
source and good alternative energy storage to electrochemical batteries such as lithium-ion
batteries due to its;

) abundance, Hydrogen is the most abundant element in the earth’s crust.

i) high energy density by weight and lowest energy density by volume Fig (3).

1)) offers a longer lifetime and the only H> combustion product is water, which makes it

environment friendly.
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Figure 1: Natural gas and the renewables will account for 75% of global growth through 2040.
“TOE” refers to “tons of oil equivalent”[2].

However, hydrogen gas is scarce and cannot be found naturally in the earth’s atmosphere. Hence,
it must be extracted from other components that contain hydrogen, such as water, which is the

most abundant source of hydrogen. The hydrogen gas can be produced by using several methods
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including fossil fuel, biomass and water electrolysis using electrical or renewable energy such as

solar energy.
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Figure 2: Atmospheric CO: levels measured at Mauna Loa Observatory, Hawaiiin recent in

years[3].
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1.3 Water splitting

Splitting water molecule into its two components elements, hydrogen, and oxygen, can be
accomplished using several techniques such as the electrolysis of water, thermal decomposition,
radiolysis, and photocatalytic water splitting. The latter is considerate one of the most promising
techniques since it uses renewable energy sources, solar energy, instead of electricity besides
allowing for large scale production of hydrogen safely and efficiently with minimal environmental

impact.



1.3.1 Photocatalysis

The life on earth is powered up by the energy received from the sun via a process called
photosynthesis in which the oxygen is released to the atmosphere and biomass is formed by water
and carbon dioxide. The photocatalytic reaction is defined as an accelerated light-driven reaction
carried out in the presence of photocatalyst material and sunlight. This reaction has a variety of
applications such as water treatment[4], air cleaning[5], antibacterial[6] and solar to fuel energy

conversion [7].

1.3.2 Photocatalyst material

The efficiency and kinetics of any chemical reaction that requires an excess of energy to drive the
reaction, can be significantly enhanced via involvement of the external a chemical agent called
chemical catalyst or photocatalyst. The photocatalyst material is used to reduce the reaction
activation energy without being altered or consumed in the reaction itself, as in the case of
hydrogen generation through photocatalytic water splitting using photo-active catalysts.

Photocatalyst material is usually semiconductor material that absorbs light with energy greater
than its bandgap (conduction band minimum as the highest unoccupied energy band and a valance

band maximum as the lowest occupied energy band).

The photocatalysis reaction is usually defined as a homogenous reaction when both the reactant
and the photocatalyst exits in the same phase such as solid phase. Whereas, the heterogeneous
reaction takes place when both the reactant and the photocatalyst has different phases.

In the photocatalysis reaction, the absorbed photon with appropriate energy, equal to or greater

than the bandgap energy, excites the electron from the conduction band to the valance band



Fig (4). The excited photogenerated electron and hole can be utilized electrically in the application
of photovoltaic cells[8], or chemically in the application of photocatalysis chemical reactions[9].
In both processes, the generated electron-hole charge carrier should be separated and transported
to the reaction site quickly to avoid the quick recombination. The following equations demonstrate
the photoexcitation of the electron-hole pair upon absorption of photons such that the electron

reduces A species and the hole oxides D species.

yields
A+ e —A” 1)
ield
D+ h* 25 pH )
Reduction
A A

Conduction Band

Recombination
Excitation

D

Valance Band

h+

Oxidation
D+

Figure 4: Schematic of the generation of electrons and holes and their reaction with donor and
the acceptor species in semiconductor materials.



1.3.3 Photoelectrochemical water splitting

Fujishima and Honda introduced the photoelectrochemical water splitting for the first time in
1972[10], they irradiated n-type semiconductors materials, single crystal titanium dioxide,
immersed in an aqueous electrolyte with UV light, and for the first time they were able to convert
the solar energy directly to chemical energy in the form of hydrogen. This photoelectrochemical

water splitting reaction can be written as:

1
2H,0 > h* + 4e™ + 0, E =1.23-0.059V*pH (3)
0
AH* + 4e > 2H, E = -0.059V vs NHE *pH (4)
0
2H,0 + photos— 2H, + 0, (5)

The water-splitting reaction is an energetically uphill reaction with the Gibbs free energy

change, the minimum work required for the reaction to proceed equals to 237 kJ/mol Fig (5).

According to the following equation, the minimum voltage required to split the water into

hydrogen and oxygen is 1.23 V.
AG® = nF E° (6)

where n is the number of electrons involved in the reaction, F is Faraday's constant and E° is the

standard cell voltage.



AG

H0 237kj/mol (1.23 eV)

v

Reaction

Figure 5: A schematic of the Gibbs free energy of the water splitting.

A typical photoelectrochemical (PEC) cell for water splitting is made from two electrodes,
working and counter electrodes, immersed in an aqueous electrolyte Fig (6). The working
electrode is usually made from photo-active semiconducting material such as titanium dioxide and
the counter electrode usually made from platinum metal.

As we mentioned above the incident photon with energy higher than the semiconductor bandgap
will excite an electron from the valance band to the conduction band generating electron-hole pairs.
These electrons and holes should be quickly transferred to the electrode/electrolyte interface and
undergo redox reaction to avoid the recombination reaction. The water splitting in the
electrochemical cell has two half-reactions, oxidation evolution reaction (OER) and hydrogen
evolution reaction (HER). Here, the reduction potential for the hydrogen evolution is 0 V' vs normal
hydrogen electrode (NHE) at standard temperature 298 K, concentrations 1 mol/L and pressure 1

bar, when the electrolyte pH is 0. On the other hand, the oxidation potential of the oxygen evolution



is 1.23 V, However, more potential difference is always needed to split the water due to the

overpotential losses.

> Fermi level

Agueous electrolyte

Figure 6: A schematic of Photoelectrochemical cell with n-type semiconductor as a working

electrode.

The efficiency of water splitting in this PEC cell depends on the semiconductor material and its
electronic structure, which is the key factor that makes photocatalysis happen. Therefore, the
choice of an appropriate photo-active electrode is the most important factor in developing an
efficient water splitting system. An ideal photocatalyst material should have the following set of
properties;

) The photocatalyst must absorb a broad range of the solar spectra, from near infrared to

visible light.
i) The intrinsic bandgap should be at least equal or bigger than the energy required to split

the water molecules, 1.23V.

10



1)) The appropriate position of the band edges since water splitting depends strongly on
the position of conduction and valance band edges which is related to the electron
energies in respect to the redox reaction energy levels.

iv) High chemical stability in the dark and under irradiation.

V) Efficient charge transport.

vi) Low overpotentials for reduction/oxidation of water.

vii)  The photocatalyst should have high crystallinity since during the transportation of the
photo-generated charge carriers from the bulk to the surface, defects inside the bulk

and on the surface may act as an electron-hole trap center.

11



1.3.4 Titanium dioxide as photocatalyst material

Titanium dioxide known as Titania, TiO, is a highly chemically stable, insoluble and natural
abundance metal oxide [11][12]. TiO. can be found or synthesized as in an amorphous or
crystalline structures[13]. The crystalline structures have three main natural polymorphs, anatase,
rutile, and brookite. Brookite, orthorhombic crystal structure, is usually difficult to synthesize due
to its instability above 150°C. The anatase and rutile are the most important polymorphs due to
their potential utilization for many applications and uses Table 1. In general, anatase is less stable

than rutile[14], but more efficient than rutile especially as photocatalyst material.

In the crystalline structure, the titanium is in octahedral coordination where titanium ion is
surrounded by six oxygen ion, coordination 6. In the rutile structure, each octahedron is in contact
with 10 neighbor octahedrons while in anatase structure each octahedron is in contact with eight
neighbor’s Fig (7). Moreover, TiO> is a wide bandgap semiconductor whose valance band is
composed of 2p orbitals of oxygen hybridized with the 3d orbitals of titanium while the conduction

band is composed mainly of 3d orbitals of titanium.

The heat treatment of amorphous TiO: in oxygen atmosphere converts it to a crystalline anatase
structure at a temperature below 400°C. The Anatase transforms irreversibly into rutile, more

thermodynamically stable phase, at a higher temperature which is about 550°C.
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Rutile

Figure 7: Crystal structures of TiO rutile, brookite, and anatase polymorphs[15].

Table 1: Properties of anatase and rutile polymorphs[14].

Properties Anatase Rutile
Crystal structure Tetragonal Tetragonal
Atoms per unit cell (2) 4 2

Density (g/ cm) 3.8 4.2

Band gap(eV) 3.2 3

Melting point (°C) Convert into Rutile 1830-1850
Volume of the elementary cell | 136.25 62.07
(nm°)
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1.3.4.1 TiO, nanotube structure

The fabrication of TiO2 nanotube structure has significant interest for many applications such as
dye-sensitized solar cells[14], water splitting[16], gas sensor[17], and lithium-ion battery[18]. In
the water splitting application the nanotube structure improves the overall photocatalysis
performance due to the following;

i) It shortens the diffusion paths of the charge carrier by providing a vectorial pathway for

electron transport along the vertical axis of nanotubes to Ti Substrate.

i) Increases the electron mobility.

iii) Increases the surface area for more reaction sites.
There are various methods that have been developed to fabricate the nanotube structure including
hydrothermal[19], sol-gel[20] and electrochemical anodization in a fluoride-based electrolyte [21].
The latter method is considered the most favorable technique due to the following;

i) The nanotube growing process is simple and cost-effectiveness.

i) The nanotubes are grown on Ti substrate and thus can be used directly as back-

contacted metal-metal oxide.
iii) The nanotube morphology can be tuned and controlled to meet the demand of various

uses and application[22][23][24].

The nonporous metal oxides were first introduced by Keller el, at[25] where he was able to
anodized aluminum metal sheets in an acidic electrolyte, a porous oxide structure of hexagonally
close-packed layer was obtained. After that, Hoyer el, at[26] was able to synthesize TiO;

amorphous nanotubes by electrochemical deposition method into an ordered alumina template.
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Assefpour-Dezfuly et. al.[27] fabricated the first porous TiO2 by etching Ti metal substrate in
alkaline peroxide and anodizing it in chromic acid. Zwilling fabricated the first self-organizing
nanotube by anodizing Ti metal substrate in an electrolyte containing fluoride ion[28] . This first
generation of nanotubes were not well-ordered with rough walls and short length, limited to just
about 500 nm. Since then many efforts have been done to manipulate and control the morphology
of electrochemical grown TiO2 nanotubes such as the nanotube’s pore diameter[29], wall
thickness, inter-spacing[30], length and smoothness. The tuned nanotubes morphology can be
achieved by changing the electrochemical anodization parameters such as electrolyte composition,
electrolyte pH, anodization voltage and anodization time.

The length of the nanotube was increased by using the second-generation technique[31], [32]. Cai
et, al[33] grew longer nanotube by using electrolytes with different range of pH to reduce the metal
oxide dissolution rate. However, the aqueous-based electrolyte causes slow growth of nanotubes
which can be overcome by using an organic solvent electrolyte. Paulose et. al.[34] fabricated
longer and smoother nanotube by using organic electrolyte containing fluoride ions[35].

Growing TiO2 nanotubes in a fluoride-ion free electrolyte such as hydrochloride solution was
another approach to increase the nanotube’s length[36]. However, longer nanotube was not

obtained due to the high chemical dissolution of metal oxide by the aqueous electrolytes.

1.3.4.2 TiO2 nanotube anodization parameters
As we already stated, different TiO2 nanotube morphologies can be achieved by tuning the
electrochemical cell’s anodization parameters. The anodization electrochemical cell usually

contains fluoride-based electrolyte with Ti metal as anode and Platinum as cathode Fig (8). The
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grown metal oxide layer could be a compact layer or self-organized nanotube depending on the
anodization parameters.

The oxide layer ,nonporous structure, is usually grown in HF-aqueous electrolytes when
anodization voltage is less than 10V, but when voltages increased to 10V the nanotube structure
start to form with short and rough tubes [22]. However, fabrication of smooth and much longer
TiO2 nanotube was achieved in an electrochemical cell that contains an organic polar electrolytes
such as formamide[34], dimethyl sulfoxide[37], ethylene glycol[21], diethylene glycol[38] and
glycerol[39] . The possible reason for the nanotube’s length increase is the suppression of the oxide
dissolution at the top of the grown nanotubes due to much less water content in the organic
electrolyte than in HF-aqueous electrolytes which lead to a decrease in the chemical
dissolution[39]. In addition, the increased viscosity and lower conductivity of organic electrolytes
could increase the nanotube length as well.

Another parameter that can affect the morphology of the nanotube is the aged electrolyte, reused
electrolyte, where more stable and better morphology can be achieved. The aged electrolyte has
better performance because of its high conductivity caused by more Ti* dissolution.

The concentration of the ion fluoride can also affect the nanotube morphology. Less than 0.1wt.%
fluoride ion concentration usually produces porous structure while more than 1 wt.% concentration
produces a thin compact oxide layer [39].

The applied voltage controls the nanotube diameter and length with a linear relationship. Also, the
anodization time increases the nanotube’s length, but if the anodization time is too long the

nanotubes could collapse.
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Figure 8: A schematic of the anodization electrochemical cell used for growing TiO2 nanotube.

1.3.4.3 TiO2 nanotube growing mechanism

A detailed model for growing and formation of the TiO2 nanotube was proposed by Mor et. al.[40].
In this model, the nanotube formation is controlled by a competition between anodic metal oxide
formation and chemical dissolution of the grown metal oxide Fig (9). When we apply a proper
voltage, a compact oxide layer is formed on the Ti metal substrate to create the required electrical
field to drive the reaction between the Ti* and water molecules (O?-or OH") equation (7,8). Further
oxide growth is controlled by field-aided ion transport (O% and Ti*" ions) through the growing
oxide. The localized dissolution of the oxide combat layer form pits Fig (9, b). After that, the pits
gradually turn into pores (uniformly distributed on the oxide surface).

Ti - Ti* + 4e” (7)
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Ti* + 2H,0 - TiO, + 2H* (8)
The fluoride ion in the electrolyte accumulated at the positive electrode and under the effect of

the electric field, it reacts with the TiO, to produce the soluble [TiFs ]*.
TiO, + 6F~ — [TF4]- + 2H* 9

a d Pores .
Wouds

\ LN

A
Barrier Layer

Barrier Laver

Barrier Laver

Figure 9: A schematic diagram of nanotube evolution at constant anodization voltage: (a) Oxide
layer formation, (b) pit formation on the oxide layer, (c) growth of the pit into scallop-shaped
pores, (d) the metallic region between the pores undergoes oxidation and field-assisted
dissolution,(e) fully developed nanotubes with a corresponding top view[40].
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1.4 Lithium-ion batteries (LIBs)

There is a great interest globally for developing more efficient energy storage systems for several
reasons. To start with, the need for clean, abundant, sustainable and environmentally friendly
energy sources such as solar, biomass, wind energy has increased, but these sources are not
continuously available for release whenever and wherever is needed. Moreover, the growing
interest in electrical-powered automotive has lately increased to replace the current gasoline-
powered in order to decrease global warming by limiting CO. emissions. Also, electrochemical
storage devices such as lithium-ion batteries are being used daily across a wide range of portable
devices such as cellular phones, laptops, camcorders.

The electrochemical batteries represent an excellent class of energy storage technology owing to
their high efficiency, flexibility power and energy characteristics, modularity, and scalability.
There are two major types of batteries: primary batteries, and secondary batteries. The primary
battery is non-rechargeable, but the secondary is rechargeable (reversible redox reaction).
Currently, the available rechargeable batteries are classified into alkali batteries, capacitors, and
lithium-ion batteries. Among them, lithium-ion batteries are currently considerate the most
favorable energy storage device owing to their high energy density per weight (lithium is the
lightest metal, less toxic, and the most electropositive element with about -3.04 V vs standard

hydrogen) Table 2 and Fig (10).
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Table 2: Advantages and limitations of the lithium-ion battery.

Advantage Disadvantage
High energy density High cost
Good cycling life No stability at high temperature
Good coulombic efficiency No stability at overcharging
Low self-discharge rate High internal resistance
No memory effect Safety
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Figure 10: Comparison of the different rechargeable battery in terms of volumetric and
gravimetric energy density[41].
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1.4.1 Electrochemical principles of LIBs

The lithium-ion battery consists of three major components, two electrodes called a cathode and
anode immersed in lithium-ion conducting organic electrolyte, and a porous separator placed
between the two electrodes to prevent the electrodes from touching each other, which can lead to
short circuit. Ideally, both anode and cathode should have a layered structure in which lithium and
lithium-ion can intercalate and deintercalation without interrupting the host material. The cathode
is usually made from layered lithium metal oxide such as lithium cobalt oxides, and the anode is
made from carbon material such as graphite. The electrode material is selected such as the
chemical potential of the lithium is higher in one electrode than the other. The electrolyte must be
pure and free of water and has the special property of being able to conduct Li-ion but not Li atom.
The architecture of the LIBs can be imagined as a sandwich-like structure with the electrolyte in
the middle, and with an electrical connection that transfers the current of from the electrodes to
the external electrical circuit.

The electrochemical performance of the battery is characterized by the following parameters:

Q) The energy density which is the amount of lithium that can be stored inside the active
materials (it can be obtained experimentally by calculating the area under Voltage-specific
capacity curve).

(i) ~ The power density which is the Watts per unit weight of the active materials (it can be
obtained experimentally by multiplying the voltage and the current).

(iii)  The other parameters are related to the gradual loss of performance with cycling, life, and

safety.
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Also, the specific capacity is defined by how much of Li the electrode material can hold per unit

mass or volume. It can be defined as follows:

SC=—x (10)

- Mwx 3.6

Where F is the Faraday constant (96,500 C/mol), n is the number of charge carrier, Mw is the
molecular weight of the electrode. The maximum specific capacity that can be obtained from the
battery depends on the weight and type of the electrode’s material. However, the experimental
capacity is always less than the theoretical capacity due to the side reaction between the electrodes
and the electrolyte.

The Coulombic efficiency is defined by the ratio between the amount of inserted lithium capacity
over the extracted lithium capacity. It is a good indication of the electrochemical reversibility and

the possible side reaction between the electrodes and the electrolyte.

Discharge capacit
CE = g TPty (11)
charge capacity

In LIBs, the difference in the chemical potential of the lithium in the two electrodes is converted
into electrical energy by redox reactions at the anode and cathode which can be represented by

the following equation:

reversible
LixM «—— xL} + xe” (12)

Where M is the active material and x the lithium mole fraction.
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During battery charge, electrons are initially extracted from the cathode and the Li-ions are
inserted into the anode material, through water-free electrolyte solution, by applying external bias

Fig (11). During battery discharge, the moving directions of both Li-ions and electrons are just

reversed.
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Figure 11: Schematic of the charging process in a lithium-ion.

1.4.2 Material for LIBs
1.4.2.1 Anode materials

The anode in the lithium-ion battery can significantly affect the battery overall electrochemical

behavior depending on its chemical, physical and energy storage properties Fig (12). Also, the
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selection of proper anode material depends on its durability, on whether it is electronically

conducting and how fast Li atoms can diffuse through the material.
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Figure 12: Working potential vs specific capacity of various active anode material[42].

Furthermore, the appropriate structure of anode material significantly improves the overall battery
performance. For example, the nanostructure morphology can improve the insertion and extraction
of the Li-ion since the diffusion rate depends on the diffusion coefficient and diffusion length in

the active material, as follows:

©=L{?/Dy, (13)
Here, Dy refers to the diffusion coefficient of the active material, L;* is the diffusion length of the

Li-ion.
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1.4.2.1.1 Carbon anode material

In the past three decades, the most frequently used anode material in LIBs is made from
carbonaceous material such as graphite replacing the unsafe and high capacity lithium metal anode.
The graphite has low operation potential, good cyclability, inexpensive and considerably abundant.
Also, it has a well-defined layered structure of graphite consists of parallel planar layers with
honeycomb-like geometry. The bond between the graphite layers is weak leading to change in the
interlayer distance during charge and discharge cycles Fig (13). One lithium species per six carbon
can be inserted into space between the parallel planar layers leading to the specific theoretical

capacity of 372 mAh/g, as shown in the following equation:

Li +6C+e — LiC6 ) (14)

Here, C refers to carbon and Li to the Lithium element.

Strong bond

Lithium

intercalation Weak bond

Figure 13: A schematic of the graphite structure.
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1.4.2.1.2 Lithium alloys anode material

Materials such as Li- Silicon[43] and Li-Sn [44] have been widely studied as an alternative LIBs
anode material in an attempt to replace the traditional anode material (graphite anode). The
graphite anode suffers from low capacity and formation of lithium dendrite at the anode surface
causing a short circuit and battery failure. Alloying is a good approach to increase intercalation
and deintercalation voltage plateau in order to reduce the dendrite formation risk and increase the
anode capacity as well. However, Lithium alloys suffer from large volume expansion during
Lithium intercalation and deintercalation discharge, leading to poor cycling stability and
eventually to battery failure. Table 3 summarizes the characteristics of different Lithium alloys as

anode material.

Table 3: Characteristics of anode alloys of Lithium with various elements.

element Lithiated phases x | xin LixM | Expansion (%) | voltage (V) | Capacity
Si Li1sSia 3.75 280 0.4 3579

Sn LiySn 0.4 22 0.76 90

Mg LixMg 0-1.95 0-12.5 0.0325 0-2150
Al LiAl 1 90 0.380 993

Zn Li2Zns 0.4 39 0.49 164

During battery charge, Li ions are electrically driven by external bias into the active material to
make an alloy anode. After that, the formed alloy decomposes due to the difference in the lithium
chemical potential in the anode and cathode material, leading to release of electrons from the anode

into the external load according to the following equation;
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reversible

XLF +xM + Xe™ «—— M, Ly (15)

Where M is the active material and X is the mole fraction ranging from 0 to 1.

1.4.2.1.3 Metal oxide anode material

Metal oxides are promising alternative LIBs anode material due to their excellent stability,
cyclability, environmentally benign nature, and availability. Moreover, their high lithium
intercalation voltage is relatively high, in comparison to a carbon-based electrode. This high
intercalation potential can prevent the problematic dendritic lithium from the formation on the
anode surface. However, the metal oxide anodes suffer from poor rate capability, low electrical
conductivity and fast capacity fading caused by large volume expansion during battery charge and

discharge cycling.

There are several approaches that can be adapted to overcome the above-mentioned drawbacks of

the metal oxides anode, they include;

i) Fabricating nanostructure anode to shorten Li-ion diffusion and lower the stress caused by
lithium insertion into the electrodes.

i) Doping the metal oxide with anion and/or cation to increase the capacity and electrical
conductivity.

iii) Fabricating a composite anode made from the metal oxide and other material such as

carbon-based material to increase the capacity and enhance the electrical properties.

The mechanisms of lithium intercalating in metal oxide anodes can be classified into two main

reactions:

)] Conversion reaction
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reversible

M,0y, + 2yLf + 2ye™ «——— 2L;;0 +xM (16)
Where y is the Li mole fraction.

ii) intercalation/deintercalation reaction

reversible

M,0, + nLf + ne” «——— 2L;,0 + L;M,0, (17)
Where n is the Li mole fraction.

Metal oxides such as MoO2, Cos O4, and a-Fe; Oz intercalate the lithium according to conversion

reaction, whereas few metal-oxides such as TiO> follow intercalation/deintercalation reaction.

1.4.2.2 Cathode material

The most commonly used cathodic material in LIBs include lithium iron phosphate LiFeOa,
Spinel-based lithium-ion, LiMn2Os (LMO) and Cobalt-based such as LiCoO, Table 4. The
cathode materials should have the following properties to be considered an excellent cathode

material;

1- High capacity.
2- High electronic conductivity which is intrinsic material properties.

3- High lithium conductivity which is related to the diffusion of the L;".
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Table 4: Most common LIBs cathodic material properties.

Cathode material | Electronic conductivity | Theoretical capacity | Comment
(S.cm™) mAh/g

LiMn204 10” 148 Low conductivity, high
rate, and low cost

LiCoO; 108 274 High cost, unstable

LiFeO 107 170 High energy density, low
electronic  conductivity
low cost

LiNiO 107 Unstable, high energy
density, low cost

1.4.3 TiO2 nanotube as anode material of LIBs

Owing to its high lithium intercalation voltage (1.5-1.8 V vs Li/Li*) and low volume expansion

change during charge/discharge cycles, TiO, metal oxide is considered one of the most alternative

promising substitutes as anode material in LIBs for the applications where the safety is the primary

concern and goal.

TiOz has three different main polymorphs rutile, anatase (both have tetragonal crystal structure)

and brookite (orthorhombic crystal structure). Rutile has a relatively low capacity of around 168

mAh/g and anatase has relatively high (335 mAh/g) while Brookite has unstable crystalline phase

and thus is not considered a good choice as anode active material.
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The reversible lithium-ion upon charge and discharge into TiO- is as following:

reversible

XLf + T,0, + xe- «—— L, T,0, (0<x<l 18
l

where x is the mole fraction ranging from 0 to 1 depending on crystallinity, morphology and the
specific surface area. However, the experimental capacity is always less than the theoretical

specific capacity due to poor Li-ion diffusion in the TiOx.

1.4.4 Polymer derived ceramics as anode material of LIBs

Polymer Derived Ceramics (PDCs) are a new class of materials, which as the name suggests, are
derived by thermal decomposition, polymerization, of polymeric precursors such as organosilicon

in a specific controlled inert atmosphere[45]-[48].

The polymeric precursors are usually made from chain molecules with silicon—group inorganic as
the backbone and the organic as functional groups. The different classes of organosilicon
polymeric precursors are classified based on polymer backbone Si-X; Organocarbosilanes (Si-C
bonds), Organosilazanes (Si-N bonds) and Organosiloxanes (Si-O bonds) Fig (14). The functional
radical group bonded into the silicon can be polymerized and pyrolyzed to remove the organic

groups to form the required ceramic.

The polymer derived ceramics is generally classified into two main families depending on their
chemical composition, silicon oxycarbide (silicon-oxygen-carbon) abbreviated as SiCO and
silicon carbonitride (silicon, nitrogen, and carbon) abbreviated as SiCN. The synthesis of carbon

rich SiCO or SiCN ceramics can only be possible via the thermal decomposition route due to the
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limited solubility of carbon in silica or silicon nitride. The molar composition of these PDCs

consists of one-third Si, one-third C, one-third N, and one-third O as shown in Fig (15).
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Figure 14: General oversimplified representation of the molecular structure of preceramic
organosilicon compounds[49].

sic SiC-nSi02.xC

Si 0
SiO2

Figure 15: Composition regimes of siliconoxycarbide SiCO [50].

Among different routes to synthesis the PDCs such as casting[51] and photo-polymerization[52]

route, the polymer pyrolysis route, decomposition of polymeric precursors, has the advantage of
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being simple and cost-effective. Table 5 summarizes the difference between the polymer pyrolysis

route and traditional powder route technology.

Table 5: Difference between ceramic produced via polymer pyrolysis vs traditional powder
technology.

Properties Polymeric precursors Traditional powder
polymerization technology
Purity Pure ceramic Less pure
Processing temperature Significant reduction High temperature
Machining Flexible shapes (three-dimension) Hard to shape
Cost Inexpensive Expensive

The PDCs has excellent properties, such as thermal and chemical stability[53], creep
resistance[53], [54], corrosion resistance[55], tunable porosity structure with high specific surface
area and Li-storage capability[56]. These properties can be tuned and modified by changing the
molecular structure of the polymer precursor and the synthesis route. The PDCs unique properties

can be attributed to the following;

i) The rich carbon contents.
i) The special nanodomain, 1-3 nm in size in amorphous PDCs, which consist of

graphene-like carbon network, SiO, and SiC crystallites Fig (16).
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Figure 16: Nanostructure model for the of SiCO [57].

As we mentioned, silicon oxycarbide, SiCO, and silicon carbonitride are the most studied and
investigated PDCs ceramics due to their bond nature between the silicon and the carbon in the
precursor, organosilicon polymer, that prevent the carbon from reacting and driven out as gas
during the thermal treatment[49]. However, during the thermal pyrolyzing of the organosilicon
polymer in a controlled inert atmosphere, the hydrogen is driven out as a gas, leaving a ceramic
glass. The gradual nature of the chemical decomposition of the polymer and the strong covalent
bonds formed as the gases leave the material, strongly limits atomic diffusion within the material.

This means that the resultant carbon network and SiOx domains, thermodynamically favored, are
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separated only at the nanoscale. The result of this nanoscale microstructure is that SiCO can behave

very differently compared to SiOx glass, despite being composed predominantly of SiOx domains.

1.4.4.1 Polymer derived ceramic fabrication

In the polymer pyrolysis route, the liquid precursor is usually crosslinked at temperature range
between 150°C and 400°C to form an infusible hard epoxy-like solid, and then the epoxy solid is
pyrolyzed in inert atmosphere such as argon at temperature range from 800°C to 1500°C to lose
hydrogen and self-assemble into a pseudo-amorphous ceramic phase consisting of Si-N-O domains

separated by “free carbon” in the form of disordered graphene sheets Fig (17).
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Figure 17: Synthesis procedures of polymer derived ceramics by thermal decomposition route.
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1.4.4.2 Polymer derived ceramic characterization

1.4.4.2.1 Thermogravimetric

Thermogravimetric analysis is a good technique to measure the amount of PDCs obtained from

the thermal decomposition of the preceramic precursor, polymer into the ceramic conversion. TGA

measurement was done by using (STA 409, NETZSCH, Germany) under an inert atmosphere with

10°C /min ramp to 1025°C. The mass loss starts at about 450°C and stops at about 825°C Fig (18).
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Figure 18: Thermogravimetric analysis (TGA) of polymer derived ceramics.

1.4.4.2.2 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) technique was used to study the crystallinity of the fabricated PDCs

samples treated up to 1200°C. There was no evidence of crystal growth (amorphous).
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1.4.4.2.3 BET analysis

The specific surface area of crosslinked-epoxy and PDCs was measured by using Micromeritics
ASAP 210, with absorption nitrogen gas and degassing at 150°C for 8 hours. The specific surface

area for crosslinked-epoxy and PDCs was measured to be 40 + 5 and 3+1 m?/g respectively.

1.4.4.2.4 SEM

The surface morphology of all samples was studied by using Field Emission Scanning Electron
Microscope. Fig (20, a) shows the surface graphite fiber coated with PDCs and Fig (19, b) displays

the Surface morphology of PDCs powder.

18k

10um Electron Image 1

Figure 19: Surface morphology of PDCs powder (a) graphite fiber coated with SiCO (b).
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1.4.4.2.5 Elemental analysis

The elemental analysis of SICO was done by measuring the content of carbon and nitrogen and
silicon. The carbon was measured by combustion (LECO Corp., Model C-200) with accelerants
as iron chip and Lecocel 11 HP which nitrogen and oxygen content were analyzed by fusion (LECO
Corp., Model TC-600). Cast iron with 3.36 % carbon was used as a standard in carbon analysis
and tungsten oxide and aluminum nitride were selected as standards in oxygen and nitrogen

analysis. The results of SICO PDCs heat-treated at 1000°C is shown in Fig (20).
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Figure 20: Oxygen, silicon, and Carbon mole fraction in SICO PDCs heat treaded at 1000°C.
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1.4.4.2.6 Raman spectroscopy

Raman spectroscopy was collected by using micro-Raman spectrometer (Horiba Jobin Yvon,

Japan) with a 532nm laser beam in an ambient atmosphere to gain insight into the carbon structure

of the obtained PDCs with its sensitive Raman carbon element. Fig (21) shows the Raman spectra

in the range from 450 to 1900 cm™ for uncoated graphite fiber with G peak at 1589 and D peak at

1358.
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Figure 21: Raman spectra of uncoated graphite fiber.
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1.5 Metal oxide as chemical and gas sensor

Developing inexpensive, portable, room temperature and low power-consuming gas sensors have
attracted the attention of many researchers due to their wide range of applications such as
monitoring toxic gases, detection flammable gases and in situ analysis of exhaled breath in the
form of portable devices[58], [59][60][60]-[62].

There are two main techniques to detect gases, direct and indirect detection; i) the direct technique
directly measures the physical properties of the target gas, ii) the indirect technique mainly
depends on using a chemical reaction or indicator to measure the target gas concentration of, a
summary of these detection techniques is listed in Table 6[63].

Metal oxide semiconductors are particularly interesting for applications of gas sensors due to the
change in their electrical resistivity upon exposure the gas molecules. The interaction of their
surface with gas via the adsorption/desorption process has been first introduced nearly 60 years
ago[64]. A few years later it was observed that the electrical properties of the heated metal oxide
,zinc oxide film, were sensitive to the presence of a small concentration of reactive gases in the
ambient air[65]. After that, another study observed that the electrical resistivity of tin oxide and
zinc oxide changes with the gas composition at the ambient atmosphere[66]. Since then, the metal
oxide semiconductor gas sensors have been extensively investigated as a promising alternative gas
sensor to other sensing technology such as optical spectroscopy and gas chromatography
spectroscopy[66]. These metal oxide sensors are relatively less expensive, portable, robust, easy

to use, sensitive to low gas concentration and they consume much less power.
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Table 6: Advantages and disadvantages of different gas detection technique[63].

Method | Advantage | Disadvantage
Direct technique
Optical spectroscopy: | Offers a direct and rapid, and | The gas must have a
measurement ~ of  optical | often highly selective means, | significant and distinct
absorption,  emission  or | of measuring gas | absorption, emission or
scattering concentration  with  good | scattering in a convenient
sensitivity. region of the optical

spectrum.,

Mass spectrometry

Very accurate and highly
selective means of detecting
concentrations of gas,
including isotope abundance,
etc.

Slowly acting. Very bulky.
Very expensive. Not easy
to use online, as gas
sampling necessary

Gas chromatography

Very accurate and highly
selective means of detecting
concentration.

Very expensive Not easy
to use online, as gas
sampling necessary.

Indirect technique

Interaction with a chemical
indicator

Can be highly specific, if a
suitable indicator. Can
measure total exposure over
time (dosimetry), if a non-
reversible reaction is used.
Can allow operation at a
convenient wavelength, when

gas has no convenient
absorption in that spectral
range.

Poisoning can occur and is
easily fouled. Sensitive to
groups of chemicals, Eg.
acid gases, rather than to a
specific gas. May exhibit
non-reversible  behavior,
which, in many cases, may
be undesirable. May need
water vapor present, to act
as a catalyst, if “dry”
reaction is too slow.

Sensors involving interaction
with the surface of a
semiconductor, or ceramic
layer, e.g. (CHEMFETS and
other electrochemical sensors)

Low cost. Can measure total
exposure over time, if a
nonreversible reaction is used.

Poisoning can occur. May
exhibit non-reversible
behavior, which may be
undesirable. May consume
analyte.

Catalytically induced
combustion and measurement
of the heat change (Pellistor
gas sensors)

Low cost and practical means
of detecting the presence of
flammable gases.

Poisoning can  occur.
Sensitive to groups of
gases, rather than specific
gas in a group. If other
flammable gas is present,
may give a reading which
is not predictably related to
the lower explosive limit
(LEL).
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Also, metal oxide semiconductor with high surface to volume ratio, are being increasingly used
for gas sensing due to their size-dependent properties and ability to adsorb as much of the target
gas as possible on their surface.

The performance of metal oxide gas sensors can be characterized by the following:

) The sensitivity, which is defined as the effect of the target gas concentration on the
electrical properties of the metal oxide and it is usually represented by the following

equation (in the presence of the reducing target gas);
S = (Rq/Ry) = An/n, (19)

Where Ra, Rg, An, and n are the resistance of the sensor in the air, the resistance in the presence
of the reducing target gas, changes in carrier concentration and the initial carrier concentration

respectively. In the presence of the oxidizing target gas we use the following equation;

S =(Ry/Ry) = An/n. (20)

The sensitive can be as well determined experimentally from the slope of the calibration graph
(electrical signal vs gas concentration). The greater the slope of the calibration line, the greater the

sensor sensitivity Fig (22).

) The selectivity, which is the ability of the metal oxide sensor to recognize certain target
gas inside a mixture of gases.

i) The response time, defined as the amount of time it takes for the sensor to measure
90% of the maximum gas level.

iii) The recovery time which is the time required for the sensor to return to its initial signal
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iv) Operation temperature is the temperature where the maximum sensitivity is obtained

Highly sensitive sensor

Signal (V or A)

Low sensitive sensor

[

Gas Concentration

v

Figure 22: Sensitivity of sensor (slope of concentration vs output signal)

1.5.1 Metal oxide sensing mechanism

The chem-resistive property of the metal oxides semiconductor could be attributed to the change
of the depletion layer width, space charge region, formed on the metal oxide surface. This width
change acts as a potential barrier during adsorption and deportation of gas molecules on the sensor
surface. The relationship between the potential barrier the metal oxide’s electrical conductivity can

be described in the following equation;

G = Gye Ve/*T (21)
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Where Go,k, and T are the electrical conductivity at zero potential barrier, the Boltzmann constant,
and the absolute temperature[64]. It noteworthy that besides the nature and properties of the metal
oxide material, the environmental conditions such as operating temperature, humidity and the
ambient pressure can influence the sensing properties of the metal oxides.

In this work, TiO2 nanotube is being studied as a gas sensor due to their low fabrication cost,
chemical stability and high sensitivity to a wide range of reductive and oxidative gases. The
nanotube structure can enhance the sensing process due to their large surface area and oxygen
vacancies where the adsorption and desorption of the gas molecule take place. Also, efforts have
been made to improve the performance of TiO2 as a room temperature gas sensor by modifying
their surface properties with cation and anion dopant materials. The investigated gases were
Volatile Organic Compounds (VOCSs) such as acetone, methanol, and ethanol, water, and gases

such as nitric oxide gas and carbon monoxide.
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Chapter 2

2 Modulating electronic properties and photophysics using co-
doping in metal oxide nanotubes: Superlinear photoresponse
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Abstract

Metal oxide nanotubes and standalone membranes have been extensively researched for potential
applications ranging from electronics, optoelectronics, and photocatalysis, to filtration and gas
sensing. Although the wide-bandgap of these nanotubes poses challenges for their utilization for
photochemical conversion and charge transport, doped metal-oxide nanotubes provide an
alternative to lower their bandgap and provide charge carriers for conduction and photochemistry.
While many single dopants have been successfully used, co-dopants can be used to manipulate the
electronic density of states, photophysical and photochemical properties to obtain new and
unexpected functionalities, sometimes even completely different from the individual dopants. Here
we describe co-doped titanium dioxide (TiO2) nanotube membranes where the combined
properties of the co-dopants differ from their monodoped counterparts, provide a detailed
mechanistic model to explain the new photophysical and photochemical properties of these co-
doped metal oxide membranes, and novel functionalities resulting from such properties like

superlinear photoresponse.

2.1 Introduction

Doped metal oxide nanotubes offer distinctive optical, electronic, and electrochemical properties,
which combined with their chemical stability and large surface area, make them uniquely suitable
for solar energy and solar-to-fuel conversion applications.[21], [40], [67]—[77]. Furthermore, their
tunable depletion widths,[78] and chemical gating[79] properties also make them attractive for
chemical sensing[80], [81] and breath sensing devices.[82], [83]. While mono-doping of metal
oxide, specifically titanium dioxide (TiO2) nanotubes, allows reduction of their optical bandgap

and suitable tuning of their conduction or valence band states[7], [84] to get useful photochemical
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and photoelectrochemical properties for solar-to-fuel conversion, they do not allow a precise
modulation of total electronic density of states (including both conduction and valence band) to
tune their depletion width, occupancy of surface defects, and charge trapping. For examples, many
studies have reported the incorporation of non-metal elements, such as nitrogen[7],[85],
carbon[86], phosphorous[87], boron[88], sulfur[89] into TiO> nanotube lattice host material to
enhance its optical and electronic properties. Also, efforts have been made to dope TiO> nanotube
with the various transition metals such as Nb[21], Cu[90] , Zr[91] and Cr[92] in order to enhance
its photocatalytic properties. By contrast, co-doping in these metal oxide nanotubes provides
control of donor and acceptor states and fine-tuning of their electronic states, new and unexpected
photophysical, photochemical properties like superlinear photoresponse tunable depletion width
and chemical gating properties.

In this work, we report a simple, cost-effective, simultaneous and sequential cation and/or
anion doping technique to mono-dope and co-dope the TiO2 nanotubes. Nitrogen is considerate
the most effective anion dopant due to its low ionization energy, comparable atomic size to an
oxygen atom. The N 2p states narrow the TiO2 band gap by overlapping with O 2p states of the
TiO, valence band. The incorporation of nitrogen in the TiO. lattice site occurs in two forms,
substitutional and interstitial depending on the doing method[93]. In a previous study, we have
demonstrated, by using Scanning Tunneling Spectroscopy (STS) , that doping TiO2 with N or C
could induce defect states above O 2p states leading to bandgap narrowing [21],[7] . Also, the
measurement suggested that the N was incorporate in the substitutional form and carbon in
interstitial form.

Iron is a good cation dopant candidate owing to ionic radius similarity between Fe** and Ti** ions

as well as its abundancy[94]. Therefore, we mono-doped and co-doped TiO, nanotube with N,
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C, and Fe to provide an in-depth understanding of the influence of co-doping on the solar to fuel
conversion efficiency of TiO2 nanotube. It is noteworthy to mention that different experimental
conditions, characterization, and electrochemical measurements play a crucial role in the
evaluation of the samples as excellent photoactive material Table 7.

To explain the observed differences between mono-doped and co-doped nanotubes, we provide a
detailed mechanistic model which explains the observed super-linear photoresponse characteristic
in the co-doped nanotubes and their potential use with solar concentrator to achieve several fold-

increase in the light conversion efficiency.
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Table 7: Photoactivity comparison of different nitrogen co-doped samples.

Dopants | Doping Photoactivity Comparison with this work
Method
N-Fe N:1 IPCE (420 nm) improved | The IPCE (420 nm) improved up to about 6-fold
[95] Cations: 2 from 0.03 % (undoped) | compared to the undoped sample. Slightly higher
N-Cr to 0.38 % (Fe), 0.42 % | than [30]
N-V (N), and 1.52 % (N-Fe), | Our co-doped sample showed a superlinear
N-Co with the loading of Co-Bi | relationship between photocurrent and photon flux.
co-catalysts.
N-Mo N: 3; Mo: 4 | Improved light | The light absorption was enhanced (bandgap down
[96] absorption (Bandgap | to approximately 2.256 eV)
down to 2.5 eV) with an | Enhancement of methylene blue degradation with
enhancement of | the co-doped sample.
methylene blue | Our co-doped sample showed a superlinear
degradation by 2~3 folds | relationship between photocurrent and photon flux.
(vs. N-doped)
N-Nb N: 1; Nb: 3 | IPCE (420 nm) improved | The IPCE (420 nm) improved up to about 6-fold
[97] from 0.1 % (undoped) to | compared to the undoped sample. Higher than [32]
0.4 % (N) or 0.35 % (N- | Co-doped sample showed a superlinear
Nb), no improvement | relationship between photocurrent and photon flux.
was seen with Nb.
N-V[98] | N:3;V:4 Significant decrease in | Same Significant decrease of bandgap (down to
bandgap (down to 2.25 | approximately 2.256 eV in N-C co-doped sample).
eV). Standalone | Comparable to [33]
photocatalytic CO2 to | Enhancement of methylene blue degradation in co-
CH4 reduction was | doped sample N-Fe.
enhanced up to 3 folds | Co-doped sample showed a  superlinear
(vs. N-doped) relationship between photocurrent and photon flux.
N-W N:3; W:4 Extended visible light | Comparable light absorption extension to visible
[99] absorption (tail of the | light.
absorption about 600 | Enhancement of methylene blue degradation in co-
nm) with an | doped sample.
enhancement of | Co-doped sample showed a superlinear
methylene blue | relationship between photocurrent and photon flux.
degradation by 2~4 folds
(vs. Undoped)
N-C N,C:3 19% Improvement in | Light absorption (bandgap down to approximately
[100] photoelectrochemical 2.256 eV with co-doped sample. Better than [35].
conversion  efficiency | Enhancement of methylene blue degradation in the
with  improved light | co-doped sample.
absorption (Bandgap | Co-doped sample showed a superlinear
down to 2.65eV) in | relationship between photocurrent and photon flux.
550°C annealing
temperature.
N-S N, S:3 Strong absorption in | Enhanced visible light absorption with the co-
[101] visible light doped sample.

Notes: 1: annealing in controlled gas (ammonia) atmosphere; 2: titanium-alloy anodization; 3:

Precursor incorporation in[90] the anodization electrolyte; 4: Hydrothermal treatment;
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2.2 Experimental setup

TiO2 nanotubes (NTs) growth

Undoped and doped TiO> nanotube growth was described previously[21]. Briefly, a two-electrode
system with a titanium foil (99.6%, 1” x 17, 0.5 mm, as the anode), a platinum sheet (cathode),
and fluoride-based non-aqueous electrolyte (ethylene glycol with 0.5% NH4F and 2% water, and
various precursors for doping). Nanotube growing was processed under constant voltage (30 V)
condition for three hours. Simultaneous anion doping was conducted by adding correspondent
precursors into the electrolyte. A voltage switching technique was used for cation doping Fig (23).
Co-doping with different combinations of cation and anions can also be achieved. The conditions
for doping are listed in Table8. All samples were annealed at 500°C for 2 hours in an

ambient atmosphere before further characterizations.

Cation-doped

Electrolyte+ Cation «——
precursor

Ti Separator Platinum

Figure 23: A sketch showing the design of a new electrochemical cell for cation doping. It has
two parts separated with a porous separator to prevent deposition of cation on the Pt electrode.
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Table 8: Conditions for TiO; nanotubes doping and detected dopant.

Anion Cation Doping EDS (%
Sample
precursor precursor technique atomic)
Undoped - - - -
N-doped 5% HMTA - PIE 5.8% N
Fe-doped - 1% FeCls 0.07% Fe
5% HMTA, 5% PIE 1.2% N, 9% C
N, C co-doped -
ASC
PS 5.79% N,
N, Fe co-doped 5% HMTA 1% FeCl3
0.06% Fe

HMTA: hexamethylenetetramine, ASC: L-ascorbic acid, PIE: Precursor incorporation in the
anodization electrolyte[90]: PS: Polarity switch. The percentage refers to weight percentage of the

precursors in their corresponding solvent (ethylene glycol or water).

Scanning electron microscopy

Morphology and structure of the nanotubes were obtained by field emission SEM (JEOL JSM-
7401F), with a built-in energy dispersive X-ray spectrometry (EDS) setup for elemental analysis
(with Noran Software). Nanotubes on titanium substrates were sputtered with gold before the

measurements.

Ultraviolet-visible (UV-VIS) spectroscopy
Optical spectra of TiO> nanotubes were characterized with a VWR UV-1600PC

spectrophotometer. Free-standing nanotube samples were scraped from the Ti substrates (with a
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doctor blade) and suspended in DI water for the measurements.

Electrochemical characterization

Electrochemical characterizations were performed with a Bio-logic SP-200 potentiostat, using a
three-electrode configuration in argon-purged 0.5 M (pH = 6.5) Na>SOj4 solution. Ti/TiO> (TiO2
nanotubes grown on Ti substrate), platinum wire, and Ag/AgCl were used as working, counter, and
reference electrodes, respectively. Electrochemical and photoelectrochemical (with 1 SUN, 100
mW/cm? irradiation using a 300 W xenon lamp) characterizations[102]-[107] were conducted

with the following parameters:

Linear sweep voltammetry (LSV)

Scan rate: 10 mV/s, range: -1.0 ~ 2.5 V, with and without light irradiation.

Electrochemical impedance spectroscopy (EIS)

DC bias: 0.2 V, AC amplitude: 10 mV, frequency range: 100 kHz ~ 100 MHz.

Mott-Schottky analysis

Scan range: -1.0 ~ 1.6 V, frequency: 1 kHz, AC amplitude: 10 mV.

Open circuit potential (OCP)

The OCP was firstly monitored in dark to stabilize the readings, followed by irradiation until the
change of OCP was small. The OCP decay curves were recorded after switching the light off.

Incident photon-to-current efficiency (IPCE)

IPCE was measured with chronoamperometry technique under 0.5 V (vs Ag/AgCl ref) bias, using
monochromatic light (every 10 nm interval, from 600 to 350 nm, generated from a 150 W halogen

lamp through a monochrometer (Princeton Instruments, Model: FA2448), with known irradiation
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flux measured with a calibrated intensity meter (Newport, Model: 1918)) as excitation source.

IPCE was calculated using the following formula;

Jpr(mA-cm™=2)x1239.8(Vxnm)

Pmono (MW:-cm=2)xA(nm)

IPCE(A) =

(22)

Where j,; is the photocurrent density, and Pone and 4 are the intensity and the wavelength of the
monochromatic light, respectively.

Photocatalytic methylene blue degradation test

Photocatalytic degradation of Methylene Blue (MB) was carried out in a capped quartz cuvette
with a total amount of 150 nmol methylene blue solution and wireless Ti/TiO> samples (~ 1 cm?
exposure area). The whole system was irradiated with 365 nm UV light (3 mW/cm?) under gentle
stirring. The absorption of the solution was measured at 0, 10, 40, 80 and 120 min using a calibrated
UV spectrometer (VWR UV-1600PC), and the decrease of the absorption peak at 670 nm was

used to calculate the quantum yield of MB degradation.

2.3 Result and discussion

The TiO> nanotube membranes were fabricated by using electrochemical anodization
techniques, with tunable length, diameter, wall thickness by control of the applied voltage, growing
time, and electrolyte composition. Simultaneous doping with different species was reported
previously[21] , using either precursor-charged electrolyte (for anion doping) or polarity-switching
technique (for cation doping). With different anion, cation combinations (Table 8), co-doped
(anion-anion, cation-cation, anion-cation) TiO> nanotubes can be grown. Using the experimental
parameters described above, we have obtained TiO2 nanotubes with different co-dopants (anion-

anion, anion-cation, etc.). Optical (ultraviolet-visible or UV-Vis) spectra also indicates the
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incorporation of dopants and modulation of their optical bandgap. While Fe-doped and N, Fe-co-
doped nanotubes show a minor change of'the light absorption; N-doped and N, C co-doped samples
show a clear extension of light absorption into the visible light region Fig (24, b). The magnitude
of the spectra shift could be attributed to the amount of the dopant in the nanotubes. Also, the
anion-anion co-doped visible light absorption enhancement could be attributed as well to increase
in carbon solubility compared to the mono-doped carbon content in our previous work[7] as shown
in the element atomic percentage detected by EDS (Table 8).

The performance of the undoped/doped TiO2 nanotubes in solar energy to chemical fuel
conversion (converting photons-to-fuel) were evaluated using wired and wireless configurations.
Compare to the standalone (wireless) test, measurements taken in a wired configuration, or with a

photoelectrochemical device not only provides the total efficiency (or quantum yield) for

i —— Undoped
—N
——F¢
—N, C
—N, Fe

Extinction (a.u.)

500 600 700 800

Wavelength (nm)

400

Figure 24: Field-emission scanning electron microscopy (FESEM) image of doped TiO»
nanotubes(a). Ultraviolet-visible (UV-VIS) spectrum of undoped/doped TiO> nanotubes(b).
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conversion of light into chemical fuels, but also reveals the efficiency of separate optoelectronic
processes involved in the solar to chemical conversion, including the light capture, charge carrier
generation, carrier transport and charge injection to the substrates. The nanotube array grown on
the titanium substrate was directly used as photoelectrodes (photoanodes). Using a three-electrode
configuration with TiO> nanotubes as the working electrode, current-voltage (I~V) behaviors were
studied under dark and incident irradiation on the backside of the working electrode. Net
photocurrent measured in photodynamic condition (Linear sweep voltammetry) is shown in Fig
(25, a), and the magnitude directly reflects the efficiency of solar energy conversion. Compared
to other nanotubes, Fe-doped samples generate much lower photocurrent, showing no saturation
behavior even up to 1.6 V applied bias. photocurrent saturation plateau usually appears around
1.2V[7],[84]. This indicates higher carrier charge trapping with iron doping, where a higher bias
is required to fully collect the generated carriers and prevent charge recombination similar to Cu
doped TiO2 nanotube[84]. The anion mono-doped and co-doped photoanodes exhibited higher
photocurrent response owing to bandgap narrowing, optical absorption enhancement.

To study the photoresponse of these nanotubes with different energy photon excitation, the
incident photon-to-current efficiency (IPCE) measurements were conducted using the above
mentioned LSV experiment setup. From the IPCE spectra, the onset of photocurrent with photon
energy (noted electrochemical or “EC” bandgap) can be determined Fig (25, b). Similar to the
optical spectra, EC bandgap shows a red-shift due to sub-bandgap light absorption. N-doped
sample shows the highest energy conversion efficiency across the whole spectra. Co-doped
(nitrogen with carbon or iron) nanotubes show better photoresponse in the longer wavelength

spectra but surpassed by undoped nanotubes at higher energy part.
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Figure 25 : (a) Photocurrent (difference of current density in dark and under light irradiation)
generation from TiO> nanotube photoelectrodes, using linear sweep voltammetry (LSV) in a
three-electrode configuration. (b) Incident photon-to-current efficiency (IPCE) of the nanotube
photoelectrodes, measured in a three-electrode configuration (with 0.5 V bias vs. Ag/AgCl).

The photocurrent and IPCE measurements provide information on the efficiency of these
nanotubes in solar energy conversion. However, it can be difficult to directly relate these
efficiencies to the individual photon, charge carrier-involved processes. Therefore, we need to
conduct characterizations to decouple these processes in order to fully understand the dopant

(anionic, cationic, or both) effects. As the IPCE can be expressed as;

IPCE = Naps X Niransport X Neransfer (23)
Where the three efficiencies are related to light absorption, charge transport to the nanotube
surface, and the charge transfer from to the surface adsorbed species (water in this case).
First, the charge transfer efficiency can be quantified by measuring how fast the surface-
accumulated holes inject to water. The hole injection lifetime (or rate constant: k = 1/t) can be
measured using the open circuit potential (OCP) change of the photoelectrode. Under irradiation,

electron-hole pairs are generated, followed by hole transport to the photoanode (nanotube) surface
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and cause the quick drop of OCP. The equilibrium between carrier generation, recombination and
hole transfer to surface adsorbed water lead to a stable OCP value under continuous light
excitation. Once the irradiation is switched off, the hole consumption through charge injection
leads to the decay (exponential increase) of the OCP. And the charge transfer rate constant (ke)

can be calculated using the following relationship;

Vocp = A — Bexp(—kct) , (24)
where A, B are constants. A higher value of k refers to a higher charge transfer efficiency.
While no significant change of carrier injection lifetime was seen in Fe- or N, C-doped
nanotubes, a two- to three-fold increase of rate constant was observed in N- and N, Fe-
doped samples, indicating fast removal of photogenerated holes for water oxidation Fig
(26,a).

Second, the efficiency of charge transport from the bulk semiconductor to the surface was
evaluated by using the impedance, including the resistive and capacitive contributions. This was
measured with electrochemical impedance spectroscopy under AC perturbation. In our study, the
Nyquist plot is used to represent the relationship of capacitive impedance (imaginary part) and
resistive impedance (real part). The impedance spectra Fig (26, b), can also be fitted to an
equivalent circuit Fig (26, c¢), to help clarify the electronic transportation inside the nanotubes.
This equivalent circuit contains three serially-connected parts for describing the solution (solution
resistance Rs), solution-nanotube interface (charge transfer resistance Rc, and double-layer
capacitance Cqr) and the bulk nanotube (space charge layer resistance (Rsc) and capacitance (Csc),
charge trapping resistances and capacitances (Ri~R3, C1~C3), which can be used for evaluating the

electronic processes of charge conduction through electrolyte, charge transfer from nanotube
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surface to water, and charge transport (including charge trapping) inside the nanotubes. Here, we
evaluated how different (kinds of) dopants could affect the hole transport inside the nanotubes.
Dopants could either be ionized to provide free carriers or act as trapping centers and ease the
electron-hole recombination process. Therefore, charge trapping should be minimized in the
nanotubes, and a smaller total capacitance (Crotal = Csc + C1 + C2 +C3) is preferred. With single
dopants (nitrogen or iron), we observed an increase of Ciwal (Table 9, row 5) indicating higher
charge trapping. The large value of total capacitance in Fe-doped nanotubes is due to the formation
of deep dopant levels, which could lead to severe electron-hole pair recombination and hence lower
photocurrent generation (or energy conversion efficiency). On the other hand, co-doped samples
(nitrogen with carbon or iron) show similar or even lower total capacitance compared to undoped
nanotubes. The lower charge trapping is mainly attributed to the synergistic effect of co-dopants
in charge compensation and removal of deep traps, which could help improve energy conversion
efficiency. Apart from charge transport inside the bulk nanotubes, the charge transfer resistance
extracted from the equivalent circuit can be used to evaluate the ease of hole injection to water.
The N-doped and N, Fe co-doped nanotubes show about one magnitude smaller resistance than
other samples, and similar to the OCP decay assay, these two samples show the highest charge
transfer efficiency for water oxidation.

To further quantify the photophysical and photoelectrochemical properties of these co-doped
nanotubes, the Mott-Schottky analysis was used to study the potential-capacitance behavior of
these photoanodes. Useful characteristic parameters including the flat band potential and carrier

density were calculated from the Mott-Schottky equation for n-type semiconductors,

kgT

Cs-czzi(E—Eﬂ,—T

EqNg

(25)
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Cse = Y anfimez) (26)

where € = 31¢, is the dielectric constant of the TiO2 nnanotube, f is the frequency (Hz) used in
the measurements, Im(Z) is the imaginary part of complex impedance (Ohm). Positive slopes of
the nanotubes show typical n-type semiconductor characteristics. N-doped samples show a two-
fold increase of the free-carrier density (Table 9, row 6) due to large doping amount, while Fe-
doped samples show no significant change in carrier density due to lower iron incorporation.
Interestingly, co-doped samples show lower carrier density compared to N-doped nanotubes,
which could be explained by the charge compensation as mentioned previously. Doping also
modifies the flatband potential of the nanotubes, as indicated by either the negative or positive
shift of the Mott-Schottky curve Fig (26,d) Small negative shift of the flatband potential observed
in Fe-doped nanotubes indicates n-type doping character of iron, and a positive shift in N-doped
samples indicates p-type doping character of nitrogen. Due to charge compensation, co-doped

samples show more negative flatband potential compared to the N-doped nanotubes.

58



a
@,
g 0.0
E
= -0.2
@ Undoped
o 04 N
S N
G & . . ) . N, Fe
0 30 60 90 120 150
Time (min)
(c)
R
AA A SC
R Csc
ct
™ —II—vvvv—
— AN/ —
1l
il -AF—NW~1
Cq —{ I—’V\/\'—l
Solution Interface Oxides

(b) 20

v @
] ®
_ s " .
3] v Py < -
5 = ]
[} e <
*G 10 [ =) < -
= :V.- ..<<<‘ m  Undoped
@ 5_ .. < ® N
E A Fe
d v N,C
0oFf : ; < ‘N, Fe
0 5 10 15 20
Re(Z) (kO * em?)
(d)oa
®m Undoped
® N m =
03 & s - 4
m
= v N, C moaAd 444
S 0.2+ «@ N, Fe A.‘ < <
R L CoywvvVYVYY
= 01} i v ceo®®®
% 3 3 -
0.0[.‘#4"" o®
0.2 0.0 0.2 0.4 0.6

Voltage vs NHE (V)

Figure 26 : (a) Open-circuit potential (vs. NHE) decay of TiO2 nanotube photoelectrodes after
switching off the light irradiation. (b) Nyquist plot of the EIS measurements, showing the
imaginary and real part impedance of the nanotube electrodes. (¢) Equivalent circuit diagram for
fitting the impedance data. (d) Mott-Schottky plot of the TiO2 nanotubes.
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Table 9: Parameters extracted from (photo)electrochemical characterizations.

Method | Undoped N Fe N, C N, Fe

LSV, 0.5

Jon (mA/cm?) V vs 0.088 0.172 0.022 0.109 0.080

Ag/AgCl
Epec (eV) | IPCE 3.07 291 3.01 2.87 2.88
Ket OCP
0.967 2.27 0.954 0.870 2.77
(1073sh decay
Ret (k-
34.1 8.8 42.6 64.9 7.15
cm?)
PEIS
Chotal (IJF/
21.1 26.8 320.4 15.7 21.9
cm?)
Mott-
n (108cm™) 4.12 9.71 3.85 5.04 4.16
Schottky

To further explore the photodynamic of charge carriers in these nanotubes, we conducted light-
intensity dependent photocurrent measurement with the variation of incident photon energy (sub-
bandgap to UV photons). The results are represented in a log-log plot, where the slope of the linear
fit indicates different power laws of the photon flux-dependent photocurrent generation.
Interestingly, both co-doped (N, C, and N, Fe) samples show increasing slopes with photon energy,
which is the different from undoped or mono-doped nanotubes (cation- or anion-doped nanotubes)

reported previously.[7], [84] Nominally, doped nanotubes demonstrate superlinear slopes with
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bandgap excitation due to charge trapping, but higher energy photons demonstrate a linear
relationship with photon flux. To describe this intriguing interplay of different photophysical
processes in co-doped nanotubes, we developed a model Fig (27,a) to describe the
photogeneration, charge recombination, trapping effect, and charge injection in these TiO:
nanotubes.[7], [76], [84]. The photogenerated electron-hole pairs can be quenched through
conduction band-valence band recombination, conduction band-hole dopant (or acceptor state)
recombination, electron donor (or donor state)-valence band recombination, acceptor state-donor
state recombination, electron trap-assisted recombination. Further, the photogenerated charge
carriers can also be injected into adsorbed water molecules, leading to a photocatalytic or
photoelectrochemical reduction of water to fuel molecules. These charge carriers can be generated
directly from the conduction band, valence band, donor state, or acceptor state excitation. Due to
the large concentration of donor and acceptor states in these co-doped nanotubes, the electrons
relax from the conduction band to donor states quickly and holes “cool” down from the valence
band to the acceptor states, effectively converting the nominal TiO2 semiconductor conduction-
valence band states into “hot-carrier” states. Therefore, since most of the photogenerated electrons
and holes now reside in the nominal doped states of donors and acceptor in co-doped nanotubes.

At steady state, using the charge balance and charge neutrality relationship, we can derive:

dpa
d_i =g —apgng — BPaNe — Ty X Pqg (27)
d
% =g —T"ng (1 - %) t TgNe — Ty X Pg (28)
ng +n; =pq (29)
R=r,xp, (30)

where n, is electron density in the donor state, and p, is the hole density in the acceptor state; n;
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and N are trapped electrons and the total number of trap states available; ry and rq4 are trapping and
detrapping rate between donor state/conduction band and electron trap states; « is the rate constant
for donor state-acceptor state recombination; £ is the rate constant for trap-assisted recombination
for acceptor state; g is the photogeneration rate; R is the photocatalysis rate, r; and r, are
corresponding rate constant for electron and hole injection. The observed photocurrent is linearly
proportional to the rate of photocatalysis (R). The key observation is that the entire photophysics
is dominated by the dopant states in these co-doped nanotubes, compared to their mono-doped
counterparts.[7], [84].

Unimolecular recombination results in linear slope between the rate of photogeneration and
STFC rate (Rxg), which occurs in trapping-dominant recombination (ap,ng; <K Bpyn;:). In this
regime (observed for bandgap electrons in co-doped nanotubes, Fig (27, b, c¢) the primary
recombination process occurs between the trapped electrons and photogenerated holes.
Bimolecular recombination between photogenerated electrons and holes (ap,ng > Bpqn:)
results in square root dependence between STFC rate with incident light intensity Rocg®>.
However, it is not observed in co-doped TiO, nanotubes due to the large recombination rate
between trapped electrons and photogenerated holes, and the strong density of electron traps
(oxygen vacancies) present in these metal-oxide nanostructures. In the case where the density of

traps N is large,

g = apang + Bpan; + 14 X pg , (29)
ring (1-2) = apanq + Bpane + raene | (30)

Since we get,
Ng = Pg — Ny, (31)
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1t (Pa — Nt) (1 - %) = apa(Pa — M) + BPaNt + Tacne, (32)
Therefore, n; < p,™ and g x p, '™, where x is between 0 and 1. This results in superlinear slope
R xg"™and the only photophysical regime observe din these co-doped nanotubes, which
depends on the trapping rate and recombination rate. When illuminated with higher energy
photons, the barrier height for charge trapping (using Marcus’s electron transfer theory) decreases,
leading to larger trapping rates, and hence more superlinear slope.[7], [76], [84], [108]. This
relationship was confirmed experimentally between the photocatalysis rate and the input photon
flux, using the intensity-dependent photocurrent measurement, using the same setup as for IPCE
measurement. We this trend in both nitrogen-carbon, and nitrogen-iron co-doped TiO> nanotubes
Fig (27,b,c). With the increase of photon energy, the intensity-dependent photocurrent showed a
transition from linear to superlinear Fig (27,d), pointing to change in mechanism from the trap-
dominant recombination, to photophysics dominated by trapped electrons (large number of trapped
electrons due to excitation to higher energy electron states and lower activation energy for electron
trapping) and photogenerated holes in donor state. This superlinear can be particularly useful for
improved photodetection and increasing STFC rates for higher energy photons, especially with
increasing photon flux.

The solar to chemical conversion efficiency was also evaluated using with a wireless
configuration. Using a traditional method to measure the capability of the photocatalyst in organics
degradation, photocatalytic methylene blue (MB) degradation tests were conducted. The light-
induced holes were injected to the MB, and the oxidative degradation leads to the fading of MB,
which can be quantified by the change of absorption at 670 nm Fig (28, a). The reaction shows
first-order kinetics and the quantum yield of the photocatalytic reaction can thus be calculated from

the amount of MB degraded using chemical stoichiometry. The quantum yield showed the same
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trend as in the wired PEC test Fig (28,b), with a small quantum yield increase in N, Fe-co-doped

samples likely due to improved light absorption and negligible dopant trapping.
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Figure 27: (a) Mechanisms of the photophysical processes (photogeneration, charge
recombination, trapping, and injection) in the nanotubes under photon excitation. (b, c) Log-log
plot of light intensity-dependent photocurrent of (b) N, C-co-doped and (c) N, Fe-co-doped TiO>
nanotubes excited using monochromatic light at different wavelengths. (d) Photocurrent with
photon flux, the photocurrent is calculated by integrating IPCE with AM 1.5G solar spectra.
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Figure 28: Photocatalytic methylene blue (MB) degradation with standalone TiO2 nanotubes ,
showing the (a) decrease of MB absorption (around 670 nm, with N, C-co-doped nanotubes) and
(b) the calculated quantum yield (QE).

2.4 Conclusion

Electrochemical anodization of Ti in a two-electrode electrochemical cell, with Ti as the anode
and platinum mesh as the cathode, is by far the most used technique for TiO, nanotubes
fabrication . Also, the nanotube morphology can be tuned and controlled by changing the
anodization parameters such as the applied voltage, time, electrolyte composition and electrolyte
pH.

In this work, a simple, inexpensive, simultaneous and sequential cation and/or anion doping
technique to mono-dope and co-dope the TiO; nanotube was demonstrated. Mono-doping (N, Fe),
co-doping (N-C, N-Fe) and undoped TiO, metal oxide nanotube were investigated as efficient
materials for solar energy harvesting and solar-to-fuel conversion applications. Optical UV-Vis
results indicated the successful incorporation of the dopant elements causing optical bandgap

narrowing and found to successfully extend the absorption of TiO2 nanotube into the visible light
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region. The photoelectrochemical water oxidation activity of the N doped and N-C/N-Fe was
improved due to the effective separation of generated electron-hole pair and the promoted the
electron transfer to the reaction sites. A detailed mechanistic model which explains the observed
super-linear photoresponse characteristic in the co-doped nanotubes was developed. The new
photophysical properties such as superlinear photoresponse, makes these chemically stable TiO>
co-doped nanotubes attractive for photochemical and photoelectrochemical solar-to-fuel

conversion.
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Chapter 3

3 Synthesis and electrochemical performance of modified TiO>
nanotube as anodes material for Li-ion Battery
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3.1 Introduction

Without energy storage, renewable electricity generation such as wind and solar will be much less
viable. Lithium-ion batteries (LIBs) are widely used as energy storage and power source for
modern electronic devices such as cell phones, laptops and electric vehicles[109][110]. However,
the safety and the durability of the currently used LIBs has become the main cause of concern that
needs to be resolved in order to have safe, high energy/power density batteries. The safety concern
of current used LIBs is mainly associated with the decomposing of the organic solvent-based
electrolyte, which can cause ; i) increase in the battery internal pressure due to gas generation, ii)
formation of lithium dendrite during Li intercalation/deintercalation [41][111].

Currently carbon-based material such as graphite is the most used anode material in LIBs owing
to their relatively high energy, long cycle life, and abundance[112]-[115]. However, their lithium
intercalation/deintercalation voltage is low ,about 0.1V, which is near the decomposing voltage of
the organic electrolyte[116]-[118]. Moreover, its low operating voltage could possibly lead to the
formation of the lithium dendrite on the surface of the graphite, due to the high polarization,
leading to short circuits and battery failure[119], [120]. Therefore, another class of materials such
as transition metal oxides, MnO, CuO, ZnO, and TiO> has been widely investigated as alternative
LIBs negative anode materials. These materials show relatively high Li-ion storage capacities,
good cycling stability, and safe lithium intercalation voltage profile [121]-[126]. Lately, the
feasibility to synthesis tuned nanostructure morphology of the metal oxides could enhance the
electrolyte infiltration, fasten Li-ion diffusion, reduce the concentration polarization and provide
large surface area for more intercalation/deintercalation sites.

Among several transition metal oxides, TiO- is considerate a very promising anode material owing

to its safe lithium intercalation/deintercalation voltage(1.7 V vs Li/Li")[127]-[135], low volume
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expansion (less than 4% ) upon lithium intercalation and deintercalation, excellent cycling life,
low cost and low toxicity[136]. However, the full application of TiO> as anode active material still
far from the commercialization due to its low electronic conductivity (10712-107 S/cm?) and poor
lithium ionic diffusivity. However, nanostructures material such as self-organized TiO2 nanotube
could improve its electrochemical performance since the nanotube morphology has a large surface
area that can enhance the diffusion kinetics via shorting the pathway of the charge transport.
Another alternative strategy to improve TiO anode performance is to combine the TiO2 nanotube
with conductive materials in order to enhance electronic properties [137], [138]. A further strategy
to improve the electrical conductivity and create more space and site for storage and diffusion of
the lithium-ion is to dope the nanotube with anion and/or cation elements [21]. Among different
dopant element, Nitrogen is considered one of the most effective anions doping in terms of
photocatalysis application[7]. However, there have only been limited studies on N-doped TiO>
nanotube for LIBs applications.

The self-organized TiO2 nanotube can be fabricated by anodizing Ti substrate in electrolyte
contains a small amount of fluoride ion and its morphology such as length, pore diameter, and wall
thickness can be tuned by controlling the anodization parameters (Voltage, electrolyte composition
,time)[139]-[141]. In the current study, TiO> nanotube was doped with N simultaneously by
adding a small amount of the nitrogen precursor in the anodization electrolyte. Then we explore
the effect of crystallinity and doping on electrochemical performance of the TiO2 nanotube. We
show that the nitrogen-doped electrode has increased the specific capacity and improved the

cycling stability.
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3.2 Preparation method

The titanium foil was purchased from STREM CHEMICALS, INC. purity 99.7% thickness 0.127
mm and cut into the desired dimension. Before anodization, the samples were degreased in
acetone, ethanol deionized water in an ultrasonic bath for several minutes. Afterwards, the samples
were chemically polished by dipping them in a mixture of a hydrofluoric acid (48 wt.%, Macron
chemicals) and nitric acid (68 wt.%, Avantor) 1: 3 in volume for 15s. Then the samples were

ultrasonicated in deionized water and dried in a N2 stream.

Two-step nanotubes were prepared by first anodizing the Ti coupons at 40V for 4h in a
conventional electrochemical cell with Pt gauze as the cathode, and 1.27 cm? Ti coupons (protected
backside) as an anode. The separating distance between the working and counter electrodes was
2cm. The grown film was peeled from the coupons by using scotch tape followed by
ultrasonication in deionized (DI) water for 2 seconds. The second step anodization was conducted
using the same pretreated procedure (4h at 40V). The nanotube growth was conducted at room
temperature (~ 23 °C) and the electrolytes for different samples are listed in Table 10.

After anodization, the samples were washed with deionized water and heat-treated at 300°C in
vacuum for 2 hours, then the samples were thermally treated at 550°C in air to enhance
crystallinity.

Table 10: Fabrication conditions for N-doped and undoped TiO; nanotubes.

Undoped Nitrogen
Solution 2% DI water, 0.5% Ammonium | 2% DI water, 5%
Ethylene | fluoride (NH4F) hexamethylenetetramine, 0.5%
glycol ammonium fluoride (NH4F)
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Characterization of TiO2 nanotube

The morphology and structure of TiO2 nanotube were studied via a field-emission scanning
electron microscope (TESCAN MIRA3 LMH Schottky). The Phase identification of the annealed
doped and N-doped TiO, samples was made by using X-ray diffraction XRD, using a Scintag XDS
2000 X-ray diffractometer with Cu Ka radiation at 45 kV and 40 mA. The elemental composition
was performed by energy-dispersive X-ray spectroscopy (EDS) embedded in an FE-SEM to

investigate the nitrogen and carbon species and contents.

Electrochemical measurements of TiO, anode

The as-fabricated TiO2 nanotubes were directly used without any additional binders or conductive
agents since the backside of the TiO2 nanotube electrode was used as a current collector. All
electrochemical measurements were performed using CR2032 coin cell assembled in an argon-
filled glovebox, H20 and O levels below 0.1 ppm, with Li foil as the counter electrode, glass fiber
(GF/A, Whatman) as a separator. The electrolyte is 1.0 M LiPF6 in ethylene carbonate/diethyl
carbonate (1:1 in volume).

Galvanostatic charge/discharge measurements were performed using a potential range of 0.7-3.0
V (versus Li+/Li) under different current densities. The specific capacity and current density were
calculated based on the mass of TiO2 nanotube which was measured by weighing the samples

before and after sonication for 10h and strip the residual nanotubes by adhesive tape.
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3.3 Result and discussion

To examine the crystallinity of the TiO. nanotube, XRD measurements were performed before
and after anodization. All observed XRD diffraction peaks of the as-prepared TiO> corresponds to
Ti metal which implies that the resulting samples after the anodization are amorphous TiO>. The
XRD diffraction peaks of the ambient air heat-treated samples can be assigned to anatase phase
rather than rutile or brookite phases. Fig (29) shows main peaks at (101) (004) at 26= 25.14° and
38.4° respectively. The XRD results of the N doped TiO2 nanotube shows that the crystal structure
was preserved, no secondary phase, even after high level of N doping Fig (29). The absence of the
secondary could be attributed to the fact that Nitrogen (N*) and Oxygen (O%) ions have close radii
0.171 and 0.14 nm respectively[142]. Comparable ions radii usually lead to uniform incorporation

of the dopant in the host material.
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Figure 29: XRD patterns for undoped (blue) and nitrogen-doped (red) samples. All diffraction

peaks corresponding to the anatase TiO- phase, indicating the absence of a secondary phase.

The electron micrographs SEM images show highly tubular, open-ended, and vertically aligned
structure on the Ti substrate with 100nm pore diameter and less than 7nm wall thickness and

structure is well preserved before and after doping Fig (30, a, b).
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Figure 30 : Scanning electron micrographs (SEM) of TiO2 nanotube grown by electrochemical
anodization (a) undoped, (b) nitrogen-doped.

The energy-dispersive X-ray spectroscopy (EDS) Fig (31, a) confirms the presence of N species
in the TiO2 nanotube and was calculated to be 1.99% in the anodization electrolyte contains 5%
nitrogen precursor. However, the EDS result has revealed that the amount of dopant N species rely
on the amount of the dopant precursor added to anodization electrolyte Fig (31, b). Also, EDS
result confirms the presence of carbon species due to successful incorporation of the carbon in the

residual electrolyte during the heat treatment.
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Figure 31: Energy dispersive spectroscopy (EDS) for N-doped (a). N concentration as function
in N precursor weight in the anodization electrolyte (b).

Li reversible intercalation/deintercalation into polymorphs TiO can be described as following;
TiO2 + X Li+ + x e— <> LixTiO2 (0 <x < 1). (33)
Where x is the inserted lithium mole fraction which depends on the morphology and the crystal
structure. The Ti" in tetragonal geometry of the TiO anatase and rutile polymorphs is surrounded
by 6 oxygen atoms forming octahedron geometry. The formed octahedral and tetrahedral sites
between these octahedrons is thought to be the Lithium-ion intercalation/deintercalation sites.
In theory, the maximum theoretical specific capacity pure crystalline TiO2 is about 334mAh/g.
This capacity can be obtained when all octahedral and tetrahedral sites are filled by Li ions with
L1TiO2 composition.
Many Studies has revealed that electrochemical performance of the TiO, nanotubes as LIBs
electrodes depend strongly on polymorphs, morphology, and modification such as elemental

doping with anion or cation species[136][143].
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First, the electrochemical properties of the undoped amorphous and crystalline sample are shown
in Fig (32, a). The result shows charge/discharge galvanostatic test curves of the first cycle with
the cut-off voltage range of 3-1 V vs Li/Li+ at 5mA/g. In the amorphous electrode, there is no
well-defined lithium intercalation/deintercalation potential plateaus. Also, the profile of voltage vs
intercalation/deintercalation shows a monotonic decrease in the potential which can be attributed
to the different thermodynamics lithium intercalation reactions[144]-[146] since the amorphous
phase has disordered structure and a large number of defects. The small pseudo-plateau at about
1.25V appeared due to irreversible phase Transition [147]. The initial charge and discharge
specific capacities are about 400 and 300 mAh/g with 25% first cycle loss. respectively. The first
cycle loss can be attributed to the creation of the solid electrolyte interface (SEI) on the TiO>
nanotube upon the first lithium insertion due to undesired side reaction. Moreover, the first 18
reversible capacity cycles exhibit slight continuous fading Fig (33, a) with good coulombic
efficacy. By contrast, there are well defined the lithium intercalation/deintercalation potential
plateau of the crystalline TiO2 nanotube, anatase, during the insertion and extraction of the Li from
the interstitial octahedral sites of anatase TiO2. Fig(32, b) shows voltage vs charge/discharge
capacity curves of the first cycle, showing the Li-intercalation into the crystalline phase at
approximately 1.73V whereas deintercalation potential is slightly higher about 1.88V. The initial
charge and discharge specific capacities are about 220 and 160 mAh/g with 24% first cycle loss.

Also, the first 16 reversible capacity cycles showed continuous fading Fig (33, b) with good

coulombic efficacy similar to the amorphous sample.
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Figure 32: First cycle charge/discharge of as-prepared TiO2 nanotube (amorphous) (a), and
crystalline TiO2 nanotube (anatase) (b).
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Figure 33: Coulombic efficiency and the first 18 charge/discharge cycle of (a) amorphous TiO»,
(b) crystalline TiO2 nanotube (anatase).

Fig (34) shows the first three charge-discharge profile of N-doped and undoped sample run at very
low current density 10mA/g. All the samples display a pair of S-shaped voltage profiles, which is
the typical voltage plateaus of bulk TiO,. The first charge/discharge capacity for the undoped
nanotube 380mA g h? resulting in a coulombic efficiency of >90%. The initial capacity loss of the
undoped sample could be due to Li-ion lost at undesirable irreversible sites inside the anatase
crystal and solid electrolyte interface formation. On the other hand, the first discharge/charge
capacities of the N-doped sample have increased by approximately 25% compared to the undoped
sample. Both doped and undoped sample shows larger specific capacities than the theoretical of
the TiOz and this could be attributed to the presence of carbon as extra doing species or thin carbon

coating layer on the TiO2 nanotube surface.

78



3.5

2.5

Voltage(\V)
ra

1.5

0.5

3.5

2.5

Voltage(V)
a3

1.5

0.5

Figure 34: The first three charge/discharge voltage profiles of (a) Undoped sample, (b) N-doped

1th Cycle Charge
1th Cycle disCharge
2nd Cycle Charge
2nd Cycle disCharge
3rd Cycle Charge
3rd Cycle disCharge

50

100

150 200 250 300
Specific Capacity mAh/g

1th Cycle Charge
1th Cycle disCharge
2nd Cycle Charge
— 2nd Cycle disCharge
3rd Cycle Charge
3rd Cycle disCharge

350

400

450

100

200 300 400
Specific Capacity mAh/g

sample at very low current density 10mA/g.
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The cycling rate electrochemical performance of the undoped and N-doped TiO> run at different
current densities: 10, 15, 20, 25, and 30mA/g are shown in Fig (35). The undoped sample showed

a slightly rapid decrease in capacity in the first 8 cycles at 10mA/g current density.
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Figure 35 : Cycling rate electrochemical performance of (a) undoped and (b) N-doped TiOa.
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By contrast, the N-doped sample has less decline profile with starting stability at the 4™ cycle at
the same current density. When the current density increased rate increases to 25 mA/g the N-
doped still show a higher capacity of 480mA/g, while TiO2 shows just 300 mA/g. Moreover, the
specific capacity of the N-doped sample is slightly more stable at higher current density compared
to the undoped sample.

One possible explanation of the higher specific capacity of the undoped TiO. compared to its
theoretical capacity is that the formation of the composite electrodes made from TiO2 nanotube
and a thin layer of the carbon film. The carbon film could possibly be formed due to our special
two-step heat treatment of the as-prepared TiO2 nanotube Fig (36), this assumption is further
proved by EDS results that showed high Carbon content despite that fact that TiO2’s carbon
solubility is low. The carbon thin layer can improve the electrochemical performance by taking

more lithium and increasing the electron transfer.
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Figure 36: Schematic of the formation of thin carbon conductive layer on the TiO; surface.
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Also, the high capacity of N-doped sample can be attributed to an increase in the unit cell inter-

atomic distances and creating more lithium storage sites.

3.4 Conclusion

In conclusion, we introduce a sample, inexpensive and environmentally friendly route to fabricate
doped and undoped metal oxide nanotubes as efficient anode materials for Lithium-ion application.
The as-formed nanotubes are amorphous and anatase phase appeared after heat treatment in
ambient air at 550°C. The electrochemical tests revealed that amorphous TiO2 nanotube has higher
first cycle discharge specific capacity than crystalline nanotube 400 mAh/g and 210 mAh/g
respectively. However, about 25% of the capacity appears to be reversible for both samples with
continuous capacity fading in the first 16 cycles. We Also investigated the electrochemical
properties of N-doped TiO; nanotube anode which displayed a 25% increase in the capacity

compared to undoped TiO> nanotube anodes fabricated and tested under the same conditions.
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Chapter 4

4 Three-dimensional architecture of lithium-anodes made from
graphite fibers coated with thin-films of silicon oxycarbide: Design,
performance, and manufacturability

83



Abstract

Silicon oxycarbide (SiCO) is an amorphous molecular network of SiCO tetrahedra anchored to
graphene-like carbon. The graphene forms a three-dimensional cellular network with a domain
size of ~5 nm. Therefore, nanometer-thick films of SiCO grown on graphite may be expected to
have unusual behavior. We grow these films on a bed of commercially available graphite fibers
that serve the dual function of a current collector. The electrochemical behavior of the composite
is measured as a function of the thickness of the SiCO films. Thick films approach the typical
behavior of bulk SiCO (which has three times the capacity of graphite but suffers from poor first
cycle efficiency). However, films, approximately 100 nm thick, show high first cycle efficiency
as well as high capacity. The composite performs better than the prediction from the rule-of-
mixtures, which further substantiates the unusual behavior of the thin-film architecture. The
Raman spectra of these thin films also differ from bulk SiCO. The development of thin graphite
fibers, with a high surface to volume ratio that has the same capacity as the current graphite-powder
technology, coupled with the manufacturing of these thin-films by a liquid-polymer precursor

based process can propel these results toward commercialization.

4.1 Introduction

The silicon-oxycarbides (SiCO) are a relatively new anode material for Li-ion batteries. They have
the following special attributes,
Q) Their capacity ranges from 500 to 1000 mAh/g, which varies with the molar

concentrations of the constituents[148], with the highest values being obtained near
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(if)

(iii)

(iv)

the middle of the C-Si-O composition triangle e since they are amorphous and their
composition varies, their capacity cannot be prescribed a theoretical value.

They have a pseudo-amorphous, molecular network structure constructed from a
cellular graphene-like carbon, with a domain size of ~5 nm. Tetrahedral units of silicon,
carbon, and oxygen are anchored to the graphene[149]. Thus, at the molecular level,
they comprise a combination of silicon, carbon, and SiOy, which, on their own, are
candidates for anode materials. An analysis of Li-capacity data spanning a wide range
of compositions, coupled with a nanodomain model for the structure of SiCO
compounds, has shown that their high capacity arises from the migration of Li to the
mixed bond C-SiO tetrahedral units[57].

SiCO materials have low density, typically 2 g/cm?® and, therefore, an open molecular
network, which enhances the diffusivity of Li within[150], leading to a good
performance at high C-rates [151]. The low modulus and low volumetric expansion
upon intercalation, which has been measured to be less than 8% (unpublished), endows
very good cyclic stability and high resistance to failure. The chemical inertness of SICO
promotes safety.

The silicon oxycarbides are made from silicone resins, also known as siloxanes and
silsesquioxanes. The silicon-carbon-oxygen chemistry is built into these liquid
polymers and can be varied widely[152]. They convert to the inorganic phase when
heated to 800-1000°C. Thus, they are potentially low cost, not only as raw materials,
but also from the point of view of manufacturability. The liquid polymer route can open
the way for fabricating nanocomposites of various kinds for example by mixing the

precursor with particles of silicone to further improve performance.
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Up until now, SiCO has been implemented as anodes in powder form. The polymer precursor is
cross-linked by heating to ~300 °C, milled into powders and then pyrolyzed by heating in an inert
atmosphere at ~800 °C, which are then processed into anodes in the same way as graphite powders.
The SiCO powders show high capacity with three times the capacity of graphite, good C-rate
performance, and cyclic endurance, but suffer from low first cycle efficiency (65%-75%), and
large hysteresis between charge and discharge cycles (0.75 V-1 .25 V) [153]. Since the intrinsic
structure of these materials consists of graphene networks on the scale of ~5 nm, we wondered if
films of them grown on graphite may lead to better properties. (Earlier work on thin films deposited
on copper substrates did not show an improvement[154].) At the same time, a novel processing
approach also presented itself where we were able to deposit thin films of SiCO using a flash-
pyrolysis method where a small amount of the liquid precursor was sprayed onto a web of carbon
fibers and pyrolyzed in just a few seconds at 800°C[155]. The nearly perfect wetting of all surfaces
of the fibers within the fiber-matt allowed all fibers to be immediately covered with thin films of
SiCO. Films of nanometer thicknesses could be made by diluting the polymer precursor in a
solvent and reducing the amount of this solution sprayed on to graphite-fiber matt. Successive
cycles of deposition, repeated in quick succession, could be used to build up the film thickness to
the desired level. The choice of graphite fibers in these experiments was limited by those available
off-the-shelf. These widely available fibers are optimized for making graphite-reinforced-
polymer-composites for structural applications; they are far from being optimized for Li
sequestration. In the experiments reported below, we have therefore characterized their
electrochemical behavior, as a baseline for evaluating the results after they have been coated with
thin films of SiCO. The premise of these experiments was that the nature of the interface between

the graphite and the SiCO films grown on it may influence the structure of the films. Thus the
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synergy between the fibers and the coatings are studied in two ways, (i) first by increasing the
thickness of the coating, expecting that whereas thick coatings would tend toward the bulk
behavior of SiCO, thin coatings may reflect the nature of the graphite-SiCO interface, and (ii) by
adding the Li capacity from the fibers and form the coating using the rule-of-mixtures, to see if the

thin-film behavior deviates from it.

4.2 Preparation method

The anodes were prepared with Toray TGP-H-030 graphite paper. According to the manufacturer
the fiber mesh has only 20% fill density, with an overall physical density of 0.4 g/ cm®. The fibers
are impregnated with a polymer resin. The paper is specified to have a flexural strength of 40 MPa,
and flexural modulus of 8 GPa. The average fiber diameter was 7 mm. The polymer residue in
these fibers (5% PTFE) was removed by heat-treating at 1000°C in argon for 1 h. Coupons, 0.5" in
diameter, were punched from the fiber fabric. The fiber mesh was brittle and fragile after this heat
treatment procedure. The coupons weighed 6.5-7.0 mg apiece. The polymer precursor for SiCO,
1 3,5,7-tetramethyl-tetravinylcyclotertrasiloxane (TTCS) was purchased from Gelest, USA. It was
mixed with 1 wt% dicumyl peroxide, which served as a catalyst for cross-linking. If needed the
precursor was diluted with THF, a common solvent. The SiCO-GF anodes were prepared in the
following way. A drop of the precursor solution was placed on the fiber coupon. It spreads
immediately over all surfaces of the fibers in the mesh. It is then cross-linked at ~170°C, and finally
pyrolyzed at ~800°C when it converts into the amorphous SiCO ceramic phase. The last step was
carried out in two ways, (i) by gradually heating the specimen, at a rate of 10°C min* to the
pyrolysis temperature, and holding for 5 h in argon atmosphere, and (ii) by flash pyrolysis where

the specimen was exposed to approximately 800°C under a radiant furnace for a few seconds. The
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latter process was conducted within a glove box in an argon atmosphere with the oxygen content
of less than 1 ppm. Both methods gave identical electrochemical behavior. Before the coating was
applied the 0.500 diameter coupons were fragile, but after the coating, they were mechanically
resilient and could be bent without fracture. The thickness of the coating could be anticipated by
the following analysis. We write the coating thickness as d, the fiber diameter as d, and the weight
fraction of SiCO as Ws, the density of graphite and SiCO as pg and SiCO, ps. Consider a single
fiber of a unit length; its weight is given by & (d /4) pe. Since 6 «< d, the weight of the coating is

given by nd 6 ps. Therefore,

Ws = oS (34)
(T)pGﬂr édpS
Rearranging Eq. (1) leads to the following result
8 _1pG _Ws (35)

d 4 pS1-Ws
The fiber diameter was approximately 7 um. Therefore, Ws of 5% and 10% translates into 6= 100
nm and 200 nm, setting (ps /psico) ~ 1 since both have a density in the 2.0- 2.3 g/cm® range.
Micrographs of the graphite mesh before and after coating with 11 wt% SiCO, along with their
Raman spectra are shown in Fig (37). The enhanced contrast in Fig (37, b), relative to bare fibers
in Fig (37, a), is most likely induced by the greater electron reflectivity of higher molecular weight
SiCO. The Raman spectrum of the coated fibers is remarkably different from that of the bare fibers.
The coating shows a sharp G peak, with broad shoulders that reach far, while the fibers show the
characteristic D and G peaks of graphite. The Raman spectrum for SiCO [156] is included in Fig
(37, c); itis similar to that of the graphite fibers. In summary, the dual D and G peaks are seen in
powder-SiCO, are replaced in the SiCO films by a single G peak with broad-reaching shoulders

on either side of the peak.
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Figure 37: (a) and (b) Micrographs of GF-blank and GF-SiCO (c) Raman spectra for the fiber
mesh, the coated fiber mesh, and SiCO by itself.

4.3 Electrochemical testing

The coupons prepared in the way described above are ready for electrochemical testing since the
graphite fibers also serve as the current collector; the mesh makes electrical contact with the
bottom cap in the CR2032-type coin cell. The liquid electrolyte permeates through the entire
thickness of the electrode. Lithium-metal foil was used as the counter electrode, soulbrainel.0 M

LiPF in EC/DEC ¥4 1/1 (V/V) as the electrolyte, and WhatmaneGlass Microfiber the membrane-
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separator. The batteries were assembled, crimped and closed in an argon atmosphere. The principal
variable in the electrochemical characterization was the current density, which ranged from 15 mA
gl to ~600 mA g, corresponding to absolute values of 0.1, 0.5, 1, 2.5 and 5 mA. (The current
densities are expressed in terms of the total weight of the anode equal to the sum of the weight of
the graphite fibers and SiCO.) The electrochemical cycles were constrained between 3 V and 0.01
V. In one instance we also tested the absolute capacity by holding the cell at 0.01 V at the end of
the current cycle until saturation was achieved. The specific capacity, first cycle efficiency,
hysteresis, and cyclic fading were measured. Baseline data were obtained for uncoated graphite-
fiber coupons. The electrochemical properties of the composite were measured as a function of,

Ws the weight fraction of SiCO. The data for the composites were analyzed by the rule-of mixtures.

4.4 Results

In a typical experiment, the cells were subjected to 10 cycles. (In one instance the cyclic durability
was tested for GF-blank and GF-SiCO for more than 300 cycles.) The Coulombic efficiency and
the capacity were measured as a function of the current density and the weight fraction of SiCO.
The Coulombic efficiencies, after the first cycle, were always very close to 99.9%, and are
therefore not reported; they can be approximately judged from the cyclic data, which is included
in the graphs. The first cycle efficiency, however, is an important measure of performance, and is
reported in detail. The hysteresis between the charge and the discharge cycles was measured as the

voltage difference at the mid-point of the final capacity.
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4.4.1 Capacity, first cycle efficiency, and fading: a comparison

Results from GF-blank and GF-SiCO are compared in Fig (38, a-d). In all instances, the
composite shows a significantly higher capacity than the GF-blank. The graphs in Fig (38, a) and
Fig (38, b) compare the data obtained at ~15 mA g, and at ~400 mA g. Fig (38, c) shows the
change in capacity with a continuous increase in the current density. Fig (38, d) gives the cyclic
durability at 81 mA g*; note that while GF-blank fails after ~275 cycles, the composite continues
to perform well at >300 cycles.

The variability in the capacity in Fig (38, c) is notable. Lowest variability and the highest capacities
are obtained at 16 mAg™. The variability is somewhat abated by the SiCO coating but remains an
unusual feature of these results. We have conjectured that perhaps the electrical resistance of the
fiber bed may have varied because of the uncertainty in the mechanical force that is used to press
the coin cells. Therefore, we measured the change in the electrical resistivity of the fiber bed under
mechanical pressure. The specimens for these measurements were cut into 32 mm x 32 mm squares
from the graphite paper. The thickness of the paper was 110 mm. Silver paint was applied to the
opposite edges of the sheet; the electrical resistance was measured between these edges. Pressure
was applied by placing a weight on the paper. The voltage was measured as a function of the
current up to 250 mA,; the overall slope was linear supporting Ohmic behavior.

The resistivity of the uncoated fiber mesh was 0.036-0.040 Qcm without the pressure, and 0.031-
0.035 Qcm with the pressure. The resistivity of the coated fiber mesh was 0.042 Qcm and remained
unchanged under pressure.

Therefore, electrical resistance cannot explain the variability in electrochemical performance. We

now suspect that bubbles may have become trapped within the fiber mesh during electrolyte
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infiltration, resulting in variable performance. Future experiments will continue to explore the

origins of this variability.
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Figure 38: A comparison of SiCO-GF performance relative to GF-blanks. Note that the fiber-
based anodes have a higher capacity (a), lower hysteresis (b), less variability (c) and much better
resistance to failure (d).

The hysteresis of bulk SiCO and SiCO films deposited on copper show a high hysteresis, in the
range of 0.75 V-1.25 V [153], [154]. In Fig. 2(a) it is about 0.25 V. We find such low hysteresis

to be a consistent feature of the GF-SiCO electrodes.
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4.4.2 The influence of SICO wt.%

The capacity, the first cycle efficiency, and the hysteresis voltage were measured as a function of
Ws, at similar values of the current density, in the range 70-90 mA g*. These plots are shown in
Fig (39, a-c). The weight fraction of SiCO, Ws, was varied from 4% to more than 50%.
Interestingly, the performance parameters remain essentially independent of the weight

fraction for 4%< Ws <8%; this implies that the performance is dominated by the properties of the
graphite-SiCO interface rather than by the thickness of the film. The first cycle efficiency of these
thin-film GF-SiCO electrodes varies from 85% to 90%; in comparison the values for bulk SiCO
range from 65% to 75% [157],[151]. Likewise, the hysteresis for these thin films is only about 0.1
V whereas the values for bulk SiCO are much higher (0.75-1.25 V). These are very significant
differences between bulk SiCO and thin-film GF-SiCO.

The graphs in Fig (40) refer to current densities of 70-90 mA g*. The capacity and the shape of
the electrochemical cycles at lower and higher current densities, for Ws = 8.5% -10% are shown
in Fig (40). Most noteworthy here is that hysteresis remains low even at high currents (in bulk
SiCO hysteresis becomes more severe with the higher current). Data for 10 cycles are presented
here. The near-ideal overlap of the cycle shapes shows that the Coulombic efficiency is close to

100%.
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Figure 39: The influence of SiCO wt. % on (a) the capacity, (b) first cycle efficiency (b), and
(c) hysteresis. Significant improvement over SiCO powder is seen for less than 12 wt%.
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Figure 40: Influence of current density on the cyclic behavior of SiCO (~10 wt%)-GF
composite anode.

4.4.3 Capacity with voltage hold at 0.01 V

The capacity of the GF-SiCO, 10%, and GF-blank were measured after holding the cell at 0.01 V
until the current dropped down to negligible values. The Li was intercalated into the electrodes at
a current density of 90 mA g™. The capacity of the GF blanks increased from 150 mA g* to 175

mA g, while that of GF-SiCO increased from 230 mA gto 285 mA gwhen held at 0.01 V.

4.4.4 Thick film GF-SiCO - comparison with the bulk (powder)

Thick films are expected to approach the behavior of bulk SiCO, which is measured with powders.
The results for powder-SiCO are compared with GF-SiCO (Ws= 48%) in Fig (41). At this weight
fraction, the capacity is dominated by SiCO; therefore, the capacity has been normalized with
respect to the weight of the SiCO. Data for ten cycles are given. Two observations are of note. The
cycles in the composite overlap nearly exactly, indicating nearly ideal coulombic efficiency; the
performance of the powder anode shows some drift suggesting a slightly less than full coulombic

efficiency. Second, the hysteresis in the composite is ~0.6 V as compared to nearly 1 V in the
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powder-based anode. Given the high weight fraction of SiCO, these differences could not have
arisen from the graphite-SiCO interface. It is likely that they arise from the morphology of the
SiCO phase in the composite, which, at this high weight fraction, was in the form of a web-like

structure spread continuously over the conducting fibers.
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Figure 41 : (a) The cyclic behavior of SiCO powder anode made by the conventional method. (b)
The cyclic behavior of a composite with 48 wt% SiCO at the same current density. The capacity
has been normalized with respect to the SiCO weight. At this composition the contribution of
the graphite fibers to the capacity is minor.

4.4.5 Surface area capacity in mAh cm

Since the electrolyte permeates throughout the graphite-fiber bed, and since all fibers serve as
current collectors, the integrated capacity of the GF-SICO anodes is expected to continue to
increase as the thickness of the graphite-fiber bed is increased. The implication is that the capacity
expressed in terms of the surface area of the electrode can be increased to very high values,
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essentially without limit. We have tested this expectation by measuring the capacity for 2, 3, 4,
and 5-layer stacks of GF-SiCO anodes, each one individually is the same as used in the

experiments described in the earlier figures.

i
Stacked Graphite Fiber Anodes
Current Density 19 mA g1

(=21

Area Capacity, mAh cm—
£
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# of Layers in the Stack

Membrane

o+ Lithium electrode
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Electrolyte

SICO coated Graphite Fibers

=+

Figure 42: Since all graphite fibers are current collectors, and since the electrolyte makes contact
with all of them, the thickness of the anode can be increased without limit to increase the area
capacity of the anodes. This is affirmed in these data where the area capacity increases linearly
with the number of layers in an anode stack.

In this instance, the capacity is expressed in terms of the surface area of the electrodes. The
results are described in Fig (42) where the surface capacity is shown to increase linearly with the

number of layers in the stack.
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4.4.6 Prediction from the rule-of-mixtures
The rule-of-mixtures prediction is analyzed by combining the data from GF-blank and from bulk
SiCO, that is, by assuming that the capacities of the fibers and SiCO add as if they were

independent of each other. According to the rule-of-mixtures we have that.

q"(V)=(1-Ws)qgr (V) + Ws(qsico (V), (36)
Here g*(V) is the gravimetric capacity of the composite, measured as a function of the voltage.
Similarly, qer and gsico are the capacities of graphite-fiber and SiCO powder at the same voltage,
measured independently, at the same current density. Eq. (36) may now be applied to the entire
electrochemical cycle. The results from the rule-of-mixtures, calculated from Eq. (36), are given
in Fig (43). The capacities for GF-blank and for SiCO powder are shown in Fig (43, a) and Fig
(43, b). The prediction from the rule-of-mixtures is compared with an experiment in Fig (43, a).
The measured performance is much better than predicted by the rule-of-mixtures. The first cycle

efficiency is higher, as is the reversible capacity. The reduction in hysteresis is very significant.
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Figure 43: (a) The capacity of GF-Blank and (b) SiCO powder tested separately. (c) The capacity
of the composite compared with the calculation from the rule-of-mixtures that combines the
results in (a) and (b), using Eq. (36).

Discussion

In this section, we discuss the following topics: (i) the performance of the GF-SiCO thin-film
architecture, ostensibly related to the nature of the graphite-SiCO interface, (ii) the design of the
GF-SiCO architecture in order to enhance the gravimetric and volumetric capacities of the anodes,

and (iii) manufacturability and scale-up.
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The GF-SICO interface

Bulk SiCO powders are endowed with high capacity, nearly three times that of graphite, high
cyclic stability and the ability to perform at very high C-rates without failure [151], [153], [157].
However, they suffer from low first cycle efficiency (65-75%) and high hysteresis (0.75-1.25 V).
As shown in Fig (39), thin films of SiCO, represented by a weight fraction of less than ~8%,
leading to first cycle efficiencies of 85-95% and hysteresis of less than 0.2 V. Furthermore, with
these thin-films the capacity becomes essentially independent of the thickness, implying that the
behavior is dominated by the graphite- SiCO interface. According to Eq. (35) these films have a
thickness of 100e200 nm. These results have both scientific and technological implications. The
unusual nature of these thin films is underpinned by the Raman spectra shown in Fig(37, c). Bulk
SiCO powders show a pattern that is similar to that of the graphite fibers with dual D and G peaks
that are distinctly separated. Instead, the thin films show one, sharp G peak with broad shoulders
that extend widely on either side of the peak. The pointed G peak resembles graphene. Graphene
is a zero band-gap material; perhaps the electrical conductivity of these thin-films, which is
necessary for electron transfer from the surface of the films to the graphite substrate, is explained

by the presence of this G peak.
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Figure 44: A 2-D crystal of monolayers of silicon on graphene with a binding energy of —1.2 eV
per silicon atom. The stoichiometry of this structure is 2:4:3:Si:C:O [158].

therefore, quite conceivable that the presence of the graphite surface alters this evolution to create
a different structure. Secondly, recent first-principle calculations of the structure of SiCO have
predicted a low-energy 2D structure shown in Fig (44 ). This structure has a very high density of
mixed-bonds between C-Si-O, which are known to sequester large amounts of Li. It can be
postulated that these 2D layers begin to form on the graphite surface, to some extent, and continue

to form until the films gets quite thick.

Design considerations: gravimetric and volumetric capacity

The SiCO thin-film on the graphite-fiber architecture of the anodes offers new design and materials
selection opportunities to enhance their performance. The fibers in the present experiments, which
have been developed for fiber-reinforced polymer composites, have only one third the capacity of
the state-of-the-art graphite-powders used in Li-ion batteries. It is well known that carbon made

from different sources has widely different capacity for Li[159].
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The selection of the precursors of SiCO is likely already optimized in view of the experiments on
materials with a wide range of chemistries. However, the relationship between precursor chemistry
and the growth of thin films on graphite substrates is not known.

The most obvious benefits are likely to come from the geometrical design of the anode architecture,
which has two main elements, the fiber diameter, d, and the packing density of fibers in the mesh,
f. The film thickness should also be considered, but, in view of the results presented here, we shall
assume that the films are thin so that the capacity is controlled essentially by the interface; this is
rather a strong assumption and, therefore, the approximate nature of the analysis below must be
kept in mind. The assumption simplifies the analysis considerably, since now the capacity is
proportional to the surface area in the composite measured as a function of the weight, or the
volume.

The gravimetric surface area is written by the well-recognized parameter, SSA, or the specific

surface area, commonly expressed in units of m? g*. For fibers, it can be immediately written that

SSA = 4/dpg (37)

Using the form of Eq. (36) we may then write that

4

dp g) Osico (38)

2

q'=n— pg qer + (
where csico is the capacity of the film per unit area of the film, with units of mAhm™. Note that
the term is the brackets represents SSA. Inspection of Eq. 38 shows that smaller values of d would
make the second term larger than the first. If we assume that the second term is dominant then a

two-fold reduction in fiber diameter would lead to a two-fold increase in the capacity of the
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composite, and so on. The volumetric capacity of the composite, ®*, expressed in mAh cm? is

given by a simple transformation of Eq. (38) by converting the weight into the volume

P = fpyq° (39)
where f is the packing factor (=0.2 in the present experiments). Note that in Eq. (39) g* is in units
of mAh g?, and pg in units of g cm™. Finally, we compared the present results to the case of a
standard electrode made from 10 mm thick copper foil coated on both sides with 44 mm thick
graphite powder as the active material; in this case the area capacity (of the total anode) is
estimated to be 3.5 mA cm?, the gravimetric capacity as 150 mAh g1, and the volumetric capacity
as 350 mAh cm, In the present anodes, the gravimetric capacity of about 240 mAh g exceeds
this benchmark.

However, the volumetric capacity of the present electrodes is a factor of three to four lower. The
packing density of the current fiber paper was 20%. It can be increased by a factor of three.
Furthermore, graphite fibers of a smaller diameter would increase the gravimetric capacity, which

from Eq. (29), immediately translates into a higher volumetric capacity, as well.

Manufacturability and scale-up

The simplicity of one-step processing of the SiCO-on-fiber anode, which can be immediately
inserted into the battery, is notable. The anode is mechanically resilient e it bends without fracture
e and can be stored in air. The additive manufacturing approach, described in Ref [21]is already
being developed to deposit thin films of controlled thicknesses on the nanoscale on graphite-fiber
substrates. Two special features of this approach are (i) the liquid precursor solution spreads

throughout the fiber mesh because of its wetting behavior, and (ii) the ultra-thin films of the
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polymer can be pyrolyzed in just a few seconds without forming defects. The scale-up of this

approach for coating large sheets of graphite paper is under consideration [155].

4.5 Summary

(1) Thin films of SiCO, which is a candidate material for anodes, are deposited as continuous layers
on the surfaces of graphite fibers, where the fibers serve the dual function of the current collector.
The liquid electrolyte permeates through the entire thickness of the fiber-mesh providing an
intimate, large area interface for the electrochemical reaction. expectedly, the films are apparently
electrically conducting for the transfer of electrons from the surface of SiCO to the graphite
substrate lying underneath.

(if) Raman spectra show that thin films have a different structure than bulk SiCO. They show a
sharp G peak similar to graphene. The D peak, seen in bulk SiCO, is replaced by broad shoulders
on either side of the G peak. First-principle calculations suggest the possibility of two-dimensional
structures where a layer of Si and O atoms covers a sheet of graphene [158], shown in Fig (44). It
is possible that the growth of SiCO on graphite from polymer precursors invokes structures of this
kind. Films that range in thickness from 100 to 200 nm yield capacities that are essentially
independent of the film thickness (see Fig (39) ), suggesting a strong role of the interface structure
in electrochemical performance.

(iii) The thin-film architecture consistently shows much higher first cycle efficiency (85-90%)
and lower hysteresis (0.1- 0.2 V), than bulk SiCO. The equivalent values for bulk SiCO are 65-
75% and 0.75-1.5 V.

(iv) The one-step manufacturing of the anodes can be cost-effective and conducive to scale-up

[155]. The anodes are mechanically resilient and can be stored in air. Additive manufacturing of
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the composites is facilitated by the wetting behavior of the polymer precursor and “flash pyrolysis”

for its conversion into SiCO.

(v) Egs. (38) and (39) provide guidelines for increasing the gravimetric and volumetric capacity

by reducing the fiber diameter and increasing the packing density in the fabric.

Chapter 5
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5 TiO2 nanotube as chemical and gas sensor

5.1 Introduction
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In our daily life, we use different kinds of sensors that detect and respond to electrical or optical
signals. Their applications include daily monitoring of hazardous gases, air quality, real-time gas
monitoring, and human disease detection via analyzing the human exhaled breath (biosensors).
Recently, nanostructures of wide bandgap semiconductors metal oxide-based gas sensors have
attracted significant attention owing to their excellent high sensitivity, good response time,
portability , relatively low synthesis cost TiO2[160], SnO2[161], WO3[162], ZnO[163] and
In203[164]. Among them, TiO2 nanostructures gas sensors have received considerable attention
due to effective sensing of certain gases such as Ho[165], [166],[167]. These nanotube structures
are attractive due to their large surface, more gas adsorption sites, inert surface properties, and high
sensitivity.

In this work, our goal is to fabricate and characterize doped and undoped TiO, nanotube gas sensor
that can quickly detect a low concentration of different chemical and target gases, usually gases
that have unwanted effect when exceeds a certain limit. To achieve this goal, the TiO, metal oxide
nanotube structure was synthesized and doped with different anion and/or cation dopants by using
the electrochemical anodization technique. Also, the fabricated nanotubes gas sensor in this work

will operate at ambient room temperature.

5.2 Experimental setup

The preparation of the doped and undoped TiO. nanotube has been demonstrated in detail in
chapter 2. Briefly, the Ti sheet was first was cut into 20x30 mm followed by ultrasonic cleaning
in acetone, ethanol, methanol and DI water for 10 min each. The sample was then anodized in
ethylene glycol electrolyte containing 2 wt% DI water 0.5wt% ammonium fluoride at 40 V for

4hours. The anion and/or the cation doping samples were prepared by adding a small percent of
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the anion precursor in the anodization electrolyte and switching the polarity in the cation doping
electrolyte. The samples were immersed in ethanol for 15 minutes and rinsed with DI then dried
with N2 stream. The fabricated nanotubes were heat-treated at 550°C for 2 h in the air in order to

transform the amorphous phase to the crystalline phase.

Characterization
A field-emission scanning electron microscope (TESCAN MIRA3 LMH Schottky) was used to
study the surface morphologies of the TiO2 nanotubes. The elemental composition was obtained

by energy-dispersive X-ray spectroscopy.

Chemical sensing measurement

The gas sensing properties of the doped and undoped TiO> nanotube were obtained by introducing
different chemicals, reducing and oxidative gases with different concentration into vacuum
chamber contain different doped and undoped TiO2 nanotube sensors samples connected to the
power source through electrical feedthrough. The chamber was pumped down to approximately 1
mToor by using both a rotary vane vacuum pump and Turbo vacuum pump. The pressure was
increased gradually, using the needle valve, up to the saturation pressure of each chemical and to
the ambient pressure of the gases. The pressure and gas concentration inside the chamber were
measured by three different pressure gauges. A schematic of the experimental setup is shown in
Fig (45). The current-Voltage measurement was done by sweeping the voltage and measure the
current by using a Keithley source meter (Keithley 2612A, Tektronix Inc.). The positive bias was
connected to the nanotube and the negative bias to the Ti metal.

The gas concentration was measured by the following equation;
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measured pressure(Torr)

Gas Concentration(ppm) = ( - )* 10°. (40)
Also, the sensor response was measured by the following equation;
_ (lg-Iv
Al = (*£2) « 100. (41)

Here, lg is the sensor current in the presence of the target gases or chemical and Iv id the sensor
current in Vacuum which is about 35mTorr.
The sensitivity can be obtained by calculating the slope of the calibration which is the sensor

response vs the concentration.

Pirani 10Torr
doped and
undoped 3100Torr
Sensors

X

Chemicals e

Vacuum Pump

Figure 45: Schematic of the experimental setup used during gas sensitivity measurements.
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The sensed chemicals were water, acetone, ethanol, and methanol. Table11 shows the partial

pressure of the chemicals at ambient temperature 25°C and humidity ~55%.

Table 11:Partial pressure and chemical formula for the sensed chemicals.

Analyte Chemical formula Partial pressure (Torr) at 25°C
Water H20 20

Acetone (CH3)2 CO 197

Ethanol C2HsOH 47

Methanol CHsOH 97

Gas sensing measurement

The gas sensing measurements of carbon monoxide were done in a flow-type homemade chamber

sensor test system. The TiO2 CO sensing was evaluated by controlling the flow rate of the gas

mixture (CO&dry air) by using the mass flow controllers connected to high purity dry air tank in

order to eliminate the effect humidity in ambient air and dilute the dangerous CO gas.

5.3 Result and discussion

Field emission scanning electron microscopy (FESEM) morphology of Niobium doped TiO>

nanotube is shown in Fig (46). The SEM picture revealed that the nanotube diameter ranging from

80 to 100nm and the wall thickness is ranging from 5 to 8 nm. The length of the nanotube mainly

depends on the anodization time and according to previous work[21], the length should be about

16pum when the anodization lasts 4 hours.
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Figure 46: Scanning electron micrographs (SEMs) of the top view of niobium doped TiO>

nanotube grown by electrochemical anodization.

The energy dispersive X-ray microanalysis (EDX) of niobium doped TiO. nanotube was

obtained in the binding energy range from 0 to 10keV. The peak of the spectrum confirms the

existence of niobium doping in the TiO2 nanotube Fig (47).
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Figure 47: EDX analysis of Nb-doped TiO2 nanotubes.
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TiO2 sensing mechanism

The metal oxide, TiO2 nanotube, sensing mechanism is still under debate, but there is a general
agreement that the detection mechanism depends on the change in the electronic properties of the
TiO2 nanotube and this change can be explained by surface/depletion model[167]-[170]. This
model suggests, that the reaction between the TiO, nanotube’s oxygen vacancies and adsorbed
reducing gases leads to change in the electrical resistivity of the TiO2 nanotube. The as-prepared
TiO2 has an excess of electrons due to the formation of the oxygen vacancies (missing oxygen
atoms in the TiO> crystal structure) which function as electron’s donor. These vacancies can be
created by sputtering, electron bombardment or by high-temperature heat treatment of the metal
oxide surface in vacuum or in reducing atmosphere such as argon and N. gas. The presence of
oxygen vacancies was confirmed by scanning tunneling spectroscopy (STS) used in our previous
work [21]. The results showed that the Fermi level of the samples has been shifted toward the
conduction band confirming the n-type conductivity of TiO2 nanotube with the free electron as
charge carriers.

Here, when the oxygen molecule at high temperature adsorbs on the TiO; surface, it captures the
available free electron from the TiO2 conduction band due to the fact that the lower edge of the
TiO2 conduction band (4.3 eV) is higher than the oxygen chemical potential (5.7 eV) on the
vacuum level scale. As the electrons depleted from the TiO> surface, a thin depletion layer will be

developed on the TiO surface accompanied with very strong electrical field Fig (48).
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Figure 48: Schematic diagram of band bending and gas reaction of a TiO2 nanotubes-based
sensor.

Undoped and doped TiO2 nanotube chemicals sensing

The current-voltage measurements revealed that TiO2 nanotube has the electrical-chemical gating
behavior, especially for water, which was explained in details in previous work[168]. For example,
the current has increased by approximately two orders of magnitude at 2V when the concentration
of the water molecules inside the vacuum chamber was gradually increased (from 30 mTorr to
4Torr) Fig (49). However, doping TiO2 nanotube with anion dopant could possibly affect the
nanotube sensing performance. For instance, the nitrogen-doped TiO2 nanotube showed no
response to different chemicals probably due to quenching the conduction band electron Fig (50).
On the other hand, the carbon-doped sample showed better sensing performance probably due to
the increase of the oxygen vacancies Fig (51). Doping with cation dopant such as niobium can also
affect sensing performance. The I-V characteristics of Nb-doped sample with different water

concentrations are shown in Fig (52).
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Figure 50: 1-V characteristics of nitrogen-doped TiO2 nanotubes different water concentration.
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Figure 51: 1-V characteristics of carbon-doped TiO> different water concentration.
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Figure 52: 1-V characteristics of Niobium-doped TiO; different water concentration.
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Undoped and doped TiO2 nanotube gas sensing

To understand the sensitivity of the TiO. nanotube toward gases, doped and undoped nanotubes
were prepared for sensing different conventional gases. It was noticed that gases such as oxygen
and nitrogen have no appreciable effect on the electrical properties of TiO2 nanotubes at room
temperature. The |-V electrical response of the TiO2 nanotube to varying concentrations of nitric
oxides, reducing gas, with fixed water concentration is shown in Fig (53). Without water, the
sensor shows no response. One can see that there is an increase in the electrical resistance upon
exposure to different concertation of NO at room temperature. The electrical resistance of NO gas
has decreased due to the fact that NO function as electron acceptor decreasing the electron

concertation in the conduction band as well as increasing the depletion layer width.
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Figure 53: 1-V electrical response of the TiO2 nanotube to varying concentrations of nitric oxides
with fixed water concentration at room temperature.
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Also, undoped TiO2 respond to carbon monoxide, an oxidizing gas, was negligible owing to the
strongly charge-depleted nanotube surface. However, the electrical response of niobium doped
TiO2 nanotube samples to varying concentrations of carbon monoxide, an oxidizing gas, showed

an increase in the electrical resistivity Fig (54).
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Figure 54: 1-V electrical response of the Nb-doped TiO2 nanotube to varying concentrations of
Carbon monoxide with fixed water concentration at room temperature.

Undoped and doped TiO2 nanotube multianalyte gas sensing

To further exploit these tunable electronic properties of co-doped TiO2 nanotubes, we evaluated
their potential for multianalyte gas sensing. While we had previously demonstrated strong sensing
signal for different chemical analytes using undoped nanotubes, primarily using the tunable

depletion width and concept of chemical gating undoped nanotubes,[78], [79] these analytes
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cannot be detected as mixtures given the fixed sensitivity of undoped nanotubes for each analyte.
In order to utilize the tunable electronic properties of nanotubes via doping and tune the sensitivity
of different gas analytes as a portable multianalyte sensor, we tested different doped and co-doped
nanotube response to small partial pressures of these analytes Fig (55). Using same analytes with
multiple doped and co-doped nanotubes mounted together as a portable device, we observed that
doping could modulate the depletion width and hence the sensitivity of the nanotubes for the same
analyte (acetone here, Fig (55, b). Further, the sensitivity of each nanotube was different for the
different analyte Fig (55, c), demonstrating their potential as a potable multianalyte chemical
sensor (for example, for human breath sensing). Using the varying sensitivity of 5 different
analytes with 5 different undoped and co-doped nanotubes as a calibration matrix (matrix S Fig
(55, d), we can easily detect their respective concentrations using electronic readout/current output
simultaneously from the five detectors (Concentrations C= In I1x S1). Therefore, the real-time
output from portable doped and co-doped nanotubes sensors can allow a real-time output of
different chemical concentrations, using a stable background signal with time compared to thin-
film sensors where the nanoparticle or grain size changes with time leading to changing sensitivity
and baseline current. Further, the high chemical stability, large surface-area-to-volume ratio, and
portable, inexpensive, standalone nanotube membranes can be an ideal alternative for traditional

thin-film sensing applications.
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5.4 Conclusion

In summary, we have demonstrated that the detection sensitivity of the hollow semiconductor
TiO2 nanotube with a large surface area could be increased by mono-doping and co-doping with
anion or/and cation elements. The undoped and doped sample showed good sensitivity to several
chemicals such as water, acetone, ethanol, methanol, nitric oxide, and carbon monoxide. Also,
the sensitivity of TiO2 nanotube toward gases such as CO increases when doped with cation
dopant. These results highlight the potential for the development of a new class of metal oxide

sensor can be used multianalyte detection in human breath or air-quality monitoring.
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