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ABSTRACT

ULTRATHIN TITANIUM DIOXIDE COATINGS ON
CARBON NANOTUBES FOR STABLE LITHIUM

OXYGEN BATTERY CATHODES

Faruk Okur

M.S. in Materials Science and Nanotechnology

Advisor: Eda Yılmaz

October, 2016

Fossil fuels hold the biggest share in energy sources for a very long time, es-

pecially in transportation, because of their appealing properties like very high

energy efficiency, easy transport to any place in the world, very straightforward

usage principle and they used to be quite abundant. However fossil fuel consump-

tion results into release of harmful greenhouse gasses that causes global warming.

On the other hand fossil fuels are not very abundant anymore and as a product

that is formed in millions of years, the increasing energy demand worsens the

situation. That is why renewable energy sources are more and more pronounced

each day in the last half century. Nonetheless, irregular nature of the renewable

energy sources makes them highly unpractical. Energy can only be harvested

from renewable energy sources in specific time or specific locations, for instance,

it is not possible to harvest energy from sun all day long or wind turbines can only

be efficient in the places that there is sufficient wind power. This being the case,

a clever approach is needed in order to be able to benefit from such convenient

energy sources.

Energy storage systems are the saviour in this picture since they can be used

to store the energy that is produced from renewable energy sources and available

when needed. For instance, lithium oxygen (Li-O2) batteries are a very promising

candidates for a replacement of fossil fuels in transportation due to their very high

theoretical gravimetric energy density. Oxygen is used as active cathode material

in Li-O2 batteries, which enables them to have approximately ten times more

battery capacity than state of art lithium ion batteries and ability to compete with

fossil fuels. However there are some challenges to be addressed for Li-O2 batteries

to become a commercial technology. These challenges are mainly centered around
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unwanted side product formations on cathode-electrolyte interface. These side

products are accumulating on the cathode surface upon battery cycling and result

into drastic capacity fading. Especially carbon based materials are not stable

against battery cycling in Li-O2 batteries even tough they have quite profitable

features as a cathode material for Li-O2 batteries, such as; high surface area, low

weight, high electrical conductivity, good oxygen reduction reaction activity etc.

In this thesis study, the motivation is to increase the stability of carbon nan-

otubes (CNTs) while benefiting from their aforementioned advantages in Li-O2

batteries. In order to achieve this, an ultrathin and uniform titanium dioxide

(TiO2) layer is coated on CNT surface by atomic layer deposition method. Prior

to TiO2 coating an effective functionalization method is introduced to CNT sur-

faces to facilitate a uniform coating. Transmission electron microscopy imaging

and x-ray diffractometer analysis are performed to observe coating properties. X-

ray photoelectron spectroscopy analysis and scanning electron microscopy imag-

ing show the subsided side reactions, proving the stability of the TiO2 coated

CNT cathode. TiO2 protective layer significantly prevents side product forma-

tion due to reduced cathode degradation and shows superior capacity retention

compared to pristine CNT cathode upon full capacity battery cycling.

Keywords: Lithium-oxygen battery, Electrochemical energy storage, Non-carbon

interface, Atomic layer deposition, TiO2 coating, Multiwalled carbon nanotubes.



ÖZET

ULTRA İNCE TİTANYUM DİOKSİT KAPLI
DAYANIKLI LİTYUM OKSİJEN PİLİ KATOTU

Faruk Okur

Malzeme Bilimi ve Nanoteknoloji, Yüksek Lisans

Tez Danışmanı: Eda Yılmaz

Ekim, 2016

Fosil yakıtlar, yüksek enerji verimleri, dünyanın her yerine kolayca taşınabil-

meleri, oldukça standart kullanım prensipleri ve dünyada oldukça yaygın ol-

maları gibi çok sayıda önemli özelliklerinden dolayı uzun bir süredir, özellikle

ulaşım sektöründe, enerji kaynakları arasında en büyük paya sahiplerdir. Ancak

fosil yakıt tüketimi sera etkisi oluşturan zararlı gazların salınımına yol açtığı için

küresel ısınmaya neden olmakla beraber rezervleri de tükenmektedir. Oluşması

milyonlarca yıl süren bir ürün oldukları göz önünde bulundurulunca, giderek ar-

tan enerji talebi durumu daha da kötü bir hale sokmaktadır. Bu nedenden dolayı

son yarım yüzyılda yenilenebilir enerji kaynaklarına olan ilgi her geçen gün art-

maktadır. Buna rağmen yenilenebilir enerji kaynaklarının düzensiz yapısı onları

oldukça kullanışsız bir seçenek haline getirmiştir. Enerji, yenilenebilir enerji kay-

naklarından yanlızca belirli zamanlarda veya belirli mekanlardan elde edilebilir,

örneğin, güneş enerjisinden bütün gün verim almak mümkün değildir ya da rüzgar

türbinleri ancak yeterli rüzgar gücünün olduğu yerlerde verimli olur. Durum

böyle olunca, bu değerli enerji kaynaklarından yararlanabilmek için akıllıca bir

yaklaşıma ihtiyaç duyulmaktadır.

Yenilenebilir enerji kaynaklarından üretilen enerjiyi depolayıp gerektiğinde kul-

lanımlarına olanak sağlayabilecek olan enerji depolama sistemleri, bahsedilen

probleme mantıklı bir çözüm sunmaktadırlar. Teorik olarak oldukça yüksek en-

erji kapasitelerine sahip olan ve ulaşım sektöründe fosil yakıtlara alternatif olarak

önemli bir gelecek vaat eden lityum oksijen (Li-O2) pilleri, enerji depolama sistem-

leri için iyi bir örnektir. Oksijen gazının aktif katot malzemesi olarak kullanılma

özelliği Li-O2 pillerini, lityum iyon pillerine kıyasla yaklaşık olarak on kat daha fa-

zla enerji kapasitesine ulaştırmış ve fosil yakıtlarla yarışabilir duruma getirmiştir.

Buna rağmen Li-O2 pillerinin ticari bir teknoloji haline gelebilmesi için aşılması
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gereken bazı problemler vardır. Bu problemler genel olarak katot ile elektrolit

arayüzünde meydana gelen istenmeyen yan ürünlerin oluşumuyla alakalıdır. Bu

yan ürünler katot yüzeyinde birikip katotun elektriksel iletkenliğini düşürerek

pil çevrimleri süresince kapasiteyi büyük ölçüde düşürmektedirler. Özellikle

karbon bazlı malzemeler, büyük yüzey alanı, düşük ağırlık, yüksek elektriksel

iletkenlik ve iyi oksijen indirgenme reaksiyonu aktivitesi gibi Li-O2 pil katot-

ları için oldukça faydalı özellikler barındırmalarına rağmen, pil çevrimlerine karşı

dayanıklı değillerdir.

Bu tez çalışmasının motivasyonu karbon nanotüplerin (CNT) Li-O2 pillerinde

dayanıklılığını arttırıp yukarıda bahsedilen faydalı özelliklerinden yararlanılabilir

hale getirmektir. Bunu yapabilmek için CNT’lerin yüzeyi ultra ince ve düzenli

bir titanyum dioksit (TiO2) tabakasıyla, atomik tabaka kaplama (ALD) metodu

kullanarak kaplanmıştır. TiO2 kaplanmadan önce, düzenli bir kaplama elde

edebilmek için, CNT’lerin yüzeylerine etkili bir yüzey modifikasyonu işlemi

uygulanmıştır. Kaplama özelliklerinin incelenmesi amacıyla geçirmeli elektron

mikroskobu (TEM) ve X-ışını difraksiyonu (XRD) analizleri yapılmıştır. TiO2

kaplı CNT katotlarının dayanıklılığını kanıtlayan, miktarı azalan yan ürünlerin

incelenmesi için taramalı elektron mikroskobu (SEM) ve X-ışını fotoelektron spek-

troskopisi (XPS) analizleri yapılmıştır. TiO2 koruyucu tabakası katot degradasy-

onunu azaltarak yan ürün oluşumunu büyük ölçüde engellemiş ve saf CNT ka-

totuyla karşılaştırıldığında tam kapasite pil çevrimlerinde üstün bir kapasite ko-

runumu göstermiştir.

Anahtar sözcükler : Lityum-oksijen pili, Elektrokimyasal enerji depolama, kar-

bonsuz arayüz, Atomic layer deposition, TiO2 kaplama, çoklu duvarlı karbon

nanotüpleri.
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Chapter 1

Introduction

1.1 Energy Storage

Energy need is one of the biggest issue in the world. With the rapidly developing

technology, industrialization and increasing population, energy demand is now in

its highest level in history and as a certainty, it will continue to increase. In fact,

it has been reported that world energy consumption will grow by 56% between

2010 and 2040. (Figure 1.1a) There are many different sources of energy in the

world and almost 80% of the energy is generated by fossil fuels, which is not

likely to change too much considering the current state. (Figure 1.1) [1] Fossil

fuels (e.g., oil, coal, petroleum, and natural gas) are comparatively the most

efficient energy source up to date considering their many appealing features like

high energy output, easy transport to any place in the world, very straightforward

usage principle etc. which is the main reason why it is the mostly used source so

far. However they have many downsides that push people to search for renewable

energy sources in the last half century. First of all, fossil fuels are limited sources.

Considering the global energy consumption, depletion of fossil fuels is not very

far in the future. Related to this problem the fuel prices are rising up each

day and this cause huge discomfort on intergovernmental relations. Apart from

these issues, the most well-known and dangerous disadvantage of fossil fuels is

1



Figure 1.1: a) World energy consumption, 1990-2040 (quadrillion Btu) (OECD:
countries inside the Organization for Economic Cooperation and Development),
b) World net electricity generation by energy source, 2010-2040 (trillion kilo-
watthours). [1]

harmful greenhouse gas emissions on energy generation. It has been reported

that fossil fuels own the biggest share on CO2 emission in the world which cause

global warming. [2,3] In order to reduce greenhouse gas emissions many countries

adopting certain regulations but only this is not enough.

Considering the problematic features of fossil fuels, renewable energy sources

should be shown the utmost importance. These renewable energy sources include

solar, tidal, wind, hydro, biomass, and geothermal energies etc. Even though they

are environmentally friendly, cheaper and limitless in source, they have their own

limitations. Unfortunately these renewable energy sources are highly irregular.

They are either not available throughout a day or dependant to specific regions

which constrains a global usage. Exactly here, importance of energy storage

comes into play. In order to be able to benefit from renewable energy sources,

the generated energy need to be stored. Energy storage is basically converting an

energy from that is difficult or non-conventional to store to a conventional form.

There are many different types of energy storage such as mechanical, thermal,

electrical, electrochemical etc. Electrochemical energy storage systems are the

most proper energy storage systems to be used in electric vehicles considering

their mobility, considerably good energy density and good energy output.

2



1.1.1 Electrochemical Energy Storage

Electrochemical energy storage is basically converting electrical energy to chem-

ical energy and vice versa, if not primary cell, (throughout the text secondary

or rechargeable cells will be discussed) by means of electrochemical redox reac-

tions. Electrochemical energy storage devices can be divided into two categories;

supercapacitors and batteries. They both consist of three main components; elec-

trically conductive anode and cathode separated by an electrically insulator but

ionically conductive electrolyte. Supercapacitors or electric double layer capaci-

tors are electrochemical energy storage devices that supply high power in a short

time. They have higher capacity than regular capacitors in other words they

are in between capacitors and batteries and additionally they have much higher

specific power density than both. [4,5] Supercapacitors are being used in applica-

tions that require high power in a short time such as; back-up systems for power

suppliers, consumer electronics etc. [6] Recently supercapacitors even started to

be used in emergency doors of Airbus A380, which shows their good performance

and reliability. [7] Even though supercapacitors have those mentioned important

applications, they are not suitable energy storage systems for electric vehicles. As

can be seen from Figure 1.2, batteries are more suitable energy storage systems

for electric vehicles because they enable long term energy supply, considering

their specific capacity, durability and rather long cycle life.

1.2 Batteries

Batteries are electrochemical energy storage units that store energy electrochem-

ically when connected to a power supply and deliver the energy to an external

electric device when needed, repeatedly. Batteries store and produce energy by

reversible electrochemical reactions. There are many battery types that are being

used in our daily life for years. Generally batteries are very portable and practical

energy storage systems, which considerably ease the usage on mobile devices.

3



Figure 1.2: Specific power against specific energy, also called a ragone plot, for
various electrical energy storage devices. If a supercapacitor is used in an electric
vehicle, the specific power shows how fast one can go, and the specific energy
shows how far one can go on a single charge. Times shown are the time constants
of the devices, obtained by dividing the energy density by the power. [8]
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The history of batteries goes up to early 1800s to the first discovery of elec-

trochemical battery by Alessandro Volta. The first battery consisted of zinc and

copper metals separated by brine-soaked paper disks, which supplied reasonable

amount of current for a certain time. [9] In 1836, British chemist John Frederic

Daniell upgrade Volta’s invention and produced the first industrially usable bat-

tery which was used in electrical telegraphs by then. [10] Since those early years

up to now, batteries have been developed quite a lot and today there are countless

of consumer products that are working with different types of batteries.

Figure 1.3: Battery chemistry over the years. Present-day battery technologies
are being outpaced by the ever- increasing power demands from new applications.
As well as being inherently safe, batteries of the future will have to integrate the
concept of environmental sustainability. [11]

Batteries consist of three main parts as the other electrochemical energy stor-

age systems; one negative electrode such as lithium, zinc etc., one positive elec-

trode such as lithium cobalt oxide, manganese dioxide etc. and one electrically

insulating but ionically conductive electrolyte. Anode and cathode materials are

5



chosen based on their electrical conductivity, stability in electrochemical envi-

ronment and low cost alongside with their electrochemical activity. Electrolytes

might be molten salts, dissociated salts in water or solvent solution and solid

electrolytes. These three components of the batteries are the main determining

factors of capacity, stability and also working mechanism of the batteries. For

instance, in order to have a high energy storage capacity, it is wiser to choose

higher chemical potential difference between the two electrodes.

The gravimetric energy density is based on potential difference between anodic

and cathodic half reactions and also amount of charge stored per unit weight of

materials. Electrolytes on the other hand play a critical role on electrochemical

reactions and the stability of the batteries. In conjunction with these, electrode

electrolyte interface is another important feature of the batteries since all the

redox reactions happening in this region.

On discharge, the anode of the battery is oxidized, which means ions transport

from anion to cation through electrolyte and meanwhile anode give electrons to

outer circuit and supply energy to the connected device. On charge the exact

opposite electrochemical reactions occur. In this case, a reverse voltage that is

larger than the battery voltage is need to be given to the system in order for

charging to happen.

There are a large number of battery types available in the market that are used

for many different applications. Lead-acid batteries, lithium-ion batteries, nickel-

metal hydride batteries, magnesium-ion batteries, vanadium-redox batteries and

recently popular and promising lithium and sodium air (oxygen) batteries are

just some of the examples. There are also many primary batteries that are not

mentioned here. Some of the significantly important batteries will be briefly

explained below and than lithium oxygen batteries will be discussed in details in

a separate section.

Lead-acid batteries are the oldest rechargeable (secondary) batteries, which

invented by French physicist Gaston Planté. Even though these batteries are very

old and have a very low energy-to-weight and a low energy-to-volume ratio, they
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are still frequently used in automobiles as motor starters thanks to their ability

to supply high power-to-weight ratio and most importantly their low cost. [12]

In fact, lead-acid batteries have a market value of $15 billion at manufacturers

levels and their sales account for approximately 40 to 45% of the sales of all

batteries. [13]

Nickel-metal hydride (NIMH) batteries are another battery type that are fre-

quently used in daily life in consumer electronics. In these batteries a hydrogen

absorbing negative electrode is used. Because of their relatively high energy den-

sity and sealed construction, they are frequently used in cellular phones and other

portable consumer products as a replacement of nickel-cadmium batteries. They

are also more environmentally friendly than nickel-cadmium batteries considering

cadmium free structure. In addition to these, larger sizes of NIMH batteries are

even considered to be used in electric vehicles in some studies. [13,14]

1.2.1 Lithium Batteries

Lithium is a very advantageous metal to be used in batteries as an anode material

based on the fact that it is the most electropositive (3.04 V versus standard

hydrogen electrode), a good electrically conductive as well as the lightest metal.

[15] Because of these remarkable features, lithium metal has been used in primary

and secondary batteries for a long time. Lithium based batteries hold 63% of

worldwide sales value in portable batteries, which is the sign of their suitability.

[16] In Figure 1.4, it can be seen that lithium based batteries are much better

than other types of batteries in terms of energy density.

Using lithium metal in batteries was a progressive process. In 1970s, the elec-

trochemical intercalation is realized [17], although it was not a general knowledge

and only mentioned in a conference. In 1972, Exxon proposed TiS2 as a lithium

intercalation material, which was approved by many scientist at that time. [18]

Soon after they faced dendrite problem of lithium metal in the batteries. Dendrite

formation is uneven lithium growth inside the batteries which can cause shortcuts

and finally combustion or even explosion. It is also called thermal runaway. [19]
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This problem tried to be solved by alloying the lithium metal but this time they

faced limited cyclability problem. Meanwhile in Bell Labs, there had been signif-

icant improvements on intercalation materials. [20] Finally in 1980s Goodenough

introduced families of intercalation compounds that are still used almost exclu-

sively in todays batteries. [21, 22] However at that time safety of lithium based

batteries was still an issue. In order to overcome this problem exchanging metallic

lithium with an insertion material was considered, that way lithium in ionic form

would not cause dendrite problem. [23] Finally in 1991, a carbon based, highly

reversible, low voltage, lithium intercalation - deintercalation material was dis-

covered by Sony Corporation [24], which was the first utilization of Lithium ion

batteries (LIBs). The discovered material was LixC6/Li1−xCoO2 and the battery

cell is called rocking chair. [25] Back then LIB was storing energy around 180

Whkg−1 which was 5 times higher than current batteries at that time. [11]

Among the rechargeable batteries the most well known ones are LIBs. LIBs

are commonly used in almost every portable everyday devices such as laptops,

mobile phones, digital cameras, cordless drills, saws and so on, thanks to their

low weight and high energy density. They are also considered to be used in cars

as a replacement of lead-acid batteries and even in electric vehicles.

Figure 1.4: Graph of mass and volume energy densities of several secondary cells
(by direction: down=heavier, up=lighter, right=powerful, left=weaker). [26]

The working mechanism of LIBs is basically intercalation and deintercalation of
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lithium ions between two electrodes. On charge, lithium ions move from cathode

to anode and intercalate inside the cathode structure and on discharge the ions

are removed from anode back to cathode while generating electricity. In between

two electrodes there is an electrolyte material that is electrically insulating and

ionically conductive. The electrolyte can be liquid, solid or gel like material while

liquid phase materials are commonly used which consist of a lithium salt such as;

LiPF6, LiBF4, LiClO4 to enable Li+ conductivity that dissolves in a mixture of

organic alkyl carbonate solvents like ethylene, dimethyl or diethyl. The energy

storage in the ”rocking chair” LIB is demonstrated in the following reactions: [27]

Anode: LixC6
Discharge−→ xLi+ + xe− + C6

Cathode: Li1 − xCoO2 + xLi+ + xe−
Discharge−→ LiCoO2

Cell reaction: LixC6 + CoO2
Discharge−→ C6 + LiCoO2

E = 3.7 V at 25oC

LIBs have several advantages over the other secondary battery types which

made it the battery of choice for many devices in a few years. LIBs have high cell

voltage levels up to 3.7 V. This means that one LIB accounts for approximately

3 NiCd or NiMH batteries. The other advantage is their already mentioned high

gravimetric energy density and maybe the most fascinating one is their very high

efficiency, which can be as high as 98% and they can reach very high number of

battery cycles ranging between short and long period of times. [29]

Since its discovery there have been extensive studies to improve the character-

istics of LIBs in terms of high capacity, stability and longer cycle life. However

there has not been a complementary change in LIB chemistry since its introduc-

tion to the battery market. Most LIB still relies on graphite anode and lithium

cobalt oxide cathode separated by an electrolyte. [30] Early stage LIBs were

inherently unsafe because of unstable electrode and electrolyte materials in oper-

ating voltages. Certainly state of art LIBs are safer and suitable to use in many
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Figure 1.5: A schematic representation of the working mechanism of a simple
LIB. [28]

electronic devices but scaling up still is an issue since such problems are more

pronounced.

The performance and the efficiency of LIBs are limited with the properties

of the materials that are being used in the batteries. That is why researches

nowadays concentrated on the replacement of current battery components with

more efficient ones. One of the most promising candidate for LIB anode material

is silicon (Si). There are a lot of studies going on about using Si anodes in LIBs

recently, because of its extremely high specific capacity. [31–33] However there

is a major challenge that have to be addressed for this anode material, which

makes it unstable in battery operations, that is large volume expansion and con-

traction through battery cycles. There are other promising anode materials for

LIBs as well like lithium titanium oxide, lithium tin, lithium iron phosphate,

several other metal oxides and micro and nano-structures. Even though LIBs
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are well-established electrochemical energy storage systems for many portable

devices and further improvements are possible with the extensive studies in the

near future, they are not suitable for high capacity applications like electric ve-

hicles. Being dependant on insertion mechanism, LIBs are strictly limited to one

electron transfer per transition metal in terms of specific energy. In this case, in

order to reach higher specific energies, fundamental changes are required in the

electrochemical energy storage mechanism. Electrochemical conversion chemistry

instead of insertion is considered as a reasonable choice. Metal-air batteries are

in that sense, a considerable candidate for high energy density requiring energy

storage systems thanks to their high specific capacities. Lithium-air or lithium

oxygen (Li-O2) batteries are the most promising metal-air battery systems con-

sidering the already mentioned advantages of using lithium in a battery. In the

following section Li-O2 batteries, their promising features and challenges will be

discussed.

1.3 Li-O2 Batteries

Lithium air (Li-air) battery is a metal air battery type that composed of a lithium

metal anode, porous and high surface area air cathode and a lithium ion conduc-

tive electrolyte material. Since in the future, the oxygen is proposed to be used

directly from air as an active cathode material, they frequently called Li-air bat-

teries. However the current technology is still in laboratory scale and pure oxygen

gas is used in these batteries to avoid unwanted parasitic reactions with compo-

nents, such as water, carbon dioxide, carbon monoxide, and nitrogen, in ambient

air. The oxygen is generally supplied from an oxygen tank to the Li-air batter-

ies. That is why most of the time lithium oxygen (Li-O2) is preferred to be used

instead of Li-air. In order to realize a real Li-air battery cell a well-established

oxygen diffusion membrane need to be produced. In fact there are a number of

promising studies considering this issue. [34, 35]
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Figure 1.6: The gravimetric energy densities (Whkg−1) for various types of
rechargeable batteries compared to gasoline. The theoretical density is based
strictly on thermodynamics and is shown as the blue bars while the practical
achievable density is indicated by the orange bars and numerical values. For
Li-air, the practical value is just an estimate. For gasoline, the practical value
includes the average tank-to-wheel efficiency of cars. [36]

Li-air batteries are first proposed by the researchers, Littauer and Tsai, at

Lockheed Missiles and Space Company in 1976. [37] At that time the negative

electrode lithium metal and the positive air electrode were unstable and risky

to be used in batteries so Li-air batteries did not attract attention from market.

Nevertheless, in 1990s, Li-air batteries started to attract interest due to the lack

of a convenient energy storage system for electric vehicles and due to a promis-

ing study by Abraham and Jiang [38], which is the first study that proves the

rechargeability of Li-air batteries, even though the risks of the electrodes pretty

much were still there. Since that time, the studies about Li-air batteries grew ex-

ponentially and there have been many publications and patents concerning these

batteries.
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Li-O2 batteries have been attracting attention especially in the past decade

due to their promising attributes as an electrochemical energy storage sys-

tem. Rechargeable Li-O2 batteries have theoretical specific energy around 3500

Whkg−1 which is almost 10 times more than LIBs, so they are expected to be

a prospective alternative to gasoline in vehicles for transportation. [39] The ex-

ceptional theoretical energy density is coming from the weight advantage of the

active cathode, oxygen, and extensive reaction sites for discharge products to

form compared to intercalation limited capacity of Li-ion batteries. As can be

seen from Figure 1.6, theoretical and practical gravimetric energy density of Li-air

batteries are very close to that of gasoline.

There are four types of chemical architectures of Li-O2 batteries in terms of

electrolytes: aprotic, aqueous, mixed-electrolyte and fully solid-state batteries.

The essential electrochemical reactions are very much dependant on the elec-

trolyte configuration. Although all electrolyte types have their own advantages

and disadvantages, aprotic electrolyte is mostly the preferred one in Li-O2 bat-

tery studies in order to have a straightforward discharge product formation by

avoiding complicated reactions with water and to have a good ionic conductivity

compared to all solid state electrolyte batteries. Throughout this thesis work,

Li-O2 batteries with aprotic (non-aqueous) type electrolyte will be discussed.

In non-aqueous Li-O2 batteries, the suggested net electrochemical reaction,

developing on the cathode surface can be described as;

2Li+ + 2e− + O2 ↔ Li2O2
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Figure 1.7: A schematic representation of an aprotic Li-O2 battery. [40]

14



On discharge, Li+ ions combine with O2 molecules to form Li2O2, which is

the main discharge product of Li-O2 batteries that accumulates on the cathode

surface. Contrarily on charge, Li2O2 on cathode surface disintegrate to Li+ ions

and O2 molecules.

Despite having very promising attributes, there are some challenges to be

addressed for Li-O2 batteries to become a commercial technology. [41] While

many factors affect the Li-O2 battery performance such as humidity, [42] oxygen

partial pressure, [43] macro-structure of the cathode, [44] and the overall cell

design, [45] the crucial show-stopper problems related to this system are mainly

centered around unwanted side product formations, caused from cathode and

electrolyte degradation during cell operation. These side products accumulate on

the cathode surface on subsequent cycles and reduce the electrical conductivity,

which finally leads to capacity fading and cause limited cycling behavior. [41] In

this regard, developing a stable cathode and electrolyte must be the main focus

of Li-O2 battery studies to build up a high-performance battery system.

In Li-O2 batteries, the cathode material should fulfill some general require-

ments such as; high surface area, high pore volume, good electrical conductivity,

and a structure to support fast gas transport. [46] In most of the Li-O2 battery

studies, carbon-based materials, either alone or with some catalysts, are used

as cathodes [47–51] because of their high conductivity, high surface area, high

porosity, light weight and good oxygen reduction reaction (ORR) activity. Su-

per P, ketjen black, [52–56] carbon nanotubes, [57–60] and graphene [61–63] are

some of the carbon-based materials that have been studied in Li-O2 batteries,

where carbon enables superior gravimetric capacity owing to its aforementioned

properties.

Although it is an advantageous cathode material for Li-O2 batteries, carbon

is not a very stable in the the battery operation environment and is prone to se-

vere decomposition. Studies show that carbon based cathodes oxidize above 4V

versus Li/Li+ [64] and it also decomposes due to the attack of intermediate prod-

ucts. [65] There is considerable number of studies investigating the mechanism of

carbon cathode degradation in Li-O2 batteries. McCloskey et al. [66] studied the
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stability of various carbon materials in Li-O2 batteries and indicated that Li2O2

is metastable when in contact with carbon and chemically react with carbon to

form Li2CO3. Gallant et al. [65] suggested that even if the crystalline Li2CO3,

which is formed after first discharge, can be entirely removed after subsequent

charge; it becomes difficult to oxidize it at further cycles. In accordance with

these studies, Thotiyl et al. [48] suggested that on discharge, dominant product

is Li2O2 and electrolyte decomposition is another major reason for side product

formation. They also showed that in charge, even if carbon cathode is stable

up to 3.5 V, at higher voltages, it decomposes to form Li2CO3 and other similar

side products. In these studies it was shown that, upon cycling, accumulation of

side products arises and eventually results in capacity fading. For this reason,

improvement of capacity retention in Li-O2 batteries might only be possible if

the side reactions are effectively blocked with stable cathodes and electrolytes.

The apparent stability problem of carbon, pushed many researchers to find

non-carbon alternatives of cathode materials for Li-O2 batteries. Cobalt, [67–

69] ruthenium, [70–72] and titanium [73, 74] based metals and oxides are some

of the most widely used non-carbon materials for Li-O2 battery cathodes. In

these studies, improved number of battery cycles are achieved, however since

the cathodes are much heavier than carbon, gravimetric capacities were found

to be significantly lower when compared to the theoretical capacity of Li-O2

batteries. For instance, Peng et al. [75] achieved 95% capacity retention up

to 100 cycles by using a nanoporous gold cathode but the capacity achieved

is merely 300 mAhg−1. Thotiyl et al. [76] reported another study by using

TiC as a non-carbon cathode. Experiments revealed that TiC based cathode

greatly reduced side reactions and showed excellent cycling performance but the

gravimetric capacity of the cathode was again inevitably poor (>98% capacity

retention after 100 cycles at a capacity of 350 mAhg−1). They interestingly

showed that TiO2 rich surface layer that is presented on the TiC particles was

responsible for the excellent performance of the cathode. Adams et al. [77] later

reported the importance of the thickness of this TiO2 layer, as it might block the

electron transfer to the surface reactions even if it is as thin as 3 nm, so they

suggested to keep it below a critical thickness of around 2 nm.
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1.4 Motivation

In this thesis study, we aimed to exploit the advantages of carbon as a cathode

material for Li-O2 batteries, while increasing its stability against harmful side

reactions. In order to achieve this, multiwalled carbon nanotubes (CNTs) are

coated with an ultrathin (sub-nanometer) conformal TiO2 protective layer via

self-limiting atomic layer deposition (ALD) method.

Figure 1.8: A schematic representation of one ALD cycle. [78]

ALD is a chemical thin film deposition technique. The film deposition is

realized with sending gaseous precursor to the substrates like chemical vapor

deposition (CVD) technique. In contrast to CVD, the precursor is not send

to the deposition chamber all at once but sequentially within cycles. In each

cycle, the pulsed precursor gas reacts with the substrate surface in a self limiting

manner. This unique property enables highly uniform coatings even on very

complex substrate surfaces. Furthermore, by varying the cycle numbers, very
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precise control on coating thickness is possible with ALD. [79, 80] As can be

seen from Figure 1.8, one ALD cycle consist of four main steps: 1) precursor gas

exposure, 2) evacuation or purging of the precursors and any byproducts from the

chamber, 3) exposure of the other reactant species and 4) evacuation or purging

of the reactants and byproduct molecules from the chamber.

The protective TiO2 layer that is deposited via ALD, provides a stable interface

for the electrochemical reactions while preventing side product formations due

to interactions between cathode and electrolyte at high voltages. With the few

monolayer thick TiO2 coated cathode structure, side product formation caused by

carbon decomposition is effectively reduced and excellent full-capacity cycling has

been achieved for a carbon-based cathode. The coating properties and thickness

are supported by transmission electron microscopy (TEM) imaging. The stability

of the cathode is supported by x-ray photoelectron spectroscopy (XPS) analyses

and scanning electron microscopy (SEM) imaging.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Cathode and Electrolyte Preparation

Multiwalled carbon nanotubes (CNTs) were used as base cathode material in

the Li-O2 batteries. CNTs were purchased from ALDRICH (724769 ALDRICH

O.D. x L 6-9 nm x 5 µm, >95% carbon) and used without further purification.

CNTs were casted onto nickel foam (Ni-foam) to enable better oxygen diffusion

through cathode and to increase the actively used surface area. Prior to usage, Ni-

foams were washed with dish-washing liquid containing water in order to remove

organic residues. After washing they rinsed with deionized water, ethanol and

acetone and finally dried in furnace at 60oC. CNTs were coated with TiO2 layer

by ALD method, which will be explained in detail below. As received CNTs

have hydrophobic inert surfaces however ALD coating necessitate hydrophilic

surfaces with functional groups to initiate interaction between the surface and

the precursor. That is why the purchased CNTs are treated with different surface

modification methods in order to open functional groups onto inert CNT surfaces

to enable ALD coating. The surface modification methods will be explained in

details in the following subsection.
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Lithium bis-trifluoromethanesulfonimide-tetraethylene glycol dimethyl ether

(LiTFSI-4G) was used as ether based electrolyte. 4G was dried with molecular

sieves in glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm) before electrolyte preparation

and it has <5 ppm H2O content. Prior to that, molecular sieves were regenerated

in tube furnace in argon atmosphere at 250oC for 8 hours and take into glovebox.

5 molar electrolyte was prepared by mixing LiTFSI with 4G in glovebox.

2.1.1.1 Surface Modification

Four different surface modification methods were tried: Plasma ashing, Cetyl

trimethylammonium bromide (CTAB) and acid functionalization.

Plasma ashing was done with Asher device before TiO2 coating in oxygen and

nitrogen environment for varying time periods. Before surface modification a

CNT solution was prepared by mixing isopropanol with as received CNT powder

and nafion binder (Dupont DE520 Nafion R©). The solution was sonicated with

ultrasonic bath and stirred with magnetic stirrer until obtaining a homogeneous

CNT solution. The obtained solution then was cast onto Ni-foam and dried in

furnace at 60oC.

For CTAB surface modification, a deionized water solution was prepared with

1 wt% CTAB powder. The solution was mixed with as received CNT with 1

g/L ratio. The final solution was then sonicated with ultrasonic bath for 1 hour.

After the sonication the mixture was centrifuged 5 times in order to remove the

residuals. The remaining powder was then dried in furnace at 60oC. Finally a

solution was prepared with remaining CTAB functionalized CNT (fCNT(CTAB))

powder, isopropanol and nafion binder and casted onto Ni-foam as explained

before.

For acid functionalization, as received CNTs were added to HNO3/H2SO4 (1:3)

solution. The solution was mixed with magnetic stirrer at 70oC for 2 hours. After-

wards %5 HCI was added to the mixture. The final solution was vacuum filtered

and simultaneously washed with deionized water for several times. The fCNTs
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were dried at 60oC for several days. A solution was prepared with acid function-

alized CNTs (fCNT(acid)), isopropanol and nafion binder and the solution was

casted onto Ni-foams.

2.1.1.2 TiO2 Coating with ALD and Annealing

The obtained fCNT-Ni-foam samples were coated with TiO2 by using Savan-

nah S100 ALD reactor (Ultratech Inc.). The substrate temperature was kept at

150oC during ALD process using Ti(NMe2)4 and H2O as titanium and oxygen

precursors, respectively. Before deposition, Ti(NMe2)4 precursor was pre-heated

to 75oC for sufficient vapor pressure and N2 was employed with a flow rate of

20 sccm as the carrier gas. After TiO2 coating, cathodes were annealed using a

tube furnace in argon atmosphere. Samples were subjected to argon flow for 30

minutes for purging the tube prior to annealing. Samples that were functional-

ized with CTAB heated up to 650oC at a rate of 3oC/min. After waiting 1 hour

at 650oC and then left to cool down. Samples that were functionalized with acid

heated up to 450oC at a rate of 5oC/min and be waited at 450oC for 30 minutes.

The annealed cathodes were denoted as ”-Ann” after the name of the specific

cathode.

2.1.2 Li-O2 Battery Cell Configuration

Li2O2 batteries were prepared in glovebox in argon atmosphere without exposing

the air environment. A Swagelok type battery cell is used. Pure Li metal (Sigma

Aldrich) used as anode material. Celgard and Glassfiber C (Whatman) were used

as separators. 0.5 M LiTFSI-4G was used as ether based electrolyte. TiO2 coated

multiwalled carbon nanotubes were used as cathode material. The battery cell

and inner components were first washed and then rinsed with deionized water,

ethanol and acetone respectively. After drying the battery cell, the inner com-

ponents and the previously prepared cathode were waited overnight in vacuum

furnace at 70oC and then take into the glovebox. A schematic representation of
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Figure 2.1: Schematic representation of Li-O2 battery cell configuration.

the battery configuration is shown in Figure 2.1. A stainless steel mesh was used

for oxygen gas diffusion and another stainless steel current metal was used for

current collector. Prepared batteries were rested for 8 hours and than filled with

ultra pure oxygen gas (0.5 bar) before electrochemical testing.

2.2 Characterization

Throughout the thesis study several characterization devices were used to investi-

gate the various properties. Cathodes were characterized before and after battery

operations. FEI Tecnai G2 F30 Transmission Electron Microscopy (TEM), FEI

Quanta 200 FEG Environmental Scanning Electron Microscope (SEM), Thermo

Scientific X-ray Photoelectron Spectrometer (XPS) and PAN analytical XPert X-

ray Diffractometer with Cu Kα radiation (XRD) were the used characterization

devices.
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The TiO2 coated CNTs were visualized by TEM. In order to prepare TEM

sample, a small piece of the cathode sample was taken and put in a glass vial

which is filled with pure isopropanol. The vial was sonicated in ultrasonic bath

for 30 minutes. After the sonication a little amount of the solution was dropped

onto copper grid with micro pipette and air dried.

Pristine and battery cycled cathodes were also visualized with SEM. Batteries

that finished the operation were disassembled in glovebox and the cycled cathodes

were taken out. The cycled cathodes were washed in glovebox with acetonitrile

(¡3 ppm water content) and let to dry in glovebox for further analyses. The cycled

cathodes than carried to SEM chamber with an argon filled airtight container.

Pristine and battery cycled cathodes were also analyzed with XPS to investi-

gate the stability of the cathodes. The sample preparation of cycled cathodes for

XPS is exactly same with SEM.

Figure 2.2: XRD sample preparation scheme for analyzing the crystallization of
TiO2 after annealing.
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In order to investigate crystallization properties of the TiO2 coated CNTs XRD

analyses were carried out. Firstly a thick solution is prepared with previously acid

functionalized CNT and isopropanol. The solution was then casted onto a silicon

wafer (Si-wafer) and dried in the furnace at 60oC. The CNT-Si-wafer sample

then TiO2 coated by ALD. The coated sample was then annealed with the same

conditions used for battery cathodes, while one TiO2-CNT-Si-wafer sample left

without annealing for comparison. Finally, the prepared samples were analyzed

with XRD before and after annealing. A schematic representation of XRD sample

preparation is shown in Figure 2.2

2.3 Electrochemical Tests

Figure 2.3: Landt CT2001 multichannel potentiostat/galvanostat.

Electrochemical tests were conducted with Landt CT2001 multichannel poten-

tiostat/galvanostat (Figure 2.3) at 100 mAg−1 current rate between 2 to 4.5 V

potential window. The average cathode mass is 0.7 mg which is the weight of

CNT and TiO2 in the cathode.
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The battery tests were conducted through full capacity discharge and charge

cycles. The batteries were either subjected to one discharge and charge cycle to

investigate the initial capacity or subjected to 5 or 20 full capacity discharge and

charge cycles to investigate the capacity retention of the relevant cathodes.

In addition to battery tests, cyclic voltammetry (CV) and impedance spec-

troscopy tests were performed via Biologic SP-150 electrochemistry instrument.

CV measurements were performed between 2 to 4.5 V, 0.5 mV/s scan rate for 2

cycles at room temperature (RT). Impedance measurements were performed on

open circuit potential between 0.1 Hz to 1MHz with 10 mV oscillation potential

at RT.
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Chapter 3

Results and Discussion

In this thesis study, a stable cathode material is produced for Li-O2 batteries. The

study undergone three main progression steps that each one follow the other. The

motivation is to build up a carbon based cathode material that can withstand

degradation upon battery cycling. Carbon based materials, in our case carbon

nanotubes (CNT), have many advantages as a cathode material in Li-O2 batteries

such as high surface area, high porosity, high electrical conductivity, lightweight

and very good oxygen reduction reaction activity. However they are very unstable

in Li-O2 battery environment especially upon battery cycling. To be able to

benefit from the appealing advantages of CNTs in a longer time scale, a protective

TiO2 layer was coated on the surface of CNTs by atomic layer deposition (ALD)

method.

In this chapter, the production steps, battery performance and the stability of

the mentioned cathode materials were explained and discussed under three sep-

arate sections: 3.1 CNT Surface Modification, 3.2 Optimization of TiO2 Coating

and 3.3 Stability Tests of Li-O2 Battery Cathode.
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In the first section, three different CNT surface modification techniques were

discussed with TEM images and battery results. CNTs necessitate a surface mod-

ification step prior to TiO2 coating in order to open up functional groups that

molecules can attach to. At first plasma ashing method was tried for surface mod-

ification however this method was found to be unreliable since a consistent coating

could not be obtained on several different coating conditions of ALD. Secondly

CTAB surface modification method was tried, which is a surfactant material that

absorbs on the CNT surface and lowering the surface energy. Even tough some

promising results were obtained with this surface modification method, it was

then realized that the method was not stable against annealing and also some

residues can not be washed away after the surface modification. Finally an acid

functionalization method was tried as a surface modification. Fortunately very

promising results could obtained from this method even with very few ALD cycle

coatings.

In the second section, the optimization of TiO2 coating was discussed. Several

ALD cycles had been tried from 100 cycles to 1 cycle. With decreasing the ALD

cycles coating thickness was decreased and battery capacity was increased. The

optimum one was found to be 5 ALD cycles with sub-nm TiO2 coating.

In the final section the stability of the produced cathodes was investigated

by XPS characterization and SEM imaging of before and after battery cycling.

Consequent characterization results proved that TiO2 coating indeed lowered side

product formations on cathode electrolyte interface upon battery cycling and

increase the stability compared to bare CNT.
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3.1 CNT Surface Modification

Surface modification is basically introducing chemical functional groups into a

surface. By surface modification, various properties of the materials like rough-

ness, [81] hydrophilicity, [82] surface charge, [83] reactivity [84] etc. can be mod-

ified.

Since its discovery CNT attracted huge amount of attention from the fields

of nanotechnology, electronics, optics to material science and energy thanks to

its extraordinary electrical, thermal, mechanical and optical properties. [85–87]

However CNTs almost exclusively necessitate a prior surface modification process

to benefit from its properties which are hindered by their intrinsic poor solubility

and processability. [88] Surface modification of CNTs can either be performed

via chemical methods or non-covalent wrapping methods. [89–91] In this par-

ticular study, as mentioned before, the idea was to coat CNTs with a uniform

TiO2 protective layer by ALD to prevent side product formation happening on

cathode electrolyte interface. However CNTs have hydrophobic surfaces so they

lack functional groups for film deposition to happen. To overcome this prob-

lem, surface modification methods were performed to as received CNTs. In this

section the performed surface modification techniques will be discussed and the

representative coating results will be presented.

3.1.1 Plasma Ashing

Plasma ashing is a surface treatment technique. In this technique a plasma source

is used to generate so called reactive species and these reactive species are sent to

the treated surface to open up functional groups. [92] Plasma ashing is generally

used for photoresist removal in semiconductor manufacturing. [93,94]

Plasma ashing was performed to CNT-Ni-foam samples before TiO2 coating.

The cathode that functionalized with plasma ashing (P) and 100 ALD cycles of

TiO2 (100T) coating (P-100T) had been tried. TEM images of the P-100T are
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Figure 3.1: a) TEM Images of P-100T cathodes. White bars indicate 5 nm in
scale, b) Battery performance of P-100T cathode at 100 mAg−1 current rate.

presented in Figure 3.1a). As can be seen from the figure, successful coating of 2-5

nm TiO2 was obtained, however the cathode showed a rather low capacity at 100

mAg−1 current rate as can be seen from Figure 3.1b). This was most probably

because the low electrical conductivity of comparatively thick amorphous TiO2

layer. [95]

In order to increase the capacity, lesser ALD cycles decided to be tried. At

first 25T decided to be tried however a successful coating couldn’t be achieved

as can be seen from Figure 3.2. The first idea that come to mind was the ALD

cycles weren’t enough and an optimum cycle number need to be found to achieve

in order to have a very thin and uniform coating.
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Figure 3.2: TEM Images of P-25T cathodes. White bar indicate 5 nm and black
indicate 2 nm in scale respectively.

Then 50T decided to be tried. A couple of TEM images is presented in Figure

3.3. Even tough ALD cycle number was doubled, CNT surfaces seem to be bare

which means again there was no coating.

The battery test of P-25T and P-50T cathodes also had been performed which

are presented in Figure 3.4. P-25 and P-50 cathodes showed higher capacities

compared to P-100 cathode due to increased conductivity but since the coating

didn’t happen they wouldn’t be stable against battery cycling.

At this point it was decided to adjust the parameters of plasma ashing to

be able to induce more proper surface modification. On the previous surface

modifications 2 minutes of plasma ashing was performed. It had been decided

to increase the surface modification time. However doing plasma ashing more

than 2 minutes resulted in material loss by CNT burn out and detaching from

Ni-foam. This being the case, over surface treatment possibility is considered and

it had been decided to decrease the plasma ashing time. To enable a reasonable

comparison, P-75T with 2, 1,5 and 1 minutes of plasma ashing were tried. In
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Figure 3.3: TEM Images of P-50T cathodes. Black bar indicate 2 nm and dashed
bar indicate 10 nm in scale respectively.

Figure 3.4: Battery performance comparison of P-100T, P-50T and P-25T cath-
odes at 100 mAg−1 current rate.
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Figure 3.5: TEM images of P-75T cathodes at a) 1,5 and b) 2 minutes of plasma
ashing. Dashed and white bars represent 10 and 5 nm respectively.

Figure 3.5 the TEM images of these samples are shown. Unfortunately a proper

TEM image of 1 minute plasma ashed sample couldn’t be obtained, nevertheless,

a successful coating did not happen neither for 2 nor for 1.5 minutes plasma ashed

samples. It finally had been decided that plasma ashing was not a consistent and

reliable surface modification method and another method decided to be applied

for CNT surface modification.
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3.1.2 CTAB Surface Modification

CTAB (Cetyl trimethylammonium bromide, (C16H33)N(CH3)3Br) is a quater-

nary ammonium surfactant. It is commonly used in chemical and biological

synthesis. CTAB is absorbing to the target surface and lowering the surface

energy. [96].

After the surface modification of CNTs with CTAB as explained in materials

and methods section, C-25T, C-50T, C-75T and C-100T cathodes were prepared

by coating with 25, 50, 75 and 100 ALD cycles of TiO2 respectively. As can

be seen from Figure 3.6a, b and c), TiO2 was grew on C-25T, C-50T and C-

75T cathodes as nanoparticles rather than a uniform coating. Dark field TEM

images more clearly demonstrate the nanoparticle like formations. Only in C-

100T cathode a considerable TiO2 coating was obtained with some partially not

coated regions.

Battery cycling test of these cathodes were also performed. In Figure 3.7 first

discharge and charge curves of these cathodes are shown. Additionally battery

test of bare CNT cathode was also performed for comparison. The coated cath-

odes showed considerably reasonable and similar capacities however lower than

CNT cathode since it has a lower weight and higher electrical conductivity. Even

tough CTAB residues were cleaned several times with deionized water after the

surface modification, as explained in Materials and Methods chapter, there might

be some remaining, which is the reason of extra weight apart from TiO2 coat-

ing. It is important to mention that coated cathodes showed noticeably lower

over-potential compared to CNT cathode, which can be explained with catalytic

affect of TiO2. Nevertheless it is safe to say that all four coated cathodes showed

comparable battery performances.

As deposited TiO2 was in amorphous form since the deposition was performed

under the crystallization temperature of TiO2. [97] In order to increase the elec-

trical conductivity, it was decided to introduce an annealing step to the cathode

preparation to obtain a crystalline TiO2 phase. One pair of C-50T and C-100T

cathodes were prepared. The cathodes were then annealed at 650oC as explained
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Figure 3.6: TEM images of a) C-25, d) C-100 and Dark field TEM images of b)
C-50 and c) C-75 cathodes. Black, dashed and white bars indicate 10, 50 and 20
nm in scale, respectively.
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Figure 3.7: Battery performance comparison of C-25, C-50, C-75, C-100 and bare
CNT cathodes.

in Materials and Methods chapter, which are denoted as C-50T-Ann and C-100T-

Ann, respectively. TEM images of these cathodes were taken before and after

annealing procedure (Figure 3.8) Previously prepared P-100T sample was also

annealed with same parameters to compare the effect of the annealing to CTAB

and Plasma Ashing functionalized TiO2 coatings.

As presented in Figure 3.8, TiO2 coating on C-50T and C-100T cathodes came

off and agglomerated into big nanoparticles after annealing. This means TiO2

was not firmly absorbed to the CNT surface and not stable at the annealing

temperatures. In the case of P-100T-Ann cathode (Figure 3.8f)), TiO2 coating

was almost preserved. It is worth noting that, for all samples TiO2 annealing was

happened considering the visible crystalline epitaxial layers.

The reason behind the agglomeration of TiO2 after annealing was probably

CTAB itself. The surfactant that was absorbed on CNT surface was lifted off after

annealing with the coated TiO2, which then agglomerate into spherical particles.

The comparatively stable TiO2 after annealing on plasma ashing functionalized

CNT, support this idea. In order to create a clearer image of the behavior of

CTAB functionalized TiO2 coated cathodes on annealing, a couple of additional

outlook TEM images are given in Figure 3.9. As can be seen from the figure,
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Figure 3.8: TEM images of various cathodes before and after annealing: a) C-50T,
b) C-50T-Ann, c) C-100T, d) C-100T-Ann, e) P-100T, f) P-100T-Ann. Dashed,
black and white bars indicate 10, 5 and 2 nm in scale respectively.

Figure 3.9: TEM images of a) C-50T-Ann and b) C-100T-Ann cathodes. White
bars indicate 10 nm in scale.
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TiO2 forms big agglomerates after annealing.

Figure 3.10: TEM images of sheet like layers in between CNTs of a) C-50T and
b) C-100T cathodes. Black bars indicate 20 nm in scale.

One other problem that encountered was sheet like layer formation of CTAB

between CNT structures as shown in Figure 3.10 This layer was most proba-

bly CTAB residue and would lead to unwanted and indeterminable side product

formation upon battery cycling. These are being the case, CTAB surface modifi-

cation was considered unsuccessful and it had been decided to move on to another

the surface modification method.

3.1.3 Acid Functionalization

Functionalization of CNTs with the treatment of strong acids is a very common

surface modification method that used for many years. [98–100] It is basically

distorting the surface bonds of CNTs and opening up functional groups as active

sites. There are many types of acids that are used for acid functionalization. In

this study a solution of HNO3/H2SO4 was used. The functionalization method is
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Figure 3.11: a) TEM images of A-100T cathode. Black and dashed bars indicate
5 and 10 nm in scale, respectively. b) Battery cycling performance of A-100T
cathode at 100 mAg−1 current rate.

described in Materials and Methods chapter in details.

Acid functionalized CNT sample was coated with TiO2 for 100 ALD cycles (A-

100T). In Figure 3.11 TEM images and battery performance of A-100T cathode

is given. As can be seen from Figure 3.11a) , a rather thick (>5 nm) but a

uniform coating was happened throughout CNT surface. The cathode showed a

very small battery capacity at 100 mAg−1 current rate because of low electrical

conductivity of thick TiO2 layer (Figure 3.11b)). However the capacity retention

for 5 battery cycles was quite good, indicating the stable feature of the cathode

because of TiO2 protective layer.
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Figure 3.12: TEM images of a) A-50T, b) A-30T and c) A-20T cathodes. White
bars indicate 5 nm in scale.

In order to obtain higher battery capacities with lowering the coating thick-

ness, ALD cycles were decreased periodically. In Figure 3.12, TEM images of

A-50T, A-30T and A-20T cathodes are given. Considering these three cathodes,

the TiO2 coating thicknesses are almost same while uniformity of the coating was

not affected by decreasing ALD cycles. This is the sign of a successful function-

alization process.

3.2 Optimization of TiO2 Coating

Acid functionalized CNT cathodes had been coated successfully with ALD cycles

starting from 100 to 20. This shows that acid functionalization was the best choice

among the other functionalization techniques. After this point, an optimum

coating was tried to be found by investigating the TEM images and battery

performances simultaneously.

39



Figure 3.13: Discharge capacity retention comparison of A-50T, A-30T and A-
20T cathodes on full 20 discharge and charge battery cycles at 100 mAg−1 current
rate.

In order to see the battery performance of A-50T, A-30T and A-20T cathodes,

batteries were prepared and tested. The batteries were subjected to full discharge

and charge battery cycling for 20 cycles at 100 mAg−1 current rate between 2 to

4.5 voltage range. In Figure 3.13 gravimetric capacity retention of these cathodes

are presented. As can be seen from the figure, the average capacities of these

three cathodes are also very similar. To be more precise, the average capacity

of A-30T cathode was increased compared to A-50T cathode (270 mAhg−1 vs.

220 mAhg−1, respectively) as expected by decreasing the ALD cycles. However

the average capacity of A-20T cathode is comparatively lower (170 mAhg−1),

even tough the capacity of the first battery cycle was the highest. Nevertheless,

since the TiO2 coating thickness of the three cathodes are very similar, it is

understandable to observe such similar battery capacity values.

The important point here to notice is the capacity retention. All three cathodes

showed very good capacity retention behavior on 20 full discharge and charge

cycles, which shows the stability of the coated cathodes despite the fact that

they still have relatively low capacity values for a Li-O2 battery.
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Figure 3.14: XRD pattern of TiO2 coated CNTs before and after annealing. CNT-
TiO2 Annealed pattern perfectly matches with Anatase phase TiO2 (JCPDS file
21-1272). The peaks that are marked with asterisk are originating from Si-wafer,
which the analyzed samples are casted on.

At this point it had been decided to anneal the cathodes to obtain crystalline

TiO2 coatings alongside CNT surface in order to increase the electrical conduc-

tivity and subsequently reaching higher capacity values. This time the annealing

parameters had been changed to preserve the uniform coating at the anneal-

ing temperatures. In order to do this the annealing temperature decided to be

lowered to 450oC from 650oC and waiting time to 30 minutes from 1 hour. In

order to prove a crystalline phase is obtained after annealing, a separate XRD

characterization process was performed. The XRD sample was prepared as it

was explained in Chapter 2; a dense solution of isopropanol and previously acid

functionalized CNT was prepared and casted onto a silicon wafer (Si-wafer) and

dried. The sample was then coated with TiO2 by ALD and annealed with the

above mentioned parameters, while one TiO2-CNT-Si-wafer sample left without

annealing for comparison. In Figure 3.14, the XRD patterns of this samples are

given. As can be seen from the XRD patterns, the annealed TiO2 transformed to

crystalline anatase phase from amorphous phase, which proves the crystallinity

after annealing.
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Figure 3.15: TEM images of a) A-50T-Ann, b) A-30T-Ann and c) A-20T-Ann
cathodes. Black and white bars indicate 10 and 5 nm in scale, respectively.

TEM images of the A-50T-Ann, A-30T-Ann and A-20T-Ann cathodes are

given in Figure 3.15. As can be seen from the figure, uniformity of the TiO2

coating was almost completely preserved after annealing. After the annealing

process, batteries were prepared with the cathodes and subjected to full discharge

and charge battery cycling for 20 cycles at 100 mAg−1 current rate like previous

ones. In Figure 3.16 gravimetric capacity retention of these cathodes are pre-

sented. The batteries showed a significant capacity increase as can be seen from

the figure. This corresponds to aforementioned electrical conductivity increase

of the annealed cathodes due to crystallinity of TiO2. This time A-20T-Ann

cathode showed the highest average capacity (1200 mAhg−1) as expected, which

followed by A-30T-Ann (600 mAhg−1) and A-50T-Ann (450 mAhg−1) cathodes.

Moreover, the capacity retention of the batteries on 20 full discharge and charge

cycles are perfect regardless of the capacity value, which again proves the stability

of the TiO2 coated cathodes.
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Figure 3.16: Discharge capacity retention comparison of A-50T-Ann, A-30T-Ann
and A-20T-Ann cathodes on full 20 discharge and charge battery cycles at 100
mAg−1 current rate.

In these 20 battery cycles there are some sudden or slow but progressive ca-

pacity increase or decrease as can be noticed from the Figure 3.16. In order to

understand this behavior, first it is important to point out again that the bat-

teries were cycled on full discharge and charge cycles. This means the capacity

value at the end of each discharge can not be expected to be same on each cycle.

If the capacities follow a straight-like path, as in the case of Figure 3.16, it can be

considered as a good capacity retention. Considering the sudden capacity jumps;

it is clear that the sudden changes are just for that specific cycles because on the

following cycles the capacity line continues where it was left of. The most possible

explanation for this behavior is the temperature change in the environment while

battery operation. The temperature can affect the battery performance as it is

stated in many studies [101–103]. Unfortunately the batteries were operated in

an environment that is temperature can not be controlled. However, the overall

behavior of the battery was stable.

In the light of good results of decreasing the ALD cycles and annealing, it had

been decided go further on. A-10T-Ann, A-5T-Ann and even A-1T-Ann cath-

odes were prepared. In Figure 3.17 TEM images of A-10T-Ann, A-5T-Ann and
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Figure 3.17: TEM images of a) A-10T-Ann, b) A-5T-Ann, c) A-1T-Ann and d)
Acid functionalized CNT. Black and white bars indicate 2 and 5 nm in scale,
respectively.
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Figure 3.18: Discharge capacity retention comparison of A-10T-Ann, A-5T-Ann,
A-1T-Ann and A-CNT cathodes on full 20 discharge and charge battery cycles
at 100 mAg−1 current rate.

A-1T-Ann cathodes and acid functionalized CNT (A-CNT) are given. As can

be seen from the figure, uniform and ultrathin TiO2 coatings were obtained on

A-10T-Ann and A-5T-Ann cathodes. Effective TiO2 thicknesses on these sam-

ples were below a single nanometer, corresponding to less than a few monolayers.

It is important to note that since the coating is ultra thin, it is extremely chal-

lenging to obtain a uniform coating alongside the high-surface area CNT walls.

Nevertheless, high-resolution TEM analysis confirmed that we were able to ob-

tain uniform, conformal, and sub-nm TiO2 coatings with the help of effective

acid functionalization of the CNTs surface (Figure 3.17). However for A-1T-Ann

cathode, TiO2 coating almost did not happened. If the TEM images of A-1T-Ann

and A-CNT are compared, it can be seen that CNT surfaces of both cathode are

bare. This is in fact understandable since one ALD cycle is correspond to one

monolayer amount of precursor and it is almost impossible to actively coat all

the CNT surface with such a less amount.
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Figure 3.19: Discharge capacity retention comparison of A-1T-Ann and CNT
cathodes on full 20 discharge and charge battery cycles at 100 mAg−1 current
rate.

In Figure 3.18, a comparison of battery performances of A-10T-Ann, A-5T-

Ann, A-1T-Ann and A-CNT are given. The cathodes were subjected to 20 full

discharge and charge cycles at 100 mAg−1 current rate. At the first cycle A-10T-

Ann, A-5T-Ann and A-CNT cathodes showed very similar capacities however

on the following cycles while A-CNT cathode was loosing its capacity, A-10T-

Ann and A-5T-Ann cathodes showed excellent capacity retention with higher

capacities. A-1T-Ann on the other hand showed a strange capacity retention

behavior. Even tough the capacity of A-1T-Ann cathode increased extremely

until the 10th cycle, it drop down dramatically on the following cycles. Since

A-1T-Ann cathode does not really have a TiO2 coating, the first thing come

to mind was it might show the behavior of a A-CNT cathode. However A-

CNT cathode showed a rather different capacity retention behavior and also a

much lower capacity. Having considering A-1T-Ann cathode was went through an

annealing process, the functional groups on the surface of the CNTs were most

likely be deactivated and for this reason it is thought that A-1T-Ann cathode

might show a similar capacity retention behavior to bare CNT cathode. At this

point a bare CNT cathode was decided to be tested for battery performance

in order to compare it with A-1T-Ann cathode and also the coated cathode
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for an overall comparison. As shown in the Figure 3.19, the capacity retention

behavior of A-1T-Ann and bare CNT cathodes are quite similar in terms of

capacity increase in the first cycles following by a dramatic drop in the further

cycles. CNT cathode however reached much larger capacity values because of

lower weight and higher overall surface area for discharge products to grow on

since functionalization, TiO2 coating and annealing processes probably result in

some entanglement, pore clogging and as a result lower surface area.

3.3 Stability Tests of Li-O2 Battery Cathode

After many trial on surface modification techniques and optimization studies on

TiO2 coating by ALD, annealed acid functionalized CNT with 5 ALD cycles TiO2

coating (A-5T-Ann) was chosen to be the ultimate cathode recipe for a stable

cathode for Li-O2 batteries in this study. In this section the electrochemical and

battery performances along with cathode stability of A-5T-Ann cathode will be

investigated and compared with non-coated CNT cathodes.

In order to compare the electrochemical activity of CNT and 5T cathodes,

cyclic voltammetry (CV) analyses were performed for each cathodes. (Figure

3.20) Cathodic and anodic peaks for each electrodes represent reversible electro-

chemical reactions. Peaks at ∼2.55 V and ∼3.25 V represent Li2O2 formation

and decomposition, respectively for both electrodes. The electrodes were both

subjected to two CV cycles.

On Li2O2 formation peak, both electrodes showed an increase in the potential

on the second CV cycle, which might be related to a possible surface activation

upon cycling. On the other hand, while Li2O2 decomposition peaks on the first

and the second CV cycles for 5T electrode are in the same potential, the first

peak for CNT electrode is shifted from 3.23 V to 3.29 V on the second CV cycle.

The increase in the potential of second CV cycle indicates that overpotential was

increasing upon cycling, which was probably due to side product formation on

CNT cathode surface.
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Figure 3.20: CV curves of a) CNT, b) A-5T-Ann electrodes
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In Figure 3.21, full capacity discharge and charge curves of 1st, 5th, 10th and

20th battery cycles of CNT (Figure 3.21a)) and A-5T-Ann (Figure 3.21b)) are

presented. Considering A-5T-Ann and first few cycles of CNT cathodes, dis-

charge curves have a single and horizontal plateau around 2.7 V until reaching

full capacity, which indicates a well-established discharge reaction. Charge curves

showed several different plateaus until reaching the cut-off potential. This was

explained by heterogeneous structural properties of the cathode [48] or disinte-

gration of different Li2O2 morphologies in different sizes during charge [103] in

some previous studies.

Since battery cells were subjected to full-capacity cycles, it is rather expected

to observe slightly different capacities as cycling proceeds as mentioned before.

Nevertheless there is one critical point to discuss. Interestingly, all cathodes

showed a fairly significant capacity increase in the first few cycles on full capac-

ity battery cycling. Such capacity increase was also observed in some previous

studies. [104, 105] Meini et al. [106] attributed this behavior to the differentia-

tion of electrolyte composition with its decomposition at high potentials. This

explanation is coherent with our observations since electrolyte decomposition is

evidenced as further discussed below. On the other hand, as an educated guess,

this behavior might be related to a possible surface activation of the relevant

cathode upon cycling until reaching the real capacity value of the cathode. This

is not actually a proved idea since there is not much published research studies

that working with full capacity battery cycling of Li-O2 batteries, however having

experiencing this behavior on all the cathodes, it might actually be the reason.

Non-coated CNT cathode showed a relatively high discharge capacity at the

first few cycles, which is consistent with its naturally high gravimetric energy

density, but dropped dramatically in subsequent cycles and finally lost more than

90% of its original capacity at the 20th cycle. Similarly, A-CNT cathode, which

is the base material of TiO2 coated cathodes, showed relatively low discharge

capacity and similar to bare CNT cathode, very poor capacity retention (Figure

3.18). We relate the low capacity observed in A-CNT cathode to unused interior

surfaces and pores due to accumulation of the discharge products, Li2O2, only

on the outermost surface. This can be a result of strong interaction of functional
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Figure 3.21: Full capacity discharge and charge curves of a) CNT, b) A-5T-Ann
cathodes.
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groups presented on A-CNT’s surface with Li+ ions and O2 molecules, which

might trigger the Li2O2 formation before they could diffuse into interior surfaces

and pores.

The poor capacity retention of the non-coated CNT and A-CNT cathodes is

attributed to the cathode degradation upon battery cycling as discussed earlier.

On the other hand, ALD-grown TiO2 coated cathodes showed excellent capacity

retention behavior compared to non-coated counterparts. Among these results

A-5T-Ann, which had the thinnest TiO2 coating deposited on CNTs, showed

the best performance, reaching a capacity up to 2700 mAhg−1 even on its 15th

cycle (Figure 3.18), while featuring an excellent capacity retention. On the other

hand, A-20T-Ann and A-50T-Ann cathodes coated with TiO2 layers thicker than

a few nanometers showed rather low capacities even if the capacity retentions

were close-to perfect (Figure 3.18).

All the cycling tests were performed with the full capacity of the battery cells

in order to demonstrate the actual stability of ultrathin TiO2 coatings employed

in this study. While the full capacity of the non-coated pristine CNTs may appear

to be larger compared to coated CNTs in the beginning, the poor retention of

non-coated CNTs make this high initial capacity useless in a realistic system.

This initially lower gravimetric capacity of coated cathodes compared to non-

coated CNT can be explained by comparatively higher cathode weight of coated

cathodes. Furthermore it should also be considered that low capacity A-CNT was

used as a base material for TiO2 coating and the capacity of A-CNT cathodes

actually increases after TiO2 coating.

Figure 3.22 shows the Nyquist plot of CNT and A-5T-Ann electrodes before

and after CV measurement, which conducted at open circuit potential (OCV).

Diameters of semicircles in the high frequency region indicate the resistance of the

electrodes. The resistances coming from the battery cells are same for each elec-

trodes. As expected, the diameter of semicircle is higher in A-5T-Ann compared

to CNT electrode, which indicates electrode resistance is higher in A-5T-Ann.

This is actually the reason why CNT cathode shows higher battery capacity

compared to A-5T-Ann. However, after CV measurement, the diameter of the
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Figure 3.22: Nyquist plots of the impedance measurements of a) CNT, b) A-5T-
Ann electrodes. OCV values for CNT electrode before and after CV are 2.786 V
and 3.364 V respectively, and for A-5T-Ann electrode before and after CV are
3.116 V and 3.393 V, respectively.
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semicircle is increased dramatically for CNT electrode after CV cycling while it

remains the same for A-5T-Ann electrode. This was most probably because of the

side product formation on CNT electrode surface after cycling, which decreased

the electrical conductivity.

XPS analysis of pristine, meaning as prepared, and battery cycled cathodes

was performed in order to assess the stability of TiO2 coated and non-coated

CNT cathodes. C1s and O1s XPS spectra of before and after battery cycling of

A-5T-Ann and CNT cathodes are shown in Figure 3.23a and b). Considering C1s

spectra, before battery cycling, C=C sp2, C-C sp3, and C-O peaks at 284.8, 285.3,

and 287.3 eV binding energies respectively, can be observed for both cathodes.

[107, 108] After 20 full capacity battery cycles, which were finished on charging

state in the last cycle, carbonate peak (O=C-O) at 289.8 eV, which is the sign of

side product Li2CO3, is visible in addition to other peaks. For A-5T-Ann cathode,

C=C/C-C peaks still have the highest and almost same intensity and carbonate

peak has comparatively much lower intensity after 20 full capacity battery cycles.

On the other hand, for CNT cathode, carbonate and C-O peaks have the highest

intensities after 20th charge and C=C/C-C peaks were diminished, which confirms

that side products were dominating and covered the surface of CNT cathode.

Additionally, a peak corresponding to CF2 at 292 eV [109] is also detected,

which is most probably related to electrolyte decomposition.

In O1s spectra of the A-5T-Ann cathode, the peaks corresponding to Ti-O

bonds [107] exhibit the same intensity before and after battery cycling, which

indicates the endurance of the TiO2 coated cathode. The increased carbonate

and C-O peaks intensities are most probably related to electrolyte decomposition

in addition to unhindered cathode degradation. However for CNT, electrolyte

decomposition related C-O and cathode degradation related carbonate peaks arise

abruptly after 20th charge. It can also be seen from Figure 3.24 that, Li1s spectra

of A-5T-Ann and CNT cathodes after 20 full capacity battery cycling, there is

comparatively much more lithium product left on CNT surface than on A-5T-Ann

cathode surface at the end of 20 cycles considering the broad range of lithium

peaks. It is critical to emphasize again that a certain amount of electrolyte

degradation was happening due to high voltages, which appears as an increase in
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Figure 3.23: a) C1s and b) O1s XPS spectra of CNT and A-5T-Ann cathodes in
their pristine state and after cycling at the end of 20th charge.
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Figure 3.24: Li1s XPS spectra of CNT and A-5T-Ann cathodes after full capacity
battery cycling at the end of 20th charge.

carbonate, C-O and corresponding lithium peaks for A-5T-Ann cathode after 20

full-capacity cycling.

These XPS results prove that; conformal and ultrathin TiO2 indeed works

as an effective protective layer, which substantially reduces the carbon cathode

degradation upon battery cycling.

Finally, SEM imaging of pristine and cycled cathodes were carried out to

further prove the stability of A-5T-Ann cathode. In Figure 3.25, SEM images

of A-5T-Ann and CNT cathode surfaces before and after battery cycling are

presented. While ALD TiO2 coated CNTs are still clearly visible and almost did

not change at all after 20th charge for A-5T-Ann cathode, CNTs on CNT cathode

are completely buried by side products. This observation clearly visualizes the

reason for dramatic capacity fading of CNT cathode upon battery cycling while

showing the effect of protective conformal ALD coatings, even at the sub-nm

scale.
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Figure 3.25: SEM images of a, b) A-5T-Ann and c, d) CNT cathodes in their a,
c) pristine state and b, d) after cycling at the end of 20th charge.
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Chapter 4

Conclusions

Energy demand is an essential issue in human life since the very beginning of the

human history. It would not be an exaggeration to say that people need energy

in every part of their life to live. In the early times it was only necessary for very

basic needs like getting warm and nourishment but as the time passed it varied

exponentially. In the modern times energy is necessary for almost every aspects

of human life such as illumination, transportation, communication, entertainment

etc. along with the very basic needs, like the old times. By the development of

technology, energy demand is expanding with an increasing rate and becoming a

more pronounced issue day by day.

Transportation forms a large part of the energy demand since the invention

of motor vehicles and fossil fuels are the main energy source almost since the

beginning. The popularity of fossil fuels as an energy source did not diminish

for many years because of their high abundance, very easy and straightforward

working mechanism and high energy efficiency. However using fossil fuels has its

own drawbacks. First of all, fossil fuels are not very abundant anymore consider-

ing the increase amount of usage and exhausting natural sources. Secondly fossil

fuel consumption is resulting into release of environmentally harmful greenhouse

gasses that causes the global warming. These downsides push researchers to find

alternatives to fossil fuels for using in transportation. Environmentally friendly,
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high energy containing and limitless renewable energy sources like solar, tidal,

wind, hydro or geothermal provide a perfect solution to this problem. However,

these renewable energy sources are highly irregular, which means they either

bound to a specific place or a specific time. In order to be able to use renewable

energy sources in transportation, the extracted energy have to be stored. That

is why energy storage plays a very important part in this issue.

An efficient energy storage system for transportation necessitates some vital

features; low weight, high energy density and mobility. Among the energy storage

systems the most suiting one for these features is batteries. In fact batteries

are already being used in vehicles for providing small scale of energy. However,

current commercially available batteries lack the sufficient energy density to be

used as a propulsion unit in vehicles. On the contrary, there is one promising

candidate that can possibly replace fossil fuels, which is Li-O2 batteries.

Li-02 batteries are very promising candidates of energy storage systems for

electric vehicles, thanks to their exceptionally high gravimetric energy density,

which is approximately four times higher than state of art Li-ion batteries. There

are two main reasons that make Li-O2 batteries superior to Li-ion batteries. The

first reason originates from the lightweight of the active cathode material that is

used in Li-O2 batteries, which is oxygen. This is actually the most distinctive

feature of all metal air batteries. The second reason is the energy capacity of

Li-O2 batteries is not limited by the intercalation mechanism like Li-ion batteries

rather it has extensive reaction sites for discharge products to form. Nevertheless,

Li-O2 batteries suffer from some major problems that need to be overcomed in

order to be commercially realized. These problems are centered around unstable

cathode and electrolyte materials. In this thesis study, unstable cathode material

problem for Li-O2 batteries tried to be addressed and thankfully very promising

results were obtained.

Li-O2 batteries consist of three main compartments; a lithium anode, an ioni-

cally conductive but electrically insulative electrolyte material and one electrically

conductive, high surface area cathode material. The main working mechanism of

Li-O2 batteries is like the following: On discharge Li+ ions from lithium metal go
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through to electrolyte and react with O2 molecules and reduce to form the main

discharge product, Li2O2, on the cathode surface and generate electricity. On

charge, the dicharge product, Li2O2, disintegrate to Li+ ions and O2 molecules

with an external energy supply.

In Li-O2 batteries carbon based materials are frequently used as a cathode

material because of its exceptional properties like high surface area, high poros-

ity, high electrical conductivity and lightweight. However carbon based materials

are not stable upon cycling in Li-O2 battery environment. The instability arises

especially on cathode electrolyte interface at high voltages. The formed Li2O2

is reacting with carbon to form unwanted side products like Li2CO3, which ac-

cumulate on the cathode surface and result into capacity fading upon battery

cycling.

The motivation of this study is to take the advantages of the carbon based ma-

terials as a cathode material for Li-O2 batteries while preventing it from degrada-

tion by producing a stable carbon based cathode material. In order to do this, an

ultra thin and uniform layer of TiO2 is coated by atomic layer deposition method

to CNT surface to prevent unwanted interactions on cathode electrolyte interface

in battery operations while allowing the main battery reactions to happen.

ALD necessitates a hydrophilic surface with functional groups attached to it.

However CNTs have a hydrophobic surface so in order to be able to coat CNTs

surface with TiO2 by ALD, a prior surface modification process to the CNTs

need to be performed. Three different surface modification processes were per-

formed in this study; plasma ashing, CTAB and acid functionalization. Among

this three, the most successful and reliable surface modification method was acid

functionalization. After this process the next step was the optimization of TiO2

coating. Several ALD cycles had been tried; from 100 cycles to 1 cycle, in or-

der to find out the optimum ALD cycles for coating. TEM imaging and battery

tests were performed to each coated cathode simultaneously. Battery tests were

performed under full capacity discharge and charge cycles to be able to produce

a cathode that is stable under the conditions as near as possible to the commer-

cialized battery systems. After several characterization tests and discussions, 5
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ALD cycles TiO2 coated and annealed cathode (A-5T-Ann) was found out to

be the best coating recipe for a stable Li-O2 batteries in this study. Additional

cyclic voltammetry and impedance spectroscopy measurement results were also

showing the enhanced stability of TiO2 coated CNTs compared to bare CNTs.

In order to prove the stability of this cathode XPS characterization and SEM

imaging were performed. XPS characterization results revealed that TiO2 coating

on CNT dramatically reduces the side product formation upon battery cycling

compared to bare CNT cathodes. A-5T-Ann cathode showed excellent stability

and capacity retention after 20 full discharge and charge battery cycles. On the

other hand, the capacity of CNT dropped almost 90% after 20 battery cycles.

SEM images also revealed that the surface of CNT cathode was completely cov-

ered with side products after 20 battery cycles while it was almost completely

unchanged for A-5T-Ann cathode.
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