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ABSTRACT

Keywords: Lithium-oxygen batteries, Lion batteries, air cathode, anode, €eO

nanorods, silicon, Ti®@B, lithium iodide,nitrogen doped reduced graphene oxide, high
cycle performance

Batteries are the globablution for the future energy crisis emerging from depletisgifo
fuels and environmental issues. Even though lithiom batteries are widely
commercialized for poweng portable electronigsmaterials development for their
electrodes has never stopped. In this Ph.D. thesis, metal and metal oxides decorated
grapher-based electrode materials were developed to sustain long term operation and
enhance Ldon storage camity. Moreover, LiOz as the nexgeneration batteries were
studied to compensate for immense energy demand in the automotive and aerospace
industry. Anew catalyst material was developed to be used as their porous air cathode

partaking in oxygen evolutioreactions (OER) and oxygen reduction reactions (ORR).

The graphene oxide (GO) utilized in this study was synthesized by the improved
Hu mme r s 0 Thara strasgbtforward, orstep thermal route has been established
to fabricate reduced(rGO) and nitrgendoped reduced graphene oxide (NrGO)
electrodes with remarkable lithiuian storage properties. The electrochemical properties
of the rGO and NrGOlectrodes have been extensively companed Li-ion halfcell.

The NrGO electrodes exhibited a reversibapacity of 240 mAhyat a high current of

10 Ag? after 500 cycles of operation with 90 % capacity retention.

Further, we have investigated the skgistic effect of NrGO and nanotubular B
achieve high rate capabilities with high discharge c#éipadhrough a simple, orstep

and scalable method. First, hydrogen titanate nanotubes were hydrothermally grown on



the surface oNrGO sheets and timeconverted to a mixed phase of #iB and anatase
by thermal annealing. The prepared anode showed ke stegcharge capacity of 150

mAhg™ at 1C current rate after 50 cycles.

Moreover, we introduced a simple and eeective spraydrying method to falcate a
layered (sandwiclike) anode structure using Si nanoparticles (NPs) and rGO. The Si
NPs weresynthesized by the magnesiothermic reduction of. &hoparticlesBy a
scalable and straightforward spraying/drying method, we embedded Si NPs between t
layers of rGO sheets. The sandwlite structure, which successfully contains the
expansion of Sparticles protecedthe anode from detrimentabnditions With this new

and uncomplicated productieechnique, theGO-Si-rGO anode after 50 cycles,asied

a high specific capacity of 1089 mAhgt 1C with 97% coulombiefficiencyand a stable

cycling performance at current densities up to 5C.

Lastly, cerium (IV) oxide (Ceg) nanorods were synthesized by hydrotherregtment

and supported on NrGO byather hydrothermal step. Herein, GAOGO catalyst
materials were studied as a@p cathode usingraaprotic electrolyte, which includes
lithium iodide (Lil) as a redorediator The results showed that the novel catalyst hybrid
of CeQ and NrGO with Li directly increased the electrochemical performance @4
battery. Their synergetic effect impraléhe kinetics of OER and ORR. The impact of
Lil on CeQ/NrGO by comparing bare NrGO air cathode was investigated for the first
time in this study. The alition of Lil decreased the overpotential up to 0.78 V in
CeQ/NrGO air cathode. CefNrGO were testeat the different current densities and
revealed a maximum capacity of 5040 mAtag 25 mAg' current density.
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OZET

Anahtar kelimeler: Li-oksijen pilleri, Li-iyon pilleri, hava katotu, anot, Ce(ano

cubuklar, silisyum, Ti@B, lityum iyodur, azot katkéelanmék indir
yé¢ksek -evirim performanseé

Pillerf osi | yakeétlarén t¢kenmesi ve - eegiresel
krizi icin evrensel¢cbzimdur Lityum iyon piller t ak énabi | i r el ektron
verebilmekicigeni Kk - apta ti pedreiklterkome snan e aske]l reean n
dur manBéuk tdéork t ora tezinde met al waenameasallé ok

elektrot malzemeléruzun - al & k ma stirgurnees ive iLityonu depolama
kapasitesini artéebmhasgéeiof amglkil kver hhwma g

yikseke ner j i t al e b iyeniinesikpdler alatak bidpa & | Ene.®Oksien

ol ukum ve i ndi r g egoreealar gdaskki ihava katda old&akd a

kul |l anél maemaik kizrerkat al i z°r mal zemesi gel:i
Bu - al e k néaldaan kgurl a faenn oksit (GO) , Hummer s
sent ezl amdi,. ocAradeam¢st ¢ | ityum iyon depol a
(rGO)veazot katkelé indirgenmik grafeneoksit

t ek adé mlyénteimo Ir u ® teu rmal d u . RGO ve Nr GO el ekt
OzellikleriLi-i yon yaré h¢kapbamkiué!l aBneéel aedk@O de ka
elektrotlarée, % 90 kapasite tut ntikyiksee 500
bi r a2dGEnmdgilik tersine cevrilebilir bir kapasite sergiledi.

Ayr éca, bdsi tv,e t°%l k- reditemmayesbkisleikr abkie m or ané
yé¢ksek dekarj kapasitel eri e'hirdsmerjigetkisieik 1 - i n
arakteéerdak, Ki Br oojlear titanat nanot ¢ pl er,

hidrotermalyéntemiyke blyutildi ve daha sonbal Griiné stavlama ile TiQ-B ve anataz

Vi



kar qaf @akd&nme kKt ¢r ¢ dg . ldevignddens anaa 4 Qotak €m0 h
150 mAhgt s a b i atj kaplasitesi gosterdi.

Ayr éca,arS-i a¢NRlkeifpw rGO kullanarakkatmn | € ( sandvi - benz
yapésé ¢retmek i -in basit ve uygun mal i yef
Si NP'ler, SiQ nan@ ar - a c érkagneaiyetermikindirgenmesiyle sentezlendi.
Olgeklenebilir ve basit bir plskirtme/kurutma yonteieigi NP'leni iki rGO katma@ n
araséna yerlektirdi k. Si gngelleyeisandvicbeazeri ni n ¢

yapé, anodu z audaBuyenivkeo kkualrlmaarkdeakn oklontay an ¢ r
50 donguden sonra rG8I-rGO anody 1C'de% 97 kulombik verimlilikle 2089 mAhg
1ik y¢ksek spesifik kapasite ve 5C'ye k.

per f ogdstardi.s €

Son olarak, seryum (V) oks{Ce®) nano ¢ubuklah i dr ot er mal i Kl eml e
bakka bir ahl éelgB@&@ile destéklendi. Burada CeMrGO katalizor
malzemeleri, lityum iyodur (Lil) redoks mediatorii iceren aprotik bir elektrolit

Kul | an®fkaartaokd uLiol ar ak i ncel epvmaNrG®numyeni Sonu -
katalizor hibritinin L+O2 pilin el ektroki myasal perfor mans
gosterdi.On | ainegik etkderi OER ve ORR Kkinet i jetkisnsalt gel i K
NrGO hava katodwu CeQ/NrGO katoty | a kar kK éll &k tkeerzé |l law ak al
araxkteéer el dé. potansiyeleGe@Nr@GOnmwkatodurala,8 Vea kadar

d¢ K¢ CERPNIGO f ar k1 é aklkimaryéonjduan | t est P aklé indi v
yojunlujunda maklkiapami 3@4®rmAlya -ékardeé.

Vil
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CHAPTER 1. INTRODUCTION

1.1The Motivations of This Thesis

The mainaim of this dissertation is to develop anode materials faohibatteries and to
synthesize a novel catalyst material in @athode for LiO batteries. Based on this
mativation, we established a strait forward methoddope N and reduce improved
Hummers GO by thermal annealing method in a single step. Atéwngoperability at

high current density was achieved by employwrGO as anode material in which high
capacitynot only sustained but also increased by cycling due to pyridinic N defects
enhancing Li storage capacity (Chaptepa2t 1). Moreover, titanate nanotubes were
decorated on the NrGO and converted to2TBOby an annealing step. A very stable
capacity was latained with high cycling (Chapter-ggart 2). Furthermorea simple
spraying system were used to establish a sandwich like structure 8ir(&D as anode
materials yielding high capacity at high current rap®n cycling (Chapter-part 3).
Lastly, a noel catalyst material developed in air cathode feOkibatteries as future
battery technology. CeQlecorated NrGO used as catalyst in cathode and Lil used as
soluble catalyst in electrolyte in which cell pided high capacity and low overpotential

enhareing electrochemical performance of the battery (Chapter 3).

1.2.Energy Concerrsfor The Future

Recently energy became the biggest problem of the society due to the gradual depletion
of fossil fuels which confras the challenges to sustain power sourcebimvihe next

100 years. To overcome these demands, renewable energy sources have been invested to
develop systems offering solutions for energy consumption crisis. These sources can be
classified as hydroeleatity energy, wind energy, solar energy (Phaitaic (PV)
systems), geothermal energy, ocean or tidal energy, biofuels energy systems which are
covert to electricity to overcome energy shortage. However, these solutions are deficient
due to geographicallymitations and natural intermittencies lacgia stable and efficient

power delivery system. In other word, these system needs other system to store energy
and keep delivery system working continuously for longer lifetifhpd.ithium batteries

and supercapacitors are widely commercialized systems to convert and store energy from



renewdle energy sources. Additionally, fuel celte aimilarly energy conversion system

which can power portable electronic devices and internal combustion machine in

automobiles.
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Figure 1.1. Ragone plot for batteriesuper(_:apacitors, fuel cell and internal combustion
engne
Figure 1.1 demonstrates energy and power densities of various energy storage and
conversion device with resgieto internal combustion engirj@s Even though fuel cells
match with the demand on energy and power densities for vehicle electnificetin@ory,
they have low practical efficiency, high cost catalyst materials and difficulty in usage
Followingly, supercapacitors havenaugh power density to initialize vehicle
transportation, but they suffer from low energy density to sustain long tditigjes. On
the other hand, rechargeable (secondary) lithium ion batteries (LiBs) are most widely
used energy systems for past two atkxs to compensate low scale energy demands.
However, there are still various problems to be sqhsadl several lim#tions to
overcome for the electrode materials of the batteries. Moreover, LiBs are restricted
candidates for next generation energy aions such as electrical vehicle due to their
low energy and power densities. As alternative, metal air battenreshearetically
supply energy density 10 times bigger than conventional LiBs. The development of metal

air batteries can be the solutios laeing future battery technology to replace internal
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combustion engines and to counterbalance energy demand londegfietion of fossil
fuels[3]. Therefore, such et¢rochemical energy systems will be widely used in future.

1.3. Thermodynamic View of Energy Storage and ConversiorMateri als

Electrochemical energy systems exploit the chemical reaction harvesting electrical
current in a range of potential and time. Tdieemical reactions occur spontaneously
within thesedevices like batteries or supercapacitors which are also called gabrani
voltaic systemsConversely, electrolytic systems first consume electrical current to
initiate nonspontaneous chemical reactisnsh as electrodepositionBhese systems
containtwo different terminalg(electrodes)within the electrolyte solution invhich
electrodes are connecte anexternal circuit. During the operation of the system cell,
theelectron flow forces the substanto dissolve or to be depositibet the processese
dictated bychemical activity of reactantSome maals tend to lose electronsnore
compare to their chemical rection potentials with other meZ&lsmical potential can be
described as how much a subsganends to transform or hogpontaneoushGibbs
energy will change when substance interacts ansgexries In another wrd, chemical
potential is determined by substance fermi energy leastd oravailableelectronstate
density and lattice propertie§the substance yielding as final phenomena which is called
electronegativity and electron affiliatioas well The difference between fermi levels of

the substance directthe reaction kinetics by electron or charge floim. an
electrochemical cell, thsum of the chemical potentials and electrostatic potential of all
species is calleelectrochemical potentialn summay, chemical reactions within the
electrochemical system is generated by reactions Gibbs free energy which is the sum of
the electrochmical potential of the species involved in reactibhe difference between
electrochemical potential creates a drivingcéo to mobile charge carriers until the
difference between electrochemical potential diminishéthe materials for
electrochemical sysm are chosen based on their thermodynamic characteristic
compared to each other and electrolyte to process both ekssetécted based on the
optimum kinetics to the electrode chemistry. The electrochemical application dictates the
selectivity accordig to reaction mechanism. Charge storage capacity, lower
electrochemical potential for the reaction and reversibilithefreaction are three main

factors to sustain the working mechanism of energy storage and conversion devices.



Materials research aneédelopment are carried out to enhance these parameters for next

generation energy technology.

1.4.Li-ion Batteries

Although battery research starts from primary battery, rechargeable batteries also called
secondary batteriebecome increasingly popular owing to its economic efficiency, and
environment awareness. The rechargeable batteries are usually portabletaareeligin
storage devices that convert the stored chemical energy in its active materials into the
electrical energyvia several chemical oxidatiereduction reactions leading this
conversion4]. By havinga large application area, lithiuran batteries (LIBS) are the
most preferred energy storage sources in terms of not only their lower weiglenargly
cgpacity, and performance but also longer lifetime, higher operation voltage and greater
reliability when compared t@reviously commercialized batteries such as lead acid,
nickel cadmium and nickehetal hydride batterie&till, research on LIBsever stoped

to enhance their electrochemical performaacel inquiry in best version of batteries are

still under investigation by trying newer upgraded refinements. Features of LIBs as high
volumetric (range from 250 to 300 Wh/L, maximum about 400 Wh/theory and
gravimetric energy density (range from 100 to 125 Wh/kg, theoretically up #/hB@)

with light weight and good shape versatility make it as a very promising candidate for
numerous of practical application on electronic devices. Evergthanodein LiBS

gained a lot of upgrades in terms of high capacity and cyclability without capacity fading,
cathode still is the limiting part due to their low capacity and oveyaling performance.
Lithium is generally preferred alkali metal but otlmeetals ke Na, Mg, Al etc. also

being employed as ion source of batteries due to their greatly negative redox potentials
with low equivalent weights. As the lightest and the most electropositive one among alkali
metal, lithium has lowest density as ®5g'cc whch leads to specific capacity value as
high as 3.86 Ah/g, the highest among others sfbféd].

1.5.Working Principle of Li-ion Batteries

Batteries are able to store energy by hosting formation or decompositaremiical
reactants producing electrical charg&s.electrochemicatell such as a battergonsists

of three main components which are a positive and negative terminal, or catitbde



anode, and electrolyte. The cathode is originated from Greek as kathoabg/hich is

a combination of kata @dofwanoway dd diwrd®d.s Titwe
is anodos in Greek as well and it i's the
repr es ent i n dgrheilectrolyi is anuogmically conductive solutidrat provides

the environment in which electrons are transformed as ions inside between the anode and

the cathode electrodes within the dél]. Briefly, the arrent isflowed by the ionic

motion between electrodes and terminals in an electroigtia(Figure 1.2).

Discharge Charge
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e T caneoety [ owrenome
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Figure 1.2. Charge and discharge process oidn batteriesimage Credit: MetrohmAG

Moreover, the electrolyte is one of the most critical component -iorLibatteries to
maintain chemicaktability during the ion flow, ionic conductivity during the charge
transfer, norflammability due to electrochemical heat liberation and-polaizability

due to large potential window during the cell operati@achemical reactionsSeveral

types of edctrolyte were established for-iin batteries which are agueous, room
temperature ionic liquid (RTIL), jdike (polymeric), solid and naaqueos (organic
liquid) based electrolytes. So far, organic liquid electrolytes including organic carbonates
suchas propylene carbonate (PC), ethylene carbonate (EC) , diethyl carbonate (DEC),
dimethyl carbonate (DMC), fluoroethylene carbonate (FEC) are thst ommnpatible
solvent with Li salts to maintain stal@erabilityin Li-ion batterie48, 9] In general, 1

M lithium hexafluorophosphate (LsP) in EC/DEC: 50/50 (v/v) or EC/DMC: 50/50 (v/v)

is used as a standasdectrolyte for fabricatiorof Li-ion batteries.This electrolyte



is.widely usedas commercial electrolyte which includes doped polymers with some
plasticizers to reduce crosslinkingide reactiongnd to avoid explosive flammability.
Another phenomenormtbe stated here i®lgd electrolyte interface (SEI)The SElis a
passivating and protecting layer on tlectrodesurface as a result of precipitation of Li
products arising from spontaneous decomposition of electrolyte during charge discharge
processlt is an electrically insaltive and selective film that permits Li as an active

charge carrier, but it prevents reactive electrolyte components to the lithium.

In summary, Li storage mechanism differs from material to material dictated by their
physicaland chemical properties. Tigeare mainly three different Li storage mechanism
to summarize the working principle of LiBs piesented ifrigure 1.4. They are namely
intercalation, alloying and conversion type efctions to Li that will be explained in

following sections.

1.5.1. Intercalation Mechanism

The active material$n Li-ion cells work by reversibly incorporating lithium in an
insertion process inwhich lithium ions are reversibly extracted or inserted into
anoce / cat hode without a signiycant structur
called theintercalationand de intercalation The anode or negative electrode is defined

as oxidizing electrde which gives up the electrons to the external load by oxidation
during the overall redox reaction. The cathode is defined as positive electrode or reducing
electrode which accept electrons from the external load by reduction during the overall
redox reation. To describe the logic in terms of ion movementsphs mwoe during
discharge from anode to cathode, and from cathode to anode when chérgidigen a

charger removes electrons from cathode, the cathode stays with a net positive charge, so
those electrons are pushed into anode that gives negative charge to anode. The energy
that is pumped iatthe cell transforms the active chemicals back into their aligtates.
Electrode materials accommodate Li in ionic forms not in atomic form. The electro
insertion reaction of Li to the carbon materials is maintained Byidns sliding

throughout thesheets of layered structure.



discharge
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Figure 1.3. Schematic of the electrochemical process #ohicell [5].

As shown in thé=igure 1.3, LIMO2 represents the lithium metal oxide positive material,
such as LiCo@ and C the carboraous negative material, such as graphite in which

combinations are being used in commercializeth batteries.
Cathode reactiond Q6 & @0 Qw® 0 Q0 ¢

Anode reactiond QP 0 w0 QwQ
Overallreactond™@ 0 Qo6& P 6 0 Q0 ¢

During the charging proceds, ion is removed from the cathode, left diit ; GoO, and
inserted into graphite layers to formxCs. The ion displacement and insertiane
maintained by electromotive force sourced from external circuit. In other word, electric
current applied t@rocess chemical reaction that electrical energy convesteldemical
energy. During discharge process, Li ions spontaneously moved back to cathode by
delivering stored chemical energy back to the external circuit that electrical energy

produced throughhemical energy.

1.5.2. Alloying Mechanism

The Li ions stored inreode by alloying with anode element sucltsgsGe, Sn, Rnd Sb.
However, huge structural expansion skace during lithiation and di@hiation process
due to mechanical instability of actiweaterial. The volume expansion can be listed as
follow; 4, 3.7, 2.6 and3 folds for Si, Ge,Sn, andP respectivelyThey have ddithiation



potential0.45, 0.6 and 0.9 Yor Si, Sn and Pb respective§iis the most popular alloying
metal for Li storageand it yield specific capacity up to 4200 mAhghich is 11 folds
higher thargraphite.

Anodereaction:ad Q ¢ 0 P 0 "Q

Intercalation

Advantages Common Issues
bocicoi0nis) . C‘r"l:’i:“‘ce"“sf af°°:°d high voltage hysteresis,
QERASEED Disch Cxl ¥ QX wo g potential, g high irreversible capacity.
L% — :m P o safety, low cost. g pecy

M 6 F e Titanium oxides: extreme very low capacity, low

safety, low cost, long cycle energy density.
life, high power capability.

MX,
(Carbonaceous and Titanium oxides)

Alloy
Alloy materials: higher large irreversible
specific capacity, high capacity, huge capacity
energy density, good safety.  fading, poor cycling.
M

(M = Si, Ge, Sn, Sb, etc., and Si/Sn-based oxides)

jeSareion Metal oxides: high capacity, low coulombic efficiency,
low cost, environmental unstable SEI, poor
benignity. cycling.
Metal poor capacity retention,

phosphides/sulfides/nitrides:  short
high capacity, low operation cycle life, high cost of
potential and low polarization. production.

(M =Fe, Co, Ni, Mn, Cu, Cr, Mo, etc., and X =0, P, S, N)

Figure 1.4. Li storageproceswia intercalation, alloying and conversifi0]
1.5.3. ConversionMechanism

Conversion type of Li storage mechanism is obseruad transition metal
fluoridedoxidegsulfidegphosphidesanode materialemploying metals such &&, Mn,

Co, Ni, Qu, etc.They offer specific capacity within the range7@0to 1200mAhg? and
de-lithiation potential in a range df to 2 V. Redox reactions are established based on
formation and decomposition of Li binary compounds by displacement neactiich
requires diffusion of anion and cation within a long distance and active Li egehéme
inactive transition metal during the conversion reaction. Multi elections are transferred
during the chemical reaction asohallerspinel polymorphs of trartgdn metal oxides are
formed. Resulting that, high capacity and energy density were eevdalt low
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coulombic e ciency, | ar g werehalgcstheassue. Briefly, a n d

their nanostructures are exposediprization or morphological disrtionswhichlead to
SEl instability[11].

Anodereaction:0 0 ¢00 QcwQP 00 wb

1.6.Energy Merits for Li -ion Batteries

The qualitativeproperties of a battery are reported by theoretical capacity, specific
capacity, its current bearing ability, energy density and power defisigytreoretical

energycapacity of a substance is calculated by following formula:

Theoretical capacitymAhg*)=—

To explain the formula members; represent the number of electron transfechaiing
the redox reaction, F stands fbe Farady constant (96485 C/mol), 1/3.6dse to the
conversion A Aastly Mvo (g/mod kigpictsatmdmar weight of active
substance.

The specific capacity is calculated by formula below

| =l

Formula exprestheduration of the discharge process (time in hoursanatant current

=l

(in mA) withdrawn from the cell over the exploited weight (W in g) of the active materials

on the electrode.

C rate determines the tinte fully charge a battery. 1 C rate for Si battery with the
nominal capacity 4200 mAh would be 482current implying that if 4.2Acurrentis
applied to the cell, cell W be fully charged in 1 hour. C/2 rate (2.1 A) will charge it in 2
hours. Current isppliedby the merit of gravimetric current density as well which is
determined by the active matesdbad in the cell. A cell utilizing 1.7 mg of active
material will need to apply 1.7 mA constant current to test cell at4céigent density.

Energyand paver density merits are used to comparelthtteries with supercapacitors
or internal combustioengine to express how much poweth# cell is. Energy density
is the amount of energy thidite cellcanstore,andpower density is how lontipe battey

can supply that stored energyhe comparison of these merieadsresearchers to the
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directions of which part of cell chemistry to be developed either in materials wise or

engineering wise.

R o ) O
e ownwmﬁ%&msaowQQ
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Where Vis the average potential (mid potential) of the potential windaivtlaa time is
discharge time in hours.

1.7.Cathode Materials for Li-ion Battery

Cathode as positivelectrode in LiBs has a lot of limitation to overcome for fabricating

t he next bagerytexhnaldgy. Gell properties requimggradesn terms ofcell
voltage andstablecapacityand long cyclabilityLi reaction within the cathode is rather
depends how much to comprehend the constituents@ngonentsnvolve inreaction
mechanismaccording taher crystal and electronic structuréhe enhancememtystal

forms of the cathode materials &mgefly asociated withunderstanding the principlés

control elemental and microstructural changes via crystallite size and surface
modification where it confronts thmain challengesnd Li reaction limitatias. The
enhancements can upgrade the phase stabiity, capability, capacity retenticand
charge carrier transport as well as they can prevent agglomeration, metal dissolution,
thickening of SEI formation and instability in anionic redox reactionsrd’ hee several

types of cathode materials classified¢@rding to their constituents and crystal structures.
Briefly, cathode materials are listed miskelrich layered oxide materigls i t hi um r i c
layered oxide materiglspinel oxidematerials,polyanionmaterials cation disordered

r oc k s anateralscamdi cdneersion materialds listed above, all of the cathode

materials havéheir distinctivechallenges to overconj#2].

In recent years, ternary metal oxide incorporated with lithium is being employed as
cathode such as lithium nickel manganese cobalt oxides (NMCunfithickel cobalt
oxides (NCO) and lithium nickel cobalt aluminum oxides (NCA) to provide safer and
more affordable layered oxides with high reversible capdtBy. On the anode part,
derivatives of graphite, Si, Sb, Sn,36¢ SnQ, MnO;, NiO, TiO, and composition of

these metal oxides with carbbased materials were employed as anode in recent studies.
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1.8 Anode Materials for Li-ion Battery

Carbon and carbon derivatives Haebn utilized vastly in the anode electrode of lithium

ion batteries prior tdhe discovery of graphene. Carbon is a versatile material with
numerous allotropes aralwide range of electrical conductivity based on its allotropes
from fullerene to graphite as displayedrigure 1.5. A number é studies have focused

on carbon as anode materials in lithium batteries, and graphene has been one of the most
widely studied carboibased anodes in the field. Briefly, the structural oedet inter
coordination of carbon lattice vary the adsorption rmegm of lithium and ddithiation

potential. Carbon based materials are discussed in the following section by comparing
their structural forms from exfoliated graphite to reduced GO (rGGQjaounzipping

carbon nanotubés provide graphene nanoribbo(GNRS).

Diamond é@
“ )?

Graphene oxide

Figure 1.5. Forms of carbofil4].
1.8.1. Graphite

Natural graphite is gendhain the form of discrete flakes steaking on each other by van
derWaals bond and their size is in the range of 5 to 80 mieter It is fabricated by
heat treatment of petroleum coke at 280@nd higherThe flakes hae large anisotropy
since they hee very crystalline and electrically conductive layethatangenial plane,
but these values are far different by 100 tintteen their normal directionGraphite
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demonstrates excellent chemical stability due to its carbon naturprdpesties such as,
surface texture, morphology, microstructural form and the crystglliof carbon
materialsprepare groundor the high quantity of electrochemically active sites to store

Li ion, andlow delithiation potential for intercalation reaction. Carbon baseddas
undergo redox reaction with highlgw potentials according tbi/Li * that reveals high

cell potentials and high energy density. Graphite has lithiation reaction around 0.2 V and
reveals specific capacity of 372 mAhbgased on graphite mass. The tietical specific
capacity of graphite is higher than theoreticalady of almost all of the cathode
materials in use. Since the cathode part is the rate determining factor for cominercial
ion batteries, graphite is conserving its role marode mateal in Li-ion batteries even
though there are a lot of enhanceeémlative anode materials yielding better performance
than graphiteOpen crystal structures of graphitic materials can allow the insertion or
extraction of lithium ions in between layerstlrout changing its crystal structure. The
open and porous structuod anode materials makes an increase in the amount of the
electrolyte interacting with the electrode and it improves the discharge performance.
Furthermore, it remains stable gméservatheir energy capacities in high current values
due to the enhanced "Lion and electron mobilityTherefore,the graphendased
composites are the perfect fit for anode materials of lithmmbatterieg15]. As a
conclusion, graphite as anode materials still pravigeeat advantages in terms of
adequate reversible capacity, excellent cyclicity, enhanced energy and power density, and
low delithiation potential due to its layered and open structure hostigg humber of
lithium-ions[16].

1.8.2. Graphene

Andre Geim and Kortantin Novoselov were awarded the Nobel Prize in Physics in 2010
for their groundbreaking works on graphene which is a 2D matenmalof sp” hybridized

carbon atoms [8]The 2D graphene sheets can create a 3D graphitic form by stacking
layer on themsehswhereas the 2D rolled form provides nanotubes and lastly it can also
be wrapped up into the buckyballs (Fullerenes, 0D). The electrical and thermal properties
of graphene are very impressive, reported as 104*$anthe electrical conductivity and

3000 WmK? for the thermal conductivity. The diffusion coefficient of lithition to
graphene is between 100 10%° cnés?, which nominatesit a potentially wonderful
material for the negative electrodes in lithwmwn batteries. In addition to these
propeties, the mechanical properties of graphene are also excitiftgnbtocomposite
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with better integrity. Moreover, the stacked sheets of graphene derived from exfoliated
graphite provide a modular approachiriorease surface fdithium storage in layered
carbonforms (Figure 1.5) as well as layered carbon/metal nanocomposkegife 1.
6)[17].

Graphene /alloy

Graphene <
nanocomposite

nanocomposite

Graphene
S = === S e - —— —_ e —— — —at
e~ e e =
= —— — oot 2 Q .

Figure 1.6. Graphenametal/oxide nanocomposite electrodibs).

Grapheneéhas many application areas with wide range technology fieldidungim-ion
batteries have lots of onmg researcHiocused orusage ofthe distinctive properties of
graphene and its derivativedntil now, a limited number of results have been published
usingbaregraphene as the active anode material raostlyreports have been published

on graphene/metal or graphene/metal oxide nanocompdditds An interesting
approach was taken by Yoo et al. to investigate graphene as an anode active material for
lithium storagg18]. Graphene plateletwasprepared using scalable processes starting
from abundantly available graphite which the graphenesheetsprovide high surface
layered carborelectrode materialFurthermoreGue et al. performed oxitan, rapid
expansion, and ultrasonic treatment to the artificial graphite to obtain graphene. They
tested these obtained graphene samples incbldf. For irreversible capacity, 1250
mAhg?! was obtained for the first cycle and 672 mAhgvas measured faeversible
capacity up to 30 cycld49]. Moreover,Wang et al. showed thatdéscharge capacity of

680 mAhg! can be achieved by usingaghene paper as an anode made from reduced
GO dispersions, but at the time of the second cycle, capacity dramatically dropped to 84
mAhg? [20]. An annealing procedure was applied to the graphene paper % 8dder

the flow of Nb gases for 1 h; thus, oxygen functional groups were removed which
provided 301 mAhg of reversible disicarge capacities after 10 cycles. The result yielded

a capaity higher than that of the commercial graphite anode and better performance in
cell kinetics[21]. Thelithium-ion mobility is enhanced bjunctionalgraphitic oxidesas

well. Graphene nanoplatelet, graphene oxide, carbon nanotube (CNT) and reduced or
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functionalized nanocomposites forms of graphene are emtgpleypport materiain
electrode for batteries, fuel cell, and supercapadi#2js Functionalizedgraphene oxide
(GO) also has been exijiled vastlyas an electrode for supercapacitors and it yielded high
capaitive performancg23-26]. Pre-reduced GO with fewer oxygen groups by thermal
annealing in Hexhibits greatly reduced reactivity with Nldnd lower Ndoping level

[27, 28]

The methods to procegsaphenébased materialare importansince theystronglyalter
the capacity for lithiumon storage. Defect density, surface area, and other critical
properties suchs electrical conductivity all depend on processing methdasugh the
oxidation of graphite followed by rapid thermal expansion, prepared graphene sheets also
have high capacity values. The reversible capacity was maintained at 84arohgrent
densities from 100 to 1000 mAgven after 40 cycles. Moreovet ghigh current density
of 500 mAg!, the rate capability of graphene with a reversible specific capacity remained
at 718 mAhg. Wan et al. studied the influence of the tempeeaof the graphene oxide
reduction. The results showed that the irreversibfgacities of the graphene nanosheets
in the first cycle decrease by increasing annealing temperatures (2137 foABQO
1523 mAhg' for 600 , and 1167 mAhg for 800 ) [29]. The reason for this is
potentially the larger number of lithium insertion active sites in largefaser area
graphene obtained with lower annealing temperature. The capadiseddes of three
cells were much closer to each other after 100 cycles. They varied 478 rfokribe
graphene prepared at 300to approximately 350 mAhtfor the sample pregred at 800

. Nitrogen doped graphene oxide and its reduced (NrGO) formdes Used as an
anode material for LiBs. Its fabrication starts with the synthesis of GO using the Hummers
method and annealing it at elevated temperature in ammonia mediag¢egiioe doping
step. Decreasing of the functional group and using nitrogeimgi@oocesgo obtaina
more porous structurserves ideallyas an ideal electrode for batteries. Zheng, et al
synthesized nitrogedoped graphene in oot by hydrothermal metid as high
performance anode materials for lithium ion batteries. The resutiwed that the N
doped graphene exhibits outstanding electrochemical properties such as high reversible
capacity, superior rate capability and letegm cycling stability[30]. Additionally,
Changjing, et al. successfully obtainedr@®O during GO synthesis by usirthe
Hummers method without annealing but ngsifreeze drying[31]. However, they
obtained betr results in LiBsuch as higher reversible specific capacity of 332 mAhg
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during 600 cycles at 500 mAgGraphene foam. The critical point of preparing GO is
the selection obuitable oxidizing agents to oxidize graph®2]. Al in all, graphene
based composites is ideal fit for anode materials of litiimmbatteries. Their open
structure forms with thhigh surface area can accommodate lithium reversibly and offer
high capacity, good ettronic conductivity and low electrochemical potenid Zhou

et al.[33] reported an rGO sponge prepared via thermadaling and followingly freeze
drying route. The initial cycle capacity of this maéwas as high as 1059 mAHR@t50
mAg' ! current densityHowever, the large surface area of this material resulted in an
increased irreversible capacity, indicated Ipgtaining capacity of only 400 mAhgy500
mAg'}) after a few cycles and the capgaitropping to 230 mAHg (1000 mAg?) at
higher discharge rates. Hengxing, et al. prepardécthin graphite foam{(UGF) by
precipitation of a very thin layer of graphiv@ Ni foam and subsequent removal of the
Ni template. They demonstrated a generalho@tfor creating highate capability
rechargeable lithium ion batteries using a 3D interconnected netwbi®&B{34].

The characteristic voltage curves of lithium insertion into ¢ginaphene/CNT was
different from the lithium insertion to the graphene/fullerene devices. Moreover, the
revasible capacity was obtained of 540 mAhdor graphene, 730 mAhjg for
graphene/CNT, and lastly 784 mAhfpr graphene/fullerene. These are high values, but
as observed previously, the rate at which these devices degrade is significant, and data
was onlyshown for 20 cycles. It is unclear at this juncture if the increasgehding
obtained with CNTs and fidtenes can yield enhanced lithium accommodation as
observed with polyacenic semiconductdrs addition, the drivation of GNRs from
MWNTs was exploed by Bhardwaj et al., in which the tubes are unzipped to yield narrow
strips of GNRs. The reason for usi@NRs instead of MWNTs was the exhibition of
higher capacityn first charge and discharge cycle. On the other hand, for the oxidized
graphene nandsbons (0xGNRs), high irreversible charge capacity was 1400 miAhg
with a discharge capacity of 820 mAhddowever, only 14 cycles were observed in their
cycling capability results due to gradual capacity fading #yl8ss of capacity per cycle.

In orderto obtain GNRs, the 6&NR were annealed at 980 in an H/Ar environment

for nearly 15 minutes. Thesebbons yielded cells with an irreversible capacity of
approximately 200 mAhgafter 14 cycles, a capacity still much lower than gradBie

36].
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Apart from the promising claims on graphenkee pure form of graphene has large
irreversible capacitysince graphenesheets restack on each other after cycling
Researchers showed that it can be used with other activaatsassra part of composite

in anode to provide better irreversible capacity resid@. Zhang et al reported a
graphene oxide composite as a high capacity and bfreeranode with reversible
capacity exceeding 698Ahg?! at 0.5 C which exhibitexcellent cycle performance and

rate capability [38]. In anotherinvestigation the same researchers successfully
synthesized a novel composite of graphene oxide, graphite, and CNTs atidenses

a bindeffree anode material for LiB89]. Based on electrochemical measurements, the
composite exhibited superior performance and stataperties, with a capacity of 1050.3
mAhg?! after 60 cycles at a rate of 0.5C. Wang et al. prepared a graphene network
supported HFe304 electrodes, in which graphene formed a 3D conductive network with
hollow FeOs spindles encapsulated between graphgimeets. Similar E@®s/graphene
sheet/GF intgrated electrodes were reported by Wei et al. and showed a high capacity of
D 850 mAhd?! at 150 mAhgt, much higher than the pure #8a on graphene sheet
counterpart) 620 mAhdl). In another studyresearcher dispersed a nanoarchitecture

of LiV30g nanogarticle on reduced graphene oxide and claimed to obtain littoam
battery cathodes with high capacity and kifg [40]. Graphen&nQ paperintegrated
electrodes were also synthesized with a similar laminate strugtlife This paper
electrode showed a higher capacity and better cycling stability than the pure graphene
paper and Snéhanoparticles. Similar performance enhancement has also been observed
in other 3D graphene network supported metal oxides such as grabtede[42],
graphene/CsD4 [43] and graphene/$#4].

1.8.2.1.Synthesis Methods for Graphenébasel Materials

There are several strategies to fabricate graphased materials. To start with
mechanical approach, scotch tape was used to detach single layer graphene fiien grap
stacks since stakes were connected by weak van der Waals bonds. Anditioer caa

be ball milling or solution/surfactant asgdtball milling of graphite to detach the
graphene layer. Thénal product is washed filtered and dried to obtain graphene
Moreover, liquid phase exfoliation is used to separate graphene layersraphite or
graphitic oxide by using sonic wave trough graphitic materials dispersion. The

oxidization of graphite will be explained in following paragraph. Lagllyemical vapo
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deposition CVD) method is employed to produce high quality graphene by deypa
gaseous source on to a substtatebtain single layer graphene deposition

The oxidizing graphite is highly preferred to obtain graphitic oxide as a starting material
for electrochemical application. hothter e i s
fabricate GO; however, great many modifications were applied to method as well.
Pioneering to GO synthesiBrodie was the first to chemically oxidize graphite in 1859
by addingKCIlOs to graphite slurry in fuming HN§J40]. Then, the Brodie methaosglas
alteredvia using concentrated 230; and fuming HNQ@ as the oxidizing agents by
Staudamaier[45]. In 1958,Hummers and Offemareported an alternative method in
which graphite is oxidized in a mixture BaNO;, KMnO4 and concentrated 430, for

only a few hours experimental procedure. Thehoétwas called Hummemethod and

it has been used to fabricate GO for a long tj8®y. However, this rethod has flaws
such as releasinxic gas,precipitatingnitrateandyielding low amaint of GO. Since
then, lots of modification was applied to the Humrbersperimental procedure to
eliminate these problems. Thgaphiic oxide is achieved by processiggaphitevia
mixture of concentrated23CQs, NaNG and KMnQ; in various reactant andlsent ratio.
Kovtyukhovaet al.introduced severahodificationsin the Hummer8methodproviding
pre-oxidized treatment with ¥$Qs, K2S:0s, and ROs moleculesandrendering NQ and

ClO.. The C/O ratio of the oxidation product was 4.0/3.1 which implieshmuaore
oxygencontainedhan the Hummesnethod[46]. In 2010, the new method reported by
Marcanoet al. bringing a different approactto Hummes d@nethod which is called
improved Humme®method. The usage of KMn{OH>SCQy, andHsP Qs as the oxidizing
agents in the improved Hummérsethod prevents release of NO and leads in higher
amount of hydrophilic oxidized graphite content relatvéhte Hummer@method. The
improved Humme®@method isadvantageoukr preparation of GO imassive amount
because of its easy protocol and equivalent conductivity through redutioBesults
showed that GO produced by ihgpestaegeaof Hu mme
oxidation that efficient oxidation provokes great numbers of available feitenetal or
metal oxides nanoparticles to bond with or higher degree of reduction and increase in
electrical conductivityRecently, GOshat wasproduced usinghe improved Hummers
methodrevealedto gain a strong potgrafting rate at an average caiwh [47, 48] In
conclusion, the ydrothermal and annealing process¢ss0 or GO and metal oxide
compositesreconductedo obtain an ideal electrochemically active matddal.
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1.8.3. Titanium Dioxide (TiO 2)

The TiQy is a functional metal oxideitia high abundacy, nontoxic and highly catalytic
activity. Moreover, TiQ have received so much attention dueitsogood chemical
stability, low volume chargwithout structural distortion and lewost preparationtiOz

has various polymorphgFigure 1.7) suchas anatase, rutile, brookite, titanates and
bronze, and they all have been studided feiohi batteriesAnatase TiQ is the most
popular witihin these polymorphs due ite layered stucture allowing stable capacity
after its a few initial cycles even though it has capacity less than grajmiteng them,
titanate and bronzphase titanium dioxide (Ti#DB) have drawn more attantion due to
posession of greater theoretical capacity atmver density.In this regard, titanium
dioxide with versatile crystalline forms and diverse morphologies demonstrate excellent
electrochemical performance due to the short ddfupath and numerous available sites
for hosting Li ions. Furthermore, itg@vents the formation of sohelectrolyte interphase
layer by avoiding Li decompositioat the electrode surfacéherebyyielding in ahigh
coulombic efficiency and safer operfitlyi in Li-ion battery application Despite all
benefits, TiQ has some disadvantages as well, including low stttk diffusion rate of

Li* and low electronic conductivity which ressilh low rate capabilities. Yang et al.
discussed Ti@nanostructure based on their crystalline forms and morphologies, and
theirreactions to lithium for Lion batteriestheir results revedhat the abundant active
crystal planes and their directions dictate Li insertion and diffugibich resuls in
shorter pathwaynd higher capacitfp0]. Yarali et al. devised titanateanotubes with
high surface area and expanded interlayer spacing which revealed superior capacity up to
1017 mAhg' and enhanced electrochemical performgiade 52] Dylla et al. studied
mesoporous TigB) nanoparticles for Li insertion capcity and found out that
mesoporous structure establishighe capacity at high charge rates due to the effcient
electrode/electrolyte ineractigb3]. In anotter study,TiO2 B microflowers were tested
for Li-ion batteries and revealed 205 mAhgt 10 C as reported by Etacheri ef5].
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Figure 1.7. Polymorphs of TiQ (a) Rutile, (b) anatase, (c) brookite, and (d) bronze(B)
[50]

Besides, its bare crystalline forms reveal low discharge capacity, ebased materials

used as support for Tibased electrode to enhancepitactical use. Overall, numerous

researches conducted as carbon and Wmi®rid anode electrode foribn batteriesHu

et al.[55] fabricated a free standing graphEhig, paper using a simple fabrication route

which reveled 122 mAhYspecific capacity at 2 Aycurrent rate after 100 cycles. The

titania nanotubes deposit graphene film were fabricatby electrochemical anodization
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which showed a capacity of 300 mAhgfter 100 cycles as reported bienéndez et al.
[56]. Hou et al. fabricated graphér@O. (B) nanowires hybrid composite by
hydrothermé reaction and their electroamécal results displayed a capacity of 304
mAhg ! at 30 mAgd? current density with good cyclability and only 7 % capacity loss
after 60 cycles at 150 mAY[57]. Moreover, The homogenously dispersed FiO
nanoparticlesgraphene nanosheets (GNS) anode material syntbdsizieao et al. using
anin situ chemical synthesis nietd which delivered 60 mAh'gat 5 A d* current
density with negligible fading at its 40Ccycle [58]. Wang et al. prepared a TiO
nanotibe/graphene composite by a @tep hydrothermal method showing excellent
electrochemical performas such as 150 mAh Yycapacity at 4 A ¢ current density
after 50 cycleg59]. Further, TiO2 nanoparticles dispersed migerrdoped reduced
graphene oxide anode manufacture by using a hydrothermal method revealing a capacity
of 118.4 mAhg! at 10 C after 100 cyclefS0]. The graphene supported Ti(B)
nanosheets were used as anode materiahayget al. and their results showed 189
mAhg? after 100 cyclef61]. Cai et al. prepaed TiQ; nanoparticles and nitrogatoped
graphene nanocompositghich were synthesized by a gas/liquid interface reaction
exhibiting 136 n\hg™ capacity at a current density of 1 Agfter 80 cycle§62]. A rutile
TiO2 nanoreedle/graphene composite was obtained by Gan et ahydethermal
method and it showed 94% capacity retention of 49 mAbapacity at a 5 C ra{é3].
Dong et al. synthesized nanad TiO; and TiQ nanoparticles on reduced graphene to
compare theiLi-ion capacity according to their specific surface §6dd Furthermore,
graphene nanoscrolls surrounded F{®) nanowiresvereprepared byi et al., which
resuledin 153 mAhg! capacity at 10 C current rate after 300 cycles with apacity
loss [65]. A TiO2 and nitrogen doped graphene anode constructeQibyet al. via
hydrothermal and calcination synthesis displageeversible capacityver 288.6 mAhgy

L at 30 C after 1000 cycld66]. Xiu et al wrapped graphene on Ei@icrospheresind
their resultsshowed a capacity of 170&hg? at 10 C current ratg7].

1.8.3.1 Hydrothermal Method

The hydrothermal synthesis methigdused to synthesize high crystalline nanopatrticles
at high vapor pressure and using high temperature in an aquéatisns@asically, it
uses a cylindrical teflon container and stainigte®l autoclave reactor with hermetic

sealing which has to beisable at high pressure and temperature operation without any
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corrosion. Generally, PTFE vessel is filled up to @f3volume limit and synthesis
temperature is kepbelow 250 °C to maintain the safety of synthesis-gspt This
procedureis an effective wechemical synthesis methatiat enables fabricain of
various morphologies of materials or their composites for specific applications by
lowering their chemical reaction temperature at high pressure. The crystallinity degree,
elemental composition and mphology of resulting samples are mainly altered by the
duration of synthesis, the solvent to solute ratio, the concentration of the starters, the

volume of the solvent, the temperature, the final pH, and the surfactant[68u686]

1.8.4. Silicon (Si)

The pure metal nanostructures have been investigated to tesismode materials
without further treatment. The choice of active metal feiohi batteries was discuess

by Larcher et albased on electrochemical capacitgst, voltage, toxicity, capacity
retention and thadaptabilityof the active masg0]. Silicon is the most attractive metal

to beemployedin anode for LiBs due to its low Li insertion potential (0.1 V vs. LiLi
and highest theetical Li storage capacity among all materials. Si thastheoretical
specific capacity as 3580 mAR@f its LiisSis phase at room temperature. However, its
structural volume expasdnore than 300 % upon intercalation process which results in
pulverizaton and huge capacity fading after initial cycle. Furthermore, the poor cycling
stability wasoriginatedby gradual loss of electrical contact, and unstable solid electrolyte
interphasg(SEI). Eventhoughit demonstrates discharge capacity up to its theate
capacity of 4200 mAhg (for its Lis.4Si form, several morphologies like its nanowires
form tried out to prevent capacity fadifigl]. The smaller nanoparticle sibas been
proved to prevent the capacity fading up t#4ccording tstudy conductedybKim et

a | [7P].sFeStembedded ion permeable Si/Si@node yielded long term operability
with a 14 % capacity losas reported by He et §f3]. Carbon based materials were
employed as suppbto tolerate the volume change of Si during the cycle operation. A
grgphene encapsulated silicon nanocomposite was fabricat@tddiyot et alvia freeze
drying and thermal processes demonstrating a capacity of 1200 hiA¢jgFan et al.
fabricated CNTsilicon are shell anode which showed a constant capacity retention up
90 % afte 100 cycles at @ C current ratd75]. Reduced graphene oxide wrapped Si
nanoparticles were synthesized byo et al.via onestg aeroscinduced capillary
assembyt technique and their results proved that graphene shell hosts volume change of

the Si particles and tailsstable cyclicity and rate capability with coulombic efficiency
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[76]. A freestanding Si nanoparticles embedded graphene composite membrane was
proved to be an anednaterial with stable cyclicity @m 1000 cycles with a capacity loss

of 0.57 mAhg! per cycle[77]. Liu, Lu et al. fabricated pomegrandikee surrounded

ample Si nanoparticlggsulting excellent cycling with only% capaty loss after 1,000
cycles[78]. Si / C Yol k1useh werelestablshedts éngineer the stability in
cycling with high capacity and coulombic efficiency by several mebegroupq79, 80]

[81-83]. Entwistle et al. discussed the fabrication of porous Si for LiBs by using
magnesiothermic reduction as a facile bulk synthesis {8djeMoreover, Huang et al.
prepared porous silicon/carbon (pSi/C) composite nanoshee®/by topochemical
reaction,and templating nteod resulting a capacity up to 1837 using 4 Agurrent
densityoperable at 500 cyc[85]. Carbon coated porous silicon was synthesized by Gao,
Tang et al. via magnesiothermic reaction delivering capacity of 1045 rhahg Ag*

current density86]. Having high technological capacitiesetals like 8icon andtin can

alsobe used as active anodeterals to replace graphite. On the othand, there are

some negative effects of these materials such as the failure of the batteries because of

large volume changes during cyclilighich can be compensated by usgrgphene as
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Figure 1.8. A comparison of metals for tion batteries based on their capacities via
alloying [70].
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1.8.4.1.Magnesiothermic Reduction Reactions

Magnesiothermic reduction reactions is a subsection title of metallothermic reduction
reactions (MRRs) by establishing dismawentreactions to reduce compounds by a
reactive metal. MRRsare exploited to fabricate metals, alloys, nanoporous silicon,
nanoporous carbon by using reactive metalsh as Li, Mg, Al, Ti, Mn, Zn, Fe, Co, Ni,

Sn, Pt and Au. The properties of resultmgterals in MRRs are varied by controlling
temperatures, durations, and using different grain sizes for the reactive metals. Porous
and nanostructured @re prepared by performing magnesiothermic or aluminothermic
reduction reactions where magnesium ahgmirum are used as the reductants. The
magnesiothermic reduction reactions employ Mg metal to reducelfyi@xchanging
oxygen anions between silicon oxide and magnesium under a thermally activated
environment. The reaction is operated at the temperatogeof 500800 under the

Ar flow in a furnacq84, 87]
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1.9.Metal Air Batteries

Metal air batteries are basically composed of a metal as anode, a cathode and a separator
that separate anode and cathode within an electrolyte. LiBs opesatedraintercalation

of Li* ions but this type of battery works based on formation of metal peroxid€&¢Me

or metal hydroxide (M@H) after exposing cathode to oxygen from air. As a matter fact
that, metal air batteries were designed to employ air asesofioxygen, however, par
oxygen gas was started to involve as oxygen source due to challenges coming from air
content such as 786 Nz, 21% O, D0.04% CQ, andD0.4 % water vapor. The extra
contents of air force cell chemistry to have a lot of side products and numerousggslle
lowering the cell performanc&he consequence of open architecture cell is highly
problematic since number of sideguct increased and they are irreversibleNl.LIOH

and LiCQ are the main irreversible side products and require to be decomposed at every
cycle operating under the air ambie®éveral pieces of research were reported to prevent
corrosion of Li metahnode using a protective layer for the anode surface as a dmmpos

protective layer on Li metal to obtain high cyclic stability and retripdefficiency[36].
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As a result of that, trends turned to@# to operate cell in pure Qlow to control the
ambient and side products

General electrochemical reaction occurs basadkinetics of electrolytelectrode
interface meeting oxygemetal species. Metallic anode material has been studied as Li,
Na, Zn,Mg, Al, etc. with different type of electrolyte and various cathode matexgals
detailed inTable 1.1[88]. Li is the lightest alkali metal among all in table donatowest
reduction potential v§HE. Inaddition, it has the highest volumetric and gravimetric
theoretical capacity. Since magnesiand aluminum are highly reactive, Zn and Na are
the other clos# alternativemetals employing in metalir batteries in future.

Table 1.1. Reduction potentials and energy merits of various metals for metal air

batteried88]
Metal 1 (gcm®) | n-electrons Theoretical capacity E%(V) vs SHE
mAhcm3 mAhg*
Li 0.53 1 2060 3860 -3.04
Zn 7.14 2 5850 820 -0.76
Mg 1.74 2 3830 2210 -2.37
Na 0.97 1 1120 1170 -2.71
Al 2.70 3 8040 3820 -1.66

1.10. Lithium -O2 Batteries

Lithium oxygen (L+O) battery also called lithium air battery is a type of rechargeable
metal air battery. They exhibit ultfagh energy density to power electrical vehicles and
compete withgasoline power. The oxygen as cathode material is provided from outside
environment bbattery rather than already stored inside which vastly reduce the battery
weight. Additionally, great specific capacity is obtained at discharge process and high
operaton voltage window. Asraoutcome of these reasons; Qi batteries exhibit high
enery density.

The first prototype of 0> was first introduced by Semkow and Sammg8]. Most
importantly, LFO2 was first reported in 1996 by Abraham and Jig@@j. The figured out
a hole in their el composed of polymebased electrolyte and carbon cathode but still
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revealing high capacity. Many of researchers were started to repOstlattery studies

for beginning of new hope as future battery technology. Then, scientist in this field were
claiming nonrechargeability for this type of battery based on their results after following
years.Yet, many like Read et al were also revealed good results likewise Abraham, and
Bruce showed the solid results of rechargeabk®d batteries[91-93]. Then, LiO»
became one of the most promising alternatives for electrifying electrical vehicles.

1.10.1.Li 202 formation

Like silicon or graphite being active material in-ibh batteries, 0. is the main
material in L+O, batteries account for electrochemical energy storage and conversion.
Li>O2 electrochemically forms during the discharge process and decomposes during the
charge process as the standard operation mechanism@f lattery. On one hand,
oxygen undergoeseduction in the cathode and Li oxidizes at the anode during the
discharge process he oxygen reduction reaction (ORRyrms O, 027 and G
yielding LiO2, Li-Oz and LkO as shown ircharge and discharge reactions bel@nthe

other hand, LJO, decomposes into Li and2Qand lithium reduced back to its solid form

at anode during the charging process. fhieemodynamically forration energyf Li>O-
corresponds to 2.96V with respect td/Li derived from the standai@ibss free energy
(@B=1570. 1'§[94.J mo |

Discharge:
Anode:
¢c0 DcdQ cQ
Cathode:
0QQ 0 ° 0l
¢cb@o 0@ O
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¢chM@Q 00 °¢bQl
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Charge:
Anode:
¢ch™Q ¢Q o ¢chbQ
Cathode:
D@ o0 ¢Q ¢
Overall reaction:
¢cb™QU P 00 O ¢@ WL D aTOQ

However, the growth mechanism obQb is not one step process chemistyt various
types of additional chemical reactions with intermediateps which is rather

cumbersome.

The crystalline LiO2 as final prodat has poor electronic conductivity to sustain the
electrochemical reaction within the batteries, so that, catalyst materials must be employed
to promote generation of amorphous,@4. The study conducted by Zhong et al
confirmed[95] that amorphous kD- provided greater Limobility and higher density of
O, defects than crystalline ¥@,. They observed via in situ transmission electron
spectroscopy (TEM) that t®- initially decomposed at cathode interface rather than solid
electrolyte interface giving clue ds* transports faster than electrons and ebeutr
conductivity retards OER process. Similar results were repbytécushima et al. using
oxygenated liquid electrolyte to analyze@: at threephase interface. In this respect,
Gallan{96], presentedeyeral aspect like surface delithiation and bulk oxidation £94 i
and the promoted orsectron charge reactionf®7]. It is significant that these
achievements are inadequate to explain the intrinsic mechanism that snchaalge and

discharge.

Besides having problenwith the formation of LiO; and not have a stable electrolyte,
they have been suffering from several challenges disallowing from commercialization.
Firstly, high charge overpotential is required due to tkeity problematic reaction
kinetics during oxygn evaluation reaction yielding decomposition of electrd98j.

The overpotential is simply the potential difference between charging and discharging
platue which potential for formation anddecomposition of IO, requires merits

more/lower than their tmmodynamic values happenidge to practicatineticresistance
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during the cell operatiorSecondly, reduced oxygen species such as superoxide radical
anions (") produced on discharge stigmd to attract with electrolyte, air electrode, and

Li metal anode partaking side products and corrosion respeci@glyLastly for now,

the oxidative nature of reaction products initiates parasitic side product such adbkiCO
degrading the cathode and electrolyte resulting passivation of active sites on cathode
surface[100]. There is a great deal of research frosn three decades to find solutions

for these aforementioned problems such as electrochemically active air cathode materials,
a stable electrolyte and a compatible catalyst to overcome overpotential for formation of
Li>Oo.

In addition, formation of side pducts during OER stage makes it even more obscure
enough to be confused in electrochemical intermediate steps and kinetic details.
According to Lewisdefinition, bases donate electron (electron donor) whereas, acids
accept electrons (electron acceptoss)ftor m a c hemi c al bond. The
Acid Base (HSAB) theory expresses that hard bases tend to react with hard acids and soft
bases to soft acids. Donor number (DN, basicity) of solvent in electrolyte is a measure for
electrolyte to solvate LD, battery reactants as™.iO, and LiQ. Li* ions fit the hard

acid definition because of having high charge state and weak polarizability. On the other
hand, Q@ possesses low charge states and firm polarizaltility it states as soft base.
Briefly, LiO2 as overall product is not stable when a hard Lewis acidc@tion) reacts

with soft base (@ anion). In ORR process, oxygen2jds reduced by cathode active
materials to generate ;Oanion by one electron reduction process and dissolved in
electrolye to form LiQ [101]. After this step, Li@could disproportionated to 40, and

O or reveled another Lication to form LiO.. The equilibrium is maintained in between
solvated LiQ within the electrolyte and adsorbed LiGn cathode surface controlled by
solvation capabity and kinetic of electrolyte solvent. So that, the basicity oftelite

solvent determines the coordination of Istrong Lewis acid) and D' (soft base)

assigning stability of electrolyte and>O> growth pathway during discharge process.

1.10.2.Electrolytesfor Li -Oz batteries

To find a proper electrolyte, there have begposted four different types of electrolyte
such as aprotic, aqueous, hybrid, and all sstiede based on their chemical constitutes.
A typical Li-Oz battery is constructed with Lithiummetal as anode, a carbbased air
cathode and finally one of theséectrolytesas seen irFigure 1.9 [102]. lonic liquid-

27



based electrolyte has several desirable properties such as safer electrolytes in terms of
very low vapor pesure, thermal stability, low flammability, high operation liquid
temperature ranges, broad electrochemical potential windows. However, lithium
hydroxide (LiOH) or lithium hydroxide monohydrate (LICHHO) is the main product in

the case of utilizing aques or hybrid aprotic/aqueous as electrolyte. Thus, reaction
between water and Li metal is unavoidable in these electrolyte systems so that, protection
layers on lithium metals or impermeable membrane as separator were purposed in
literature as solution. Othe other hand, there is lack of study in literature for all solid
electrolyte with high ionic conductivity to be performed irQdresearch. Although solid
electrolyte brings solutions to limited potential window, dendritic formation on Li
surface, evapration of solvents and leakage problem, they have low ionic conductivity
and sluggish kinetic during electrochemical process. As will be discussed in next line,

aporetic based electrolyte have been widely studiedif@r. batteries.

(a) Aprotic Discharge (b) Aqueous Discharge
|
Li*
Lithium Aprotic Lithium Aqueous
Metal Electrolyte Metal Electrolyte
Li metal protection film
(c) Hybrid Discharge () Sclid-state Discharge
| |
e Li* Li*
Lithium Aprotic Aqueous Lithium Solid State
Metal | Electrolyte i Electrolyte 4 Metal Electrolyte

Li metal protection film

Figure 1.9. Four different electrolytes for LD> batteries; agprotic,b) aqueousc)
hybrid and d)solid-stateelectrolyted103]

The seletion of Li salts and electrolyte solution is able to construct a stable electrolyte
for Li-O2 cell throughout the electrochemical preseLiterature suggests several lithium
salts such as hexafluorophosphate ([Pf6letrafluoroborate ([BF4], perchlorate
([Cl04]"), nitrate ([NO3]), bis(oxalato)borate ([BOB]), trifluoromethanesulfonate
([OTF] or [TF]), bis[(trifluoromethyl)sulfonyil imide ([TFSIT),
bis(fluorosulfonyl)imide ([FST]), and bis((perfluoroethansylfonyl)imide ([BETI]) to
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be used in electrolyte foLi-O> battery[104, 105] Li[PFs] as salt for electrolyte in
conventualLi-ion batteres is found to be not applicable for-Qb batteries due to its
moisture sensitivities, thermally instability and dissociation tasJPEt high polarization.
Li[TF] and Li[TFSI] aremore stable salts thatilized in TEGME giving less capacity
fading [TF]-and [TFSI] via high electron donor capability of Li salts anicouscessfully
establish coordination between'lto O;" to promote lifetime of stability and solubility
discharge intermediates within the proper electrolyte solvent. In addition, numerous
solution were employed such as organic carbonates (i.e. propyldmenai (PC),
ethylene carbonate (EC)), ethers (i.e.-dijdethoxyethane (DME), diethylene glycol
dimethyl ether (diglyme or DG), diethylene glycol dibutyl ether (DBG), triethylene glycol
dimethyl ether (triglyme), tetraethylene glycol dimethyl ether (TBAEDr tetraglyme)),
dimethyl sulfoxide (DMSO), phosphates (i.e. triethyl phosphate (TEPa)), nitriles (i.e.
acetonitrile, sebaconitrile), and ionic liquids (i.e.-butyl-1-methylpyrrolidium
bis(trifluoromethanesulfonyl)imide (PyTFSI)) as electrolyte sobnts in LiO
batteried106-110]. Alternatively, DME proved to be good candidate ak batteries
electrolyte solvents according to the recesdearches. Dimethyl Sulfoxide (DMSO)
containing L+O2 battery was also reported as yielding high capacity however there is also
contradiction from many researches as well claiming instability of DMB® to
formation of DMSQ at high polarization [111]. Acetonitrilie (MeCN) and
methylimidazole eard credibility to be studied as convenieriQa battery electrolyte

solvent according to recent reports.

1.10.3.Redoxmediator

Effect on battery performance in terms of accelerating ionic conductivity autioe
kinetic. Using a redox mediator is another g to refine problematic reaction kinetics
during oxygen evaluation reacti§®8] of Li-O. battery. As a soluble catalyst within the
electrolyte, redox mediator repairs low rottnigh efficiency and lav reversibility by
decreasing high overpotential duringarging process. Redox mediators can block the
parasitic reaction normally occurring at high potential via their charge transfer between
their oxidized and reduced forms. However, redox mediator rsustain their
compatibility with electrolyte/cathodanterface and stability of their organic structure

during the transformation between their oxidizeduced forms. General formulation of
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the effect of redox mediators to decomposition reaction #dJdc¢an be summarized as

following in Figure 1.10.

Li"l'

Step 1: 2RM — 2RM™ + 2e~
Step 2: 2RM* + Li,0, — 2Li* + O, + 2RM

Li,Op

Electrode
(a) e
,
4.5
é 4.0 Charge without catalyst
P
>
> 35
o Charge with RM
&
= 3.0
g \
2.5 Discharge
2.0 >
(b) Capacity

Figure 1.10. Working principle of redox mediator$ustrated by Lim et aJ112].

Benjamin J. Bergner et al showed 2,2;&8amethylpiperidinyloxy (TEMPQO) can be
used as redox mediator comhdneith solid electrolyte which yielded higher stability and
prolonged cycling113]. In addition, HeeDae Limandcoworkerscompared RMassisted
charging process in their study and showed DMPZ performing remarkably low

overpotential and high stability in the-O- cell [114]. Moreover, LiO> cells containing
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TTF were cycled 100 times with complete revatijbof Li 0. formation/decomposition
on each cyle reportedby Yuhui Chen et al115]. Lastly, Lil is proved to be a good
redox mediator presented by Wadm Kwak and Tao Liu claiming high efficiency and
rechargealiity of Li-O> battery with extremely large captes [116]. According to
Aetukuri et al., a ppm fraction of 2 can act as redox mediator to promote solution
growth mechanism and enhanhe solubility of @ and LiG[117].

1.10.4. Lithium as anode material

The opercell structure of LiO. battery permits oxygen or even moisture/@®the cell
ambient, and Li anode is corroded, eventually endingitipcapacity fading as presented

by Shui et al[118]. In contrast to intercalatiomechanism of Lion batteries, Liions

are plated and striped during the charge and discharge process which expose Li metal
anode to volumetric and morphological changes. Unlike theepsoin Liion batteries,

SEI forms and decompose on the lithium rh@taode surface upon cycling. Several
pieces of research were reported to prevent corrosion of Li metal anode using a protective
layer for the anode surface as a composite protective day&r metal to obtain high

cyclic stability and roundrip efficiency similarly reported by lee et dB9]. Liu et al.
reported that using fluoroethylene carbonate (FEC) as additive to HAQiF EGDME

formed protection layer on Li metal and increased cyclaljilit@]. Lee et al. suggested

to use AtO3z/PVARHFP as a composite protective layer on Li metal to obtain high cyclic

stability and roundrip efficiency[99].

1.10.5.Cathode materials

Li-air batteries are generally composed of lithium anode, electrolyte and porous carbon
based @cathodeAs remind the main concepturing dischargeO: is reduced on the
cathode by the help of catalyst wittime pores structure and lithium is oxidized to Li
cation in the anodeCarbon materials are widely preferred cathode materials fairLi
batteries due to efficient oxygen diffusion channels and facilitative electrolyte wettability
for ionic transport witin their forms. Researchers investigate carbon materials due to
lightness and high conductivity. Super P, Super S, Ketjen Black, et al. carbon materials
were used in Lair batteries so far to optimize their early stage developni@dtd20

125].

The twodimensional (2D) monolayer structure of graphene and the very high surface

area create both a large surface for the reaction and it helpsytipenato reach the Li
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ions[126]. On the other hand, graphene is an important potential support material for Li

air battery applicatios due to its lightness and high electrical conductivity. A very high
capacity values which is 15000 mAh/g were obtained by using graphene in an important
study of Xiao et al[127]. Graphene is used as a main compound-giLbatteries instead

of other carbonbased materials. Li et al. reported that they obtained 8705gtAh
capacity by using only graphene. That value is pretty high by comparison with other
carbon types such as B®00 (1909 mAh ¢) Vulcan XG72 (1053 mAhg)[128]. It
demonstrates the catalytic behavior to reduce oxygen due to its defectous structure. A
study showed that using graphene in air cathode increased the capacity and decreased the
overpotetial as a good catalyst compared to VulcanKZ[129]. As the characteristic

of carbon material graphene is used as support material for catalysts like,NiogD4,

SnQG ve MmsO; yielding superior Liair performance resuld30-137]. The catyysts

were either dispersed onto graphene physically or syathgn the graphene. Binding

of metal oxide onto graphene surface i s po
hydroxyl (OH) and carboxylic acid-COOH) groups. As an exaample, grapde
supported MOXx catalysts provided high catalytic actiyit$8]. In addition to it, nano
structured CoMpO4/graphene catalyst exhibited high activity both ORR and (IBR,

139].

Another important point with the catalyst is accumulation @Okion the cathode that

clogs the pores and prevents theput/output decreasing the capacity and cycle life of

the batteryf123]. The most perceptible work is published on this topic by Freunberger et
al.[120]. In their study of Liair batteries, l2O> formation was investigated using various
carbon materials (Super P, Ketjen Black, Blaclar®e etc.). Carbon compounds with
different surface area are published by Cheng and Beifif, and Xiao et al[121] and

it has been shown that increasing the surface of the carbon redounds the reaction surfaces
and caisequently enhances the capacity. However, the high surface area is not adequate
by itself but porous network along the structure. When the pores are too small, i.e. the
micro-porous structure, the pore inlet is obstructed, and reaction cannot occur in the
interior of the pores. Yang et al. determined the effect having different pore size and
suface area by using carbon mater[al]. They reportd that energy density decreases
when the pores are very larfe42]. In this case, an optimum pore structure argh

surface area are requird@draphene foams seem appealing due to its ability to provide
more host space for catalyst particles, higher accommodation sitessl.ithe faster
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migration rate of Li ions, the stability of high electron conductivity, lBghface area,

more open structure, accessibility of more pore volume, high strengthyebidtrge
specific capacity and good cycle stability at high current density properigeently,

Wang et al[143] fabricatd a resorcineformaldehyde (RF) crosslinked rGO sponge on

a Ni foam template to create a loosely packed, highly conductive cathode composite. The
microsize pore stictures enable better.@ansport throughout the electrode channels
revealing 2020 mAg capacity at a high current density of 2.8 mAgdrherefore,
freestanding graphene foams are excelpambus air cathode® enhance the rate and
capacity of next geeration L+O> batteries.In another investigation, Sergeev et al.
evaluated the optimal cathode thickness taking into account oxygen transport parameters
and a proper design of porous cathode materials that is able to shorten the oxygen
diffusion path[144]. Storm, et al. investigated the variation of the performance-GkLi
batteries due to differees in functional groups of reduced graphene oxide (rGO) and
synthesis method. Moreover, they concluded that b@§2d cathodes inilair batteries

can yieldhigh capacity with the ability to cycl[@45].

The freeze drying is anique dryingprocessto generatdree-standing graphene and
graphene oxide sponges. In this metladciady frozen oxidized graphene sheets entangle
and bind each other by lowering the pressure at lower temperature where water molecules
evaporated, and active bindisiges left behindn addtion, mechanicastrength specific

surface areand pore sizare tailored bynodifying the hydrophilic character during GO
reductionas a starting material for freeze dryifighemically modifiedGO is a type of
amphiphilic mateal with distinct hydropHic and hydrophobic sections from edge to
centerby altering functional groups and surfactamsother technique to form 3D
graphene is using gelator molecules during the soltamed synthesisGelator
molecules are responsgbfor maintaining the 3Dtsucture as physical or chemical
crosslinking agenttherebyoffering integrity for the final product. Croskinking agents
typically contain amides, peptides, ureas, saccharides, nucleobases, large alkyl chains
molecules and steld compounds[146]. Such stepxan be combined to produce
graphene hydrmelvia hydrothermal treatmenthe size and shape of pores in hydrogel

are determined by the amount of trapped water in hydrophobic and hydrophilic sites of
functional group on graphenesurface Freze drying is used to remove water molecules
from hydrogel where it converted to aerogel as final prod@aphenéased aerogés

akind of carbon based monolithic materials with 3D micaiad nanestructureshat air

33



entrapped in the voids where water remopMety, 148]. Graphene/oxide foanis
produced via chemical vapor deposition techniques. Nickel fagtim micron size
porosity is utilized as a substrate in order to degbsitarbonrbased materials by CVD
method followed byetching thenickel foamwith a high ©oncentration ocidicsolvent.
After dryingprocedure, ree-standing graphene foamabtainedvhich can be oxidized

in order to produce graphene oxide foid9].

Apart from their promising resultsarbon was claimed to be natable beyon®.5 V

(vs. Li*/Li) and precipitate irreversible #€0Oz by promoting electrolyte decomposition
during the oxidation dfi>O. [150]. As the main reason, the synthesis ofl@z is highly
possible since the reaction o0 and C is spontaneous..00Oz causes capacity loss
since it is precipitated in the electrolyte or deposited on the carbon surface, velish le
to blocking of Li" transport within the electrolyte/electrode and loss of catalytic activity
of electrode, respectively. Moreover, decompogitf L,COs requires a potential higher
than the decomposition of 40». High charge overpotential (>4V vsi‘LLi) increases

the possibility of additional parasitic reactions, lowering the faradic efficiency, and
limiting cyclic performanceMcCloskey et al. presented that 36 % of the totaCCs
stems from the carbon electrode via the study carried with tipe diedifferential
electrochemical mass spectrometry (DEMBiie to this reason carbon free or metal
oxide and carbon nanocomposite®erev studied by many researchers to eliminate
electrode surface passivation and corrosiBh.and Pialloys are the welknown
electrocatalysts for ORR including electrochemical applicaf®E]. Since Pt is a costly
material, other catalysts have been studied as alternatives; however, the alternatives
displaygenerally lesser activity during the operat[@b0, 152155]. Studies which &

to develop different catalysts such as Pt and Au instead of highly active metal oxides and
alloys proceed in Lair batteried156]. Gold (Au) /carbon hadrawn attention as a good
catalyst for the @R reaction, but the use of Au is not considered economically feasible
as wel [157]. Oh et al. reprted themesoporous metal oxide compounds can yield high
catalytic effect on oxygen reduction and oxidation reactionsebghing a capacity of
approximately 10000 mAh/fL58]. Further,MnO. earned its place as one of the most
studied metal oxide compounds among these catdiysteducingthe overpotential
during chargingaccordingto recent regarding studi¢s59]. Truong et h reported that

the nanostructured Mn@ompounds with different morphologies reduce the activation
energy and thuthey achieve betteperformance in Lair batterie§160, 161] Black et
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al. (2013) studied GO®4 andreduced graphene oxide nanocomposite to reduce the charge
and discharge voltage differend®.Co nanoparticles dispersed onridh carbon were
prepared viasoli gel meahod Zhang et al.[162] as a cathode vith yielded low
overpotential, high cyclability and enhanced performamGm et al. employed Co
nanoparticles and carbon nanofiber composite as cathode-y lhatteres to reduce
discharge and charge polarization and improve cycling stafdib).

1.10.5.1. Ceria

Another effective catalyst is Ce(Besides being the most abundant elementiinted 6 s
crust among the rare earth class, cerium is one of the most studied rare earth elements
based on its versatile properties and wide application areas. Ceria has been studied as a
catalyst for the oxidation reactions of several orgaoimpoundsand CO with diesel

soot to purify automobile exhaust from toxic gasses in catatgtiwerterg164-168].

The other applications of ceria are dry reformifig9], combustion of organic
compounds[170], oxygen sensord1l71], Sabatier reactionf172] and chemical
valorisationof CO; [173]. Ceria is an attractive material by yielding a fast recltange

in oxidation states and ggen vacancy defects by very small activation energy.

There are too many factors partaking in émhancememf cerium redox property and

its catalyticefficiency such as composition, shape, size, morpholtgyperatue, and

doping. Catalytic performaec of ceria nanomaterials depends on surface oxygen
composition properties implying surface geometric and electronic structure, and
nanocrystal morphology implyingigh-densitycrystal plane$§l174, 175] Higher surface

to volume ratio, smaller particteze,andhigh temperaturgacreases the oxygen vacancy
mobility thus enharing the catalytic properties. Smadr surface to volume ratio
regarding to shape and particle size, and temperature increases the oxygen vacancy
mobility to increase aforementioned properties.

Studies have shown that the activity of the cathode is direslthted to the structure,
morphobgy and pore size of the used catalikirphologydependensurface chemistry
and catalytic performance of cedeedirectly related to the majority of oxygen vacancies
within the ceria structure. Oxygen vacancy formatis a direct result of Geto Ce*
transition. This transition can be obtained by lthes of oxygen or electrons which can

be induced by temperature, oxygen partial pressure, desorption or adsorption of other
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atoms, electridield, and surface stres¥/hen a neutral oxygen atom extratfeom the
CeQ lattice accommodating Ceatoms, lattice gains two reduced newCdoms, one
oxygen vacancyefectand 2 electrons. The vacancy can be easily replenished in an
oxygen rich ambient which is an excellent property focttalyticreactiors. The oxygen
vacancy formation is calculated by Ceoncentration over total existing cerium gCe
/(Ce** + Ce&"™)). Cé** to Cé* transition is achieved by a very slight energy due to the
similar energy levels of 4f and 5d electronic states and low {@itenergy barrier they
have[176, 177]
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Figure 111. Oxygen vacancy formation ine®2 unit cell according to its a) neutral form,
b) +1 valent, C) +2 valent and d) +3 valent atom displacement with Ce

The number of oxygen vacancies can be increased by doping ceria nanomaterials with
one, two or three valent elements. Doping with othemeints creates oxygen vacancy
defects and changes the oxidation states in order to maintain the electroneutrality
acording to embeddedalence statas illustrated irFigure 1.11[178, 179] CeQ has a
fluorite crystal structure vilh an FCCunit cell and each Ce atom accompani€s&oms

while each O atom is coordinated by 4 neanegghborCe atoms. Multiplezalenciesn
ceriacreatesan improvement of oxygen storage and release ability so that oxygen atoms
diffuse more easily vihin the lattice to reduce or oxidize other molesu Sudarsanam

et al. reported that Cu&Qlecorated Cef® nanocubesexhibit a higher catalytic
performance for soot oxidation compared to that of pristine;@a@ocubes$180] and

also MnQ/CeQ nanocubesxhibit aremarkable catalytic performance toward both
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diesel soot oxidation and benzylamine oxidation compared to that of pure CeO
nanocube§l81].

Richard |. Waltondiscussed many different parameters, additives, dopants and solvent
for the synthesis of ceria nanostructuyehlydrothermal method that facilitates to control
surface properties, morphologies and its composites with other el¢hd2pt®evaraju

et al. synthesized Ce@ollow spheres using solvotmeal reaction and they concluded
that ceria exhibited better catalytic activity via the higher specific surface area and smaller
crystallite sizg183]. Sun et al. synthesized Ce@anorods by using ethylenediamine as
additive to control morphology with experimentahrameters such as the solvent
composition, surfactant and the cerium source precursor, and the effect yftthesis
parameter were analyzed by UXsible adsorption and photoluminescence spectrum
[184]. The reversible transformation of Ce© CeOs studied bySkorodumova et al. by
using density functional theory (DFT) and they concluded that formation of oxygen
vacancies, their migration and diffusiare attributed to virtual G&vacancy complexes
[185]. A Zri Ce Mni O material were prepared by Azalim et al. bygel and calcination

and tley discovered that high concentration Wincreased the oxygen mobility at the
surface and enhanced the teatuand redox propertiegl86]. MartinezArias et al.
repated that the reduction and oxidation capability of €eproved in the presence of
CuO in redox cycles under COJ/@hanks to their remarkable rsgrgetic effec{187].
Reddy et al. demonstrated that solid solutions of t&neonia exhibited high OSC in

and high catalytic activity compared to bare cgris].

There have been only a few studies about &®Car and it has been shown to be an
effective catalysf189]. Singh et al. decorated crystalline ceria nanoparticles (CNPs) onto
reduced graphene oxide (RGO) by wet chemical process and studied electron mobility
throughout CNPs to rGO. According taethresults, anchoring CNPs on the RGO sheets
formed numerous oxygen vacant sites which enabled electron ogifiRiRAction with

the localized hole on rG@190]. Nitrogen doped reduced graphene oxide showed
excellent electrocatalytic activities for oxygen reduction reactiompared to the

commercial graphene oxide and carbon black as reportedeogt a[191]
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CHAPTER 2. METAL & METAL OXIDE DECORATED GRAPHENE
BASED ANODES FOR LI-ION BATTERIES

2.1. Introduction

Lithium-ion batteries (LiBs) emerge as promising energsagi® solutions for a range of
applications, from portable electronics to the automotive and aerospace industry, thereby
a high demand for LiBs with high energy/power densities as well as morenabsity

arise in recent yeafd92]. To actualize the widespread utilization of LiBs in electric
vehicles(EVs), fast charging/discharging is one of the most crucial asg@ote the
commercialization of L-ion batteries in the 90 s, so many studies have been conducted
to find a better replacement for graphite anodes to show higher rate capabilities end long
cycle life [193-195] The commercial graphite anode demonstrates inadequate
performance because of being plated with lithium dendrites at such high rates of
operation, causing magsinsport problemfgL96]. Generally, an ideal candidate for a Li

ion battery anode should have the following features simultaneously. (a) High ionic
conductivity for fast soliestae diffusion of Lif, (b) high electronic conductivity to
transfer electrons to the current collec{@) and high surface area to maximize lithiation
reaction[197]. In this respectinetal and transitional metal oxide on carbon support can
tailor high Li-ion storage capéces[198-200].

Graphenebased anogs may outperform in such cases due to shorteriadri_transport
pathways[201], yet high performance could only be achieved by specially modified
grgphene, as the pristine material has a high tendency towards irreversikiagstaf
graphene nanosheets, limiting the reversible insertion and extractiof ioh&{202].
Graphee oxide (GO), which is a defecéiform of graphene, does not possess sufficient
electronic and mechanical properties to be used alone as the anode materig|263]iBs
despite its facile producibility and excellent cheahistability[38]. A possible solution

is to thermally or chemically treat the GO to remove functional groups on GO surface for
boosting the conductivity, as well as the specific surface area, producing reduced
graphene oxie (rGO)[204]. Another widely utilized way of further enhancing the
electrochemical properties of carbbased anode materials is to use dopants like N, B,
S, and P. Nitrogedoping of rGO can be very prommg for improving the

electrocatalytic activity and conductivity of the material by the provision of more electron

38



density and increase of unoccupied density of states as a result of electron transfer from
carbon to nitroge which is more electronegatiy205, 206] The nitrogerdoping also
increases the specific surface area by bigger defect sizes and more porous gtjcture
More importantly, it supplies additional active sites for" Istorage [206, 207]
Furthermore, the strong interaction between the nitroipged carbon lattice and lithium

ions may further aid in enhanced insertion/extraction dfidns[196]. Although there

are an extensive amount of studies in the literature utilizing nitrdgpad/reduced
graphene as hybrid anode materifg98-212], the studies usingndy the nitrogen
doped/reduced graphene oxide are rare and provides limited information about the
electrochemical performance of such materials alone. A number of studies in the literature
report thathe nitrogerdoped graphene provides more electroctitafictivity than non

doped graphenR13, 214] However, only a few studies are discussing the operation at
long-term and high current density, besides there is no report discussing the mechanism
of capacity increasing31, 207, 215, 216 The effect of nitrogen doping on chemical
structure as well as electronic properties of graphene sheets is well studied both
theordically and experimentally217-219]. It is shown that pyridinic graphene hagt
highest capacity among all three forms of nitrogen doping for Li stqedg8. A high

rate capability, as well as high reversible dischargeagpas reported for a ca. 2 %
nitrogen doped graphene andd&8]. The reason for high capacand rate performance

is attributed to change in the electronic structure oftimig carbon atoms which gives

rise to creation of active sites by increasing reactivity of the graphene [@i&3dtén this

regard, NrGO or graphene oxide (GO) has been used as an auxiliary component in many
anodes6 formulations to Iimprove electrode
[217-222].

Recently, TiO2B has received much attention as an active material -ionLbattery
anodes. The reason for such attention is high rate capability, facile preparation, good
chemical stability and low volun@hange (<3 %) during lithiation and dethiation [223-

225]. It specifically shows higher rate capability in comparison wittother TiQ-based
materials such as anatase, and hydrogen titaj22®}s However, all polymorphs of Ti©

have common limitations includinggw solid-state diffusion of Li+ and low electronic
conductivity. Another drawback of Tighanoparticles is that they tend to agglomerate
during anode formation whiclesults in lower activity of material during lithiation and

delithiation. Agglomerationbehavior and low electronic conductivity of LiMave
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created a necessity to increase the amount of additives like carbon black in the anode
batch formula which effectely has no Li storage capacity. To overcome such
shortcomings, different strategies kalveen employed. Various morphologies of 2O

have been used including nanotuldé97], nanorods[226], nanosheet§227] and
nanowires[228]. Such morphologies show higher surface area and reduce diffusion
distance of Li leading to higher rate capability. Another strategy is to add a conductive
component such as graphene or reduced graphene oxide to emrst@pezbrmance and
capacity of anodes. Good chemical stability, high surface area and preventing
nanoparticle agglomeration are among the advantages of reduced graphene oxide (rGO)
[229, 230]

As an attractive solution, rGup IV elements (Si, Ge, Sn) offer high specific capacities
(3579 mAhg!, 1600 mAhg, 994 mAhg!, respectively) as LIB anodes for greater energy
storage capability. In comparison to graphite, crystalline Si lattice can store severalfold
more Li ions in d@ferent LixSiy phases that can store up to 4.4iduis per Si. However,

Si also pose a serious ptem of volumetric expansion upon lithiation (297 %, 270 %,
257 %, respectively]231]. The ~®0 % volumetric expansion upon every charge
pulverizes the anode and results in rapidly fading capacity due to loss of electrical contact
and repeated solicklectrolyte interface (SEI) formation generated by reductive
decomposition of the organic electriyon active anode surfad@82]. Loss of contact
causes irreversiblathium insertions as well as a gradual loss of Li ions to a constantly
developing (unstable) SEI layer. In return, a pure Si anode is seen to suffer fsram a |
coulombic efficiency (CE), an increased resistance for ionic flow, and a low electrical
conductvity [232]. These factors contribute to a rapidly fading capacity ajtharwise

energy dense anode.

Numerous ingenious composite structures of nanostructured Si and C have shown
promising electrochemical properties in LIBs.€Bk include Si nanowirg233], Si
nanotube$234, 235] and permeable SiGhells[236], combined with different carbon
morphologies such as carbompgubes (CNTs)237], electrospun carbon fibef238],
microspheres of graphefiz39], and various architectures of graphene sHed242].

The GSi nanocomposite structures provide significant improvements in capaci@Eand

One important study for Si nanocomposite structures includes Si nanoparticles in a
doubleshelled structur@43]. In this structure, Si particles are first surrounded 1@ Si

and then a wide carbon sphere where it lets a space for expansion. The integrated design
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exhibits high mechanical strength and reversible capacity. Succesbag&l LIB anode
composites aim to buffer Si expansion upon lithiation with the help of a mechanically
strong, flexible and electrically conductive encapsulating framework. Grajiizsad
structures have been found to be useful because they have the needed mecharnilal streng
and flexibility to withhold Si expansion upon lithiation without causing excessive damage
to the anode, allow Lion transport with ease, and contribute to higktrctrical
conductivity. Reduced graphene oxide layers haya@ane carbon vacancies digethe

harsh oxidizing conditions used during their syntheses. When they cover Si nanopatrticles,
these vacancies behave like an ion channel which is also a cssca for Sbased
materialg244-246]

While studies on graphensilicon composites demonstrated multifold increases in
capacities and good capacity retentions, many of their preparation methods are either too
costly, timeconsuming or complex to be deemed feasible for commercial scalability.
However, o notable examples of € composite anode fabrication techniques are the
works of Wu et al[247]and Chang et al244]. Wu J. et al. prepared multilayered silicon
embedded porous carbon/graphene hybrid film by electrostatic spray deposition of
alternate layers of GO and Si/multiwalled carbon nanotube/carbon
black/polyvinylpyrrolidone (Si in porous carbon matrix) followed by heat treatment at
600 °C. The resultingn@de was reported to give a high specific capacity of 3114 mAhg

1 with excellent capacity tention after 100 cycles. Another alternate layering approach
was reported by Chang et al. who dip coated alternate layers of GO and Si nanoparticles
(NPs) on a Ni foam. After heat treatment; specific capacity of ~2000 rhat®y2 C was
reported with exellent capacity retention over 300 cycles. These studies show that
layering Si between graphene layers is an effective method to obtainjpenighmance
electrode. However, both the coating techniques used and the requirdniesrnaal
treatment after hte coating under an inert atmosphere complicate the scaling up.

Thereforga simpler method is required for the layering of the materials.
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2.2. The Influence of Nitrogen Doping on Reduced Graphene Oxide as Highly
Cyclable Li-ion Battery Anode with EnhancedPerformance

2.2.1. Preface

In this study, as the first step, contrary to the literature where graphene oxide (GO) is
generally synthesized by Hummerso or mo d
synt hesi zed by t he i @Ghangiogvthe dherhicalsiimeproseés met h «
alters the oxidation and doping mechanism, which is critical in electrochemical
performance. The GO was thermally annealed under argon gas flow to obtain reduced
graphene oxide (rGO). For nitrogdoping, GO was dirély annealed at high
tempeatures under ammonia and argon atmosphere as a rapid synthesis route. It should

be stated that both the reduction and the nitratming of GO were employed in a single

thermal annealing step. The physical as well as the etbetntical properties of NrGO

were comprehensively evaluated by comparing with the rGO in order to study the doping
effect of nitrogen on rGO. This study undertakes a complete evaluation of the materials’
performance in terms of the high current rate and-tenrm operability. In thisespect,

we aimed to investigate the influence of nitrogen doping on LiBs performance upon
cycling by comparing structural and electrochemical characterizations of NrGO to rGO.

The process used for the synthesis of NrGO enabledre open structure, ety Li*

ions more access to doped si{@sgure 2.1). This resulted in the highest specific
capacities and stability for NrGO anodes repbitethe literature. More interestingly, the

sites in this NrGO improved the'lintercaldion, and the specific capacity increases with

cycling. This study also tries to explain this extraordinary behavior of NrGO by nitrogen

defects created on the grapbkesurface.

Figure 2.1. Lithiation mechanism into graphereyers with defects due to N doping
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2.2.2. Materials and Methods

2.2.2.1 Materials

Natural graphite flakes (99 %), potassium permanganate (KkV38%), sulfuric acid

(H2SQy4, 98%), phosphoric acid (#PQs, 85.088.0 %), hydrogen peroxide {6, 29.0

32.0 %), hydrochlog acid (HCI, 37 %) were obtained from Sigmddrich for the
synthesis of graphene o0Xxi demethyl2-pyirroigoneo ve d F
(NMP, 97 %) from SigmigAldrich and carbon black (Vulcan X@2) from Fuel Cell

Store were used for electrode preparat1.0 M LiPFk in EC/DEC:50/50 (v/v, battery

grade) were purchased from Sigmdrich as the electrolyte. All reagents used were
analytical grade and used withdutther purification.

2.2.2.2.Graphitic oxide (GO) synthesis

The graphitic oxide was preparedlyung t he I mproved Hummer s o
by Marcano et gi47]. Initially, graphite flakes and KMnOwere mked according to a

1:6 (w:w) ratio. Then, bE5Qs and BPQs emulsion with a 9:1 (v:v) ratio were poured into

the mixture. The resulting slurry was mixed continuously by a stirrer at 70 rprrephd k

at 50 °C for 24 hours. The synthesis is proceeded undex tefprevent the toxic ambient

and vaporization of the reactant solution. After 24 hours, a 1:20 (w®) Bnd ice
mixture was poured into the-abtained brownish slurry, then exposed tocanbath for
cooling. Followingly, 88 mL HCI was added to deimed water, and the emulsion with a

total volume of 2 L was added onto the mixture. The final suspension was kept in an ice
bath for 48 hours. After this step, the slurry turned into a honemyesty dispersed,
yellowish, and acidic GO suspension, which wabBected by a series of centrifugation
steps. Initially, the resulting suspension was centrifuged at 4750 rpm, and the supernatant
was decanted away. The remaining slurry was washed sejlyenyi an emulsion of DI

water and ethanol until the pH reacladzbut 5.0. At the last step, the collected sample
was freezalried for 4 days to remove the remnant water and to obtain a high specific
surface area. Afterward, the GO was ready for furthecgssing and characterizations.
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2.2.2.3Reduced graphene oxide (rGO)ynthesis

In order to obtain reduced graphene oxide (rGO), the pristine GO was heated to 600 °C
in a tubular furnace with a heating rate of 15 °C/min under flowing argon for 2 hours.
Afterward, the system was cooled down to room temperature under the argon

environment. Finally, the rGO was collected and utilized in the proceeding experiments.

2.2.2.4 Nitrogen-doped reduced graphene oxide (NrGO) synthesis

The reduction and nitrogestoping of GO were p&rmed via a facile thermal annealing
process undeammonia environment. Firstly, graphene oxide (GO) was subjected to
nitrogen under ammonia/argon gas flow at 900 °C temperature in a tubular fasnace
shown in theFigure 2.2. The sample was cooled down to room temperature after the
annealing process, while argon was still flowing-gkgained NrGO with a blackish color

was collected from the furnace after the complete cooling.
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Figure 2.2. rGO and NGO synthesis, and battery performance comparison

2.2.2.5Instrumentation and characterization

X-ray diffraction patterns of the powder samples were obtained by a Bruker D2 Phaser
X-ray diffractometer device with a 1.540 A Cuw Kadiation source. The thwere
collected from 1071 90A with 0.02A 2d step

of all graphendased materials were analyzed by a Renishaw Raman spectrometer under
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ambient conditions using a 514 nm visible lasewurse. Microstructural and
morphological analyses of samples were monitored via a Zeiss LEO Supra 35VP Field
Emission Scanning Electron Microscopy (FESEM) by a secondary electron detector at 3
kV accelerating voltage. Samples were coated with Au/Pd usinBékk V HP Denton
Vacuum coating device before SEM observation. Decomposition temperatures and
weight fraction of oxygenated functional groups of grapHmesmeed materials were
determined by a Netzsch STA 449C thermogravimetric analyzer (TGA) via heating f

30 to 1400 °C with a @ °C/min heating rate within the air ambient. &dsorption
isotherms were investigated by a Micromeritics 3Flex Physisorption instrument at 77.3 K
with relative pressure (PdPof N2 gas varying from 0 to 0.99. The complete dsgagof
samples proceeded 130 °C for 24 hours prior to measurements to clean the surface from
ambient gas and humidity. Specific surface area and pore size distribution analysis were
obtained from the Nadsorption isotherms. The binding energy speatréhe samples

were quanfied by Thermo Fisher ¥lpha Xray Photoelectron Spectrometer (XPS)
system. The spectral data were collected using a 400 elliptic radius spot size of Al K

monochromatic source during the formation of the spectra.

2.2.2.6.Electrochemical characterization

The cylic voltammograms (CV) were recorded by a Princeton Applied Research
PARSTAT MC system. The CV data were recorded within a potential window of 0.01
3.00 V (versus Li/L"), and a scan rate of 0.1 m\t.sThe galvanostatic charge and
discharge tests were f@med using an MTI 8 Channel Battery Analyzer, within a
potential range of 0.03.00 V at different current densities, such as 0.1, 0.5, 1, 2, 5, 10
Ag? (Figure 2.3). The electrochemical impedance spectroscopy (EIS) data collected
using the PARSTAT MC system with a frequency range of 0.1 Hz to 1 MHz with a 5 mV
AC amplitude.
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Figure 2.3. Charge/Dischrge tests bysing an MTI 8 Channel Bry Analyzer

2.2.2.7 Electrode preparation and cell assembly

The slurries of rGO and NrGO were prepared by mixing and grinding the active materials
with carbon black and PVDF with a weight ratio of 7:2:1. The mixture Wwaetsed in
N-methyl pyrrolidone (NMP)followed by moderately stirring of the slurry for 24 h to
obtain uniform homogenei ty. Tthickcopperdoil.r y wa s
The coated foil was dried at 120 °C for 12 h in a vacuum oven, th@ndssied to increase

the bonding integty of coating with the copper foil. Circular electrodes with 15 mm
diameter were cut, artieywere transferred to the gloveb@®gure 2.4). The CR 232

cells were assembled under glovebox, using Li chips (15dameter and 0.4 mm
thickness) as the counter electrode, Celgard PP as the separator, our electrodes as working
electrodes and 1 M LiRHn ethylene EC/DEC (1:1, v/v) as the electrolyte in lestwthe
electrodes. Cells were hermetically pressed atilized for the electrochemical

characterizations.
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Figure 2.4. Electrode preparation steps

2.2.3. Results and Discussion

2.2.3.1.Physicalcharacterizations

Figure 25illustrates the crystal patterogpristine GO, rGO, and NrGO powder samples.

As can be clearly seen, the GO demonstrates asharppebkal 2 e, whi ch <cor
to (001) plane of the graphite with an interplanar distance ofj7,%¢hich is due to the

oxidation of functional groupsfo gr aphi te surface. The rr GO
((001) plane for GO) apherk), thint&@aaar disalcOsdf) p | &
9.53 and 3.5]; , respectivelj216]. The i ntense peak at 25. 35
complete reduction of oxygenated functional groups on the GO surface, which is evident

from the reduction of the interplanar distance to 3j51Interestingly, the peak
corresponding to theDQ1) plane hasden shifted to lower®v al ues (9. 27¢)
thermal reduction processes. This is possibly due to the expansion of the material by the
reduction, which was a consequence of the gasothermaireashent process. During

this process, aexplosive therral reduction of the G@ased materials occurs, generally
around 250 AC. Furthermore, the Nr GO samp]l
26. 65¢, which coincides with § hrespedtivelyer pl a
[248]. The XRD of NrGO displayed that the diffraction of the (Dpliane occurs in a

similar position with the one in pristine GO. Still, the diffraction of the (002) plane

revealed that NrGO faced more reduction, which is due to higher heat treatment

47



temperature resulting in more removal of oxygenapexlips. The irdrplanar distance

can vay with respect to the GO synthesis method in use. Hu et al. reported interplanar
distance for (002) plane of NrGO as 3.7and Du et al. reposted it as 3;5731, 249]

The small difference can be due to thepboyed method since they used modified
Hummer method, and we used i mproved Hummer
method utilizes phosphoric acid instead of using sodium nitrate as the main difference.

Yet, it has proved to have a better oxidatioogess, which alters the interplanar distance,

as reported by Marcano et[dl].
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Figure 2.5. XRD analysis of pristine GO (black), rGO (red) and NrGO (blue)

Vibrational modes of pristine GO, rGO, and NrGO were analyzed according torttamRa
spectrum obtained ifrigure 2.6. As evident fromFigure 2.6, all of the samples
demonstrated Band Gpeaks of graphiticarbon, which are addressed to vibrational
modes of shand sp hybridization of carbn-based materials, respectively. Besides, the
D-peak indicates the degree of disorder resulted from defective vibrational density within

the graphitic carbon. Whereats-peak represents stretching of carbon atoms in two
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dimensional lattice within thehains and rings of graphene layer which corresponds to
E>gphonons scattering centered at the Brillouin 886, 251] Li* ion storage is directly

related to defeetich porous carbon which contributes a great number of litham
storage active sites within the carldattice. Hence, the area (f\g) and intensity ratio

(Io/lc) of D- to G-peak are essé&al in terms of explaining the functionality of carbon
materials to lithiurdon battery capacity and cyclability. FroRigure 2.6, the Av/Ac

ratios of pristine GO, rGO, and NrGO samples were calculated as 1885ahd 2.05,
respectively. In additionpllg ratios of GO, rGO, and NrGO were found to be 0.78, 0.83,
and 1.10, respectively. NrGO exhibited the most defective Raman outcomeeok@Cth

and GO samples, as proven by thgA and b/l ratios. It can beoncluded that both

rGO and NrGO have a more open structure compared to GO, due to the increase in defect
density in the light of Raman characterization. Lastly, NrGO hashtbkes sp’
vibrational modes since nitrogeloping of the graphene lattice ated sp-bonded
carbons to nitrogen. However, Hu et al. claimed thég kemains same for the pristine

and doped GOs, as 0.94; albeit Du et al. repog#gd fatio as 1.21 for nitlgerrdoped
reduced GQ31, 249] Du et al. added melamine during GO synthesis to get nitrogen
doped GO and hydrothermally reduced it to get nitred@gmed reduced GO so that even

at a lowtemperaturgeduction by a hydrothermal treatment may effectively provide a
defective structure due melamine. Conversely, Hu et al. reduced ammonium hydroxide
included modified Hummersd GO at 1100 AC |

remove oxygen conteand obtain a defective structure.
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Figure 2.6. Raman anafsis of pristine GO, rGO, and NrGO

Morphological analysis of pristine GO, rGO, and NrGO was examined by FESEM, as
illustrated inFigure 2.7. According to SEM micrographs ffigure 2.7 a & b, the GO

contains large shedéike structures. The edges and individual sheets are clearly
distinguishable within the lamellar layers. The layer6@® ar e around 500 ¢
and 300 em in width, wit Onthedhbrihand ther&6@ of
flakes showed wrinkled and curved features on their surface. Also, the SEM images in
Figure 2.7 ¢ & d apparently demonstrate the increase of the distance between the flakes,
which is consistent with the XRD result.

Moreover, the rGO displayed smaller flakes composed of thinner laypporting the

reduction process of oxygenated groups, which was discussed in XRD and Raman
analyses. Furthermore, the NrGO showed more curled, fluffed, and disordered structures
compared to the rGO. It also showed more bent and thinner flakes leat tveatment

at an elevated temperature undersNdposure, whichesults in the featuresbserved in
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Figure 2.7 e & f. The morphologies of the G&nd the reduced GO are mainly similar to
previous studies in literatuf&26, 252]

Figure 2.7. SEM micrographs of (a, 30, (c, d) rGO, and (e, f) NrGO powder
samples

The thermal stability of rGO and NrGO was examined by a TGA analygjaré 2.8).

All of the samplesiawe mass changes over three stages. Both rGO and NrGO lose around
6 % mass below 100 °C due to the removal of the adsorbed water and surface humidity
on GO flakes. On the one hand, rGO has a less steep change up to 355 °C, which
corresponds to an additial mass loss of 1 %. This evidence suggests that rGO has a very
small amount of unstable surfameygenated functional grouj2g8]. On the other hand,

NrGO showed a steeper change up to 446 °C, which is a higher temperature compared to
rGO for the thermal decomposition of oxygenated surface groups on NrGO. Finally,
NrGOhas a higher combustion temperature of
470 °C[253]. rGO might havelecomposed earlier due to the expanded structure of rGO.
Park et al. reped similar thermal decomposition temperature, which claims the
improved thermal stability of rGO by adding intermolecular coupling agents to heal rGO
and to restore the carbon network during heafRtsy}]. Moreover, nitrogen doping
probably supplied additional integrity to rGO lattice in this study and increased its thermal
stability.
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Figure 2.8. TGA (black) and DTG (red) spectra of (a) rGO (b) NrGO powder samples.

BET isotherns and pore size distributions of rGO and NrGO are presenteidune 2.

9. rGO showed H3, and NrGO formed H4 hysteresis loops according to IUPAC
classification. According to the BET analysis, our rGO has 638/8 specific surface

area and 2.53 cify total pore volumél145]. This result was supported by SEM, XRD,

and RAMAN analyses since rGO has a large interplanar distance and structural
expansion. MoreoveiNrGO exhibited 425.1 ffg specific surface area and 0.653m

total pore volume. Pore size distributionkigure 2.9 b gives detailed comparisons and
similarities of rGO and NrGO powders. Both powder samples have a mesoporous
structure. rGO demonstrated two maxima at 2.6 andr38,6vhere the 2.6 nm maximum

has a higher pore volume distribution. Yet, NrGO projected three maxima of average pore
width pointed at 1.9, 2.4, and 5.26 nm, respect[2&l§]. It can be concluded that rGO

has a more open structure than NrGO, whereas NrGO has narrower pores than rGO. This
narrow pores of NrGO may provide better interaction with ions during their

adsorpion to nitrogen groups in ghgraphene lattice.
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Figure 2.9 N2 adsorption/desorption isotherm curves (a) and BJH pore size distribution
(b) for rGO (black) and NrGO (red) powder samples.

The elemental analysis of the rGQdarGO were studied to obtafihe nitrogen content

and compared for carbon and oxygemtaining groups within the rGO and NrGO.
Figure 2.10 shows the general XPS surveys, C 1s and O 1s spectra of rGO and NrGO,
andN 1s spectra of NrGO, which were deconvoluted by Lorentz and Gaussian functions
in the Origin software. According taegeral survey data irigure 2.10a, NrGO exhibits

three peaks, namely C 1s, O 1s and N lsecedtat 285.1, 399.0, 531.7, respectively
with atomic pecentages of 84.9 %, 6.4 %, and 8.7 %. As expected, the rGO does not
contain an N 1s peak, and it is composed of 87.4 % carbon and 12.6 % oxygen. It is clear
that nitrogen was generally substitutedhivi the oxygen sites in the rGO struct[286].

N 1s peak of NrGO, shown Figure 2.10b, is deconvoluted to the nain peaks, which

are attributed to the graphitic/quaternéty pyrridonic/ pyrrolieN, and pyridinieN

located at 401, 399.2 and 397.9 eV, respectively. The pyritliraad pyrrolieN have

higher occupancy over quaternary N which provides more defelctcontent as
supported by Raman analysis, and Xu ef2&l7]. O 1s spectra of rGO and NrG&ere

fitted to three different curves, as showrFigure 2.10 ¢, which are assigned to oxygen
signals in epoxy (€OH), carbonyl (C=0) and carboxyl gimp (O=GOH). The peak
centers of @OH, C=0, and O=EH for rGO werepinned at 533.5, 532.0, 530.7 eV.
However, these peaks were centered at 532.5, 531.2, and 530.1 eV for NrGO. Moreover,
the occupancies of epoxy and carboxyl groups in NrGO were decreasudtidally
compared to the ones in rGO, which explains the renahahglebonded oxygen after
re-coordination of these sites with nitrogen due to doping process. Lastly, the C 1s spectra

demonstrate 4 peaks for both rGO and NrGO separaté&lgure 2.10d. On one hand,
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the cuwes centered at 284.5, 285.9 286.6, 287.8 eV for rGO corresporfohgbsigized
carbon (C=C/&C), the carbon in epoxy €O), in carbonyl (C=0), and in carboxyl {O
C=0) groups, respectively. On the other hand, NrGO C 1s spectra were split into 4
differentpeaks as well, which are centered at 284.5, 285.3, 286.9, and 288:4sing
C=C/GC, CN, C=0, and GC=0 respectively258] The shift of the mding energies in

the O 1s and C 1s spectra for rGO and NrGO wesedailue to the higher annealing
temperature of NrGO than that of rGO. As a result of that, C=0O becomes unstable and
creates small graphene plane between graphitic layers which aaaketrieon like a set

of bands corresponding to electronic excitatilynsy between graphite layers as studied

by Ganguly et al[259]. The effect ofitrogen doping was reflected in this analysis as
displacement of €@ to CN since singlebonded oxygen in the epoxy group is the
weakest bond to be removed and then bonded to nitragéras CN has the second
highest occupancy in C 1s graf##60]. Furthermore, C 1s has the highest intensity of
C=C/GC peak andglightly less intensity of oxygeocontaining groups which explains the
reduction process for both rGO and NrGO as similarly reported by Aliyev[@64l.
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2.2.3.2 Electrochemical Performance
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Figure 2.11. CV profiles of (a) rGO (b) NrGO electrode at 0.1 r\$gan rate between
0.01-3.00 V.
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The cyclic voltammetry curves of rGO and NrGO electrodes are depickegure 2.11.

The NrGO electrode exhibits a sharp peak at 0.03 V at the fitgidiatscan, attributed

to the Li" insertion into the NrGO layef262]. In the subsequent cycles, this peak shifts
closer to 0.018 V due to irreversible phase transformations occurred at the fir§8tj;cle

The electolyte decomposition on the rGO electrode surface is indicated by a peak at 0.44
V, leading to the formation of lithiurnontaining compounds. For the NrGO electrode,
this peak appears at a higher voltage, 0.6[268]. These two peaks vanished at the
subsequent cycles, which can be explained by the further and irreversible reduction of the
electrode surfaces by the ongoing electrochemical opergét. The Li* extraction

from both the rGO and NrGO layers occurs around 0.2®Mesented by a shoulder at

the frst anodic scafi262], which shifts to lower voltages by the subsequent scans. The
distinctive behavior between the electrodes at this point isl.ithextraction peak of
NrGO appees at increased current densities, which might be an indication of increased
electrochemical activity by increased charge storage of the NrGO electrode, together
with the increased area of the CV curve in contrastao®O electrode at its f@ycle,

which displayed a lower area. Moreover, the broad anodic peak around 1.20 V can be
associated with the decomposition of thdased LpO as a component of SEI formed

in the cycle during lithiatiofi265] as well as the Liextraction reactions occurring at the
functional goups of the NrG(Q266]. At the subsequent cycles, the CV curves overlap,
and these oxidation peaks vanish, indicating good reversibility of the electrode.

The electrochemical performanagdhe rGO and NrGO electrodesmadirst determined

by galvanostatic cycling at a current density of 0.1A(Eigure 2.12). Although some
studies interpret the cycling rate of tgeaphenebased materials by-@te using the
theoretical capacity of graphifdl, 267] the perfemance of graphereased mateais
should have better be evaluated by current density*)}Agince the structure of such
materials is different than that of graphite. This creates confusion whate€are
compared, as graphene studies in the litegatise 372 or 744 mAHgs thetheoretical

capacity.
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Figure 2.12. Galvanostatic chargéischarge profiles of (a) rGO and (b) NrGO
electrodes obtained at a current rate of 0.1 agtheir £, 5", 10", 25" 50" and100™
cycles between a potentiahge of 0.013.0 V.

The deliverable charge/discharge profiles were obtained from the seléctg 10",

25" 50"and100™, cycles. At the initial cycle of operation, the rGO and NrGO electrodes
delivered a dicharge capacity of 423.4 and 425.1 mAhgt 0.1 Ag' respectively.
Although the deliverable capacities at the first cycle were similar, the capacity only
reached up to 440 mAHdy the 108 cycle for the rGO electrode. Oppositely, the NrGO
electrodedemonstrates an increasing capacity ifgpfeaching beyond 488 mARdy

the same cycles of operation. The cyclability profiles at different current densities of 0.1,
1, 2, and 10 Ag support the improving performance of the NrGO cell by 100 times
cycling. However, the rGO electrodes showradyal fading of capacity by the same

amount of operatiorF{gure 2.13).
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Figure 2.13. Cycling performance of (a) rGO (b) NrGO electrodes at selected current
densities of 0.1, 1, 2nd 10 Ag! for 100 cycles of operation, between G300 V.
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At the longterm operation for 500 cycles at a high current raG Afy?), the NrGO
electrode outperformed, preserving 90 % of the initial delivered capacity, albeit the rGO
electrode could onlyeach to 40 % of its initial capacitiFigure 2.14). It is important to
mention that there is no reported literature available demonstrating both of the electrode
materials beyond 100 cycles of operation at suchreent rate. Both of the rGO and
NrGO electrodes in this studyewchonstrate remarkably higher capacity retention
compared to literature where the retention is reported to be 38.3 and 33.9 % for rGO and

NrGO electrodes, respectively, for only 60 cyclespération268].
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Figure 2.14. Long-term cycling performance ofi¢ rGO and NrGO cells at a high
current density of 10 A§for 500 cycles of operation, between GR00 V.

To compare the rate capability performances, the rGO and NrGO electrodes were
operated consecutively at current densities ranging from 0.1 to 20 asgshown in
Figure 2.15. The rGO electrode yielded deliverable discharge capacities of 306, 176, 142,
115, 85, 63 mAhg at the 28 cycles of each 0.1, 0.5, 1, 2, 5, 10-Agurrent rate,

respectively. As theurrent density was reverted back to 0.1 Atlpe discharge capacity
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was retained to be 362 mAhdy the end of the last 20 cycles. As the initial discharge
capacity of the rGO electrode was 443 mAly the beginnig of the rate capability test,

the sample encountered a capacity fading of 31 % and 18 % at 0*1aAd) 0.5 Ag

current densities, respectively. The deliverable capacities almost remained constant
during the consecutive cycles at 1, 2, 5, and 18. Ayerall, the rGO electrode suffered

from a capacity fading of about 19 % by the end of the total 140 cycles. Nevertheless, the
NrGO electrode provided discharge capacities of 402, 311, 293, 272, 223,181 and 507
mAhg? at the end of operation at 0.1, 0.5,21,5, 10 and 0.1 A§current densiés,
respectively. NrGO displayed an initial capacity fading by the first 0.1 stgge.
However, during the following cycles, an increasing capacity profile was observed at each
separate stage. As compared with the r@&@ NrGO electrode demonstratedtée
battery performance; however, there have been no previous studies to compare the
differences, especially at such high current density, where most of the studies have only
been carried out to a current density ofa@ Ag? or equivalenf263]. As the NrGO cell
reverted back to cycling at 0.1 Agate, the cell even exceeded its initial delivered
capacity, exhibiting an overall capacity gain of 11 % by the end of 140 cycles.

The remarkable performance of NrG&an be firstly attributed to higher ionic and
electronic conductivity of the material over rG@69]. Also, more wrinkled and
corrugated morphology of the material may im enhanced charge storage as the cycle
goes, which is a result of gradual wetting of theeinparts of the material by the
electrolyte. Another consequence of extended electrochemical operation might be the
structur al reo’r gatogs of MIGD, ovinere @Xtra ditds accessible by

Li* ions may arise. Moreover, the surface redoxtieas happening at the functional
groups of the material, as evident by the CV, can further contribute to psapaditive

effects to the charge storage, contributing to enhanced perforf2af¢erhe coulombic
efficiencies of both cells are almost stabilized at almost 100 % except from the first cycle,
indicating the stabilized reversibility of the electrodes after the formation of the SEI layer.
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Figure 2.15. Rate performances of (a) rGO and (b) NrGO electrodes obtained by
cycling the cell at current densities 0.1, 0.5,,15,210 Ag! for 20 cycles at each current
density, between 0.63.00 V.

The Nyquist plots of rGO and NrGO batteries are comparEdjure 2.16. The aim was

to explain the relation of the impedance of the cellsléatrodes kinetic, and the charge
transfer resistance resulted after 500 cycles at 1%) Agjng electrochemical impedzmn
spectroscopy (EIS) analysis. rGO and NrGO have the same ohmic contact resistance of
3.5 ohms. The ohmic contact was shifted toahihs in both of the battery cells. This
implies that the ohmic loss can be due to electrolyte precipitations/decomsowiitiim

the contacts or direct impact of SEI formation, creating an extra resistance on the
electrode surface as resulted in anéase in ohmic contact resistance. Moreover, both
cells have different reflections in charge transfer resistange @ the one hand, rGO
showed 114.5 ohms charge transfer resistance before the cycle test, but the resistance
decreased to 53.3 ohms aff€l0 cycles operation at 10 AgOn the other hand, NrGO
displayed a higher frof 144.4 ohms before cycling; however, xhéited a lower &

than rGO after 500 cycling at 10 AgSimilar impedance measurements were observed

i n Gau et arsofarsincreasalimonhmic contatt eesistance but a decrease in
charge transfer resistance upon cyd7d.]. Du et al. showed NrGO having lesser charge
transfer resistance than rGO as {&l]. These findings support the increase of capacity

for both cells, and EIS analysis matched with NrGO hawinijscharge capacity higher

than rGO. NrGO has better cell kinetic, greatéritun diffusion and smaller {Rso that it

has fastecharge transfer rate and excellent electrical conductivity compared {2630

272]
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Figure 2.16. Electrochemical impedance spectroscopy analysis of rGO and NrGO prior

to the charg-discharge test and after 500 cycles at 1¢ Ag

There are a couple of studies previously reported, which include GO synthesidiiss th

step of nitrogen doping and reduction of graphleaged materials in order to be used in

LiBs. Table 2.1 summarizes these studies in terms ofrent densities, delivered

capacity, capacity retention, and cycling performance as well. Hu et al. fabricated GO by

modi fied Hummer s 6 met hod,

t hen

wtionsapde r s e d

finally reduced it in Ar gas flow at 1100 °C for 30 s taadb N-doped graphene.-Noped

graphene as anode material for LiBs delivered 453 rmAit@ Ag* current density after

550 cycles with 90 % capacity retention. Moreover, they obtain@d & capacity

conversion of 180 mAhyat 10 Ag* after 500 cyclef249]. Further, Du et al. synthesized

N-doped graphene oxide by adding melamine as the nitrogen source during GO synthesis

by modi fied Hummersdé met hod,

°C fore3rhoursyod r ot h ¢

get Ndoped reduced GO (N5O). They also studied the nitrogen doping effect to

reduced graphene oxide by comparing their battery performance after 60 cycles at 0.037
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Agl. Their rGO, which is the melamine free sample, provided 350 mA¥ith 71 %
capacity reservation however;f&0O fowed higher capacity retention as 95 % of 600
mAhg?! discharge capacity31]. Similarly, Fu et al. have investigated the battery
performance of hydrothermally reduced GO (rGOhey produced GO by modified
Hummer s 0 me thénadpersed this 6O within ethanol and rGO, and this
suspension was hydrothermally treated at 160 °C for 4 hours to have rGO. It demonstrated
a reversible specific capacity of 561 mAhat a current desity of 0.1 Ag! having only

7 % capacity fadingt the 58' cycle [216]. As in the following work, Liu e@l. have
compared the graphite and reduced graphene nanosheets (rGNS) which was obtained by
reducing modified Hummersé GO at 300 AC f ¢
15 % H: 85 % N [267]. They reported 50 % reversible capacity of 280 mAtoy rGNS

after 3@h cycles at 0.074 AYcurrent density beside®®b6 capacity retention of 200
mAhg? for graphite powder after 80cycle at 0.074 Ag. Wu et al. prepared GO by
Hummer sé method as different than others
thermaltreatment steps. First, GO was expanded/exfaliatedl050 °C under Ar flow for

only 30 s. Second, resulted sample was exposed to another reduction process at 450 °C
for 2 hours in Hand Ar atmosphere then pristine graphene was obtained in supernatant
of final product after centrifugation. However, thascalled pristine graphene seems to

have an oxygen content of 8.5 % over carbon having 91.5 % occupancy according to their
XPS results. Finally, Mloped graphene was synthesized by thermally treating thei
pristine graphene at 600 °C for 2 hours in suigaxture of NH and Ar (1:2 v/v) which is

similar to our nitrogen doping synthesis conditions with lower annealing temperature
after processing GO with several other steps. In the conclusion of theirtbitiydoped
graphene sheets' battery performanas compared over pristine graphene. Tkaojded
graphene revealed around 827 mAhgpacity after 30th cycle at a 0.05 Agate with

84 % capacity retention. Still, pristine graphene provided only 66 %eoreversible
capacity of 638 mAhg after 30cycles at 0.05 Ag[215]. In our study, the cyclic
performance of NrGO and rGO were comparetOafg for 500 cycles and 0.1 Afor

100 cycles. The rGO exhibited 113 mAhgapacity at 10 Ag with the 40 % capacity
retention after 500 cycles. However, it preserved 102 % of the initial capacity at'0.1 Ag

! delivering 440 mAhg discharge capacityy the 108 cycle. On the otherand, NrGO
displayed 240 mAhg capacity with 90 % capacity retention after 500 cycles at 18 Ag

More interestingly, our NrGO yielded 114 % retention with its increasing capacity of 488
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mAhg! even after 100 cycle at 01 Ag?. It showed an excellent cagity increase with

the increase in charge/discharge cycles.

Table 2.1. Comparison of the performances of various nitredeped/reduced

graphene (oxide) as 1ion battery anodes

Current Density Capacity Capacity Retemn | Cycle No Reference
Material (Ag?) (mAhg?) (%) (Number)
N-doped Graphene 10 180 94 500 [249]
N-doped Graphene 2 453 90 550 [249]
RGO 0.037 350 71 60 [31]
N-RGO 0.037 600 95 60 [31]
rGO 0.1 561 93 50 [216]
GraphitePowder 0.074 200 60 30 [267]
Graphene Nanoshee  0.074 280 50 30 [267]
N-doped Graphene 0.05 827 83 30 [215]
Pristine Graphene 0.05 638 66 30 [215]

0.1 440 102 100 This study
rGO 10 113 40 500 This study

0.1 488 114 100 This study
NrGO 10 240 90 500 This study

In summary, theNrGO in this study was obtained by thermal annealing at elevated
temperature in an Ar/NHatmosphere, which is enabling the reitut and nitrogen
doping of I mproved Hummersdé GO by a si
abovementioned referencesTiable 2.1, GO was fabricated by
met hod rather thadh Hwmmernrs® meaet mod.i fTlei s
efficient oxidation ofyraphite by using lPQu instead of NaN@ Therefore, the reduction

of GO resulted in a more open structured material for the next steps. This is because of
t he processods &Wibbnd since ittisothe weakest wand ambng other
oxygenated groups. Also, it ha® Righer occupancy to rank after C=C bonds according

to our XPS results ifigure 2.10. Thus, it provided higher eletcal condwetivity, which

leads to better rate performance. Moreover, both samples have a high specific surface
area and better pore size distribution according to our BET results. Besides, both have an
excellent defect density according to our Ramant€suhich povide a superior number

of electrochemically active sites. Hence, the enhanced cell kinetics and high battery
performance were obtained due to efficient and open access of electrolyte to the electrode

surface, so that resulting electrolytet@tede inteaction increased with cycling due to
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the Li storage mechanism. Nevertheless, the NrGO has a constant slope of increasing
capacity upon cycling at low current densities, as illustratétigare 2.13. It is evident

from all electrochemical characterization that the NrGO synthesized in this study
becomes more electrochemically active upon lithium storage by cycling rather than rGO.
This can bea result of NrGO having high structural defect density due to the nitrogen
doping at the edges of layers which supply more electrochemical active site for Li to
accommodate. Ma et al. studied the electronic and magnetic properties of pyridinic,
pyrrolic, and graphitic defect models in graphene resulting from nitrogen dopingsby fi
principles calculationf217]. They concluded that the pyridinic ragen groups are the
most suitable sites for Li adsorption. The nitrogenripitals in these pyridinic sites
hybridize with lithium p orbitals with optimum adsorption energy. Pyridinic sites form a
higher electron density, and this strong electronegatiftsacts the Liions more.
Moreover, among nitrogen sites on graphenepthalinic groups are the sites that can
accommodate the highest number of lans [273]. More importantly, the distance
between adsorbed lithium ions on the pyridinic sites is high enough to prevent Li clusters
from forming. For pristine graphenthe Li cluster formation decreases the electrode
capacity by cycling anéven fails the battery after dendrite formation. For that reason,
nitrogen doping enhances the Li adsorption energy and lowers the energy barrier for Li
intercalation[274]. The lowering of the intercalation energy barrier has an important
outcome when the nitrogatoped graphene has an open structure. At each cytlenki

are adsorbed on the pyridinic sites and intereathe structure more. So after each
charge/discharg cycle, by the expansion of the graphene sheets, the capacity also
increases. This is the first time to show such a behavior for a nitceed graphene
anode. This mechanism does not occur when trdatgn and nitrogen doping steps use
mild technique because these methods cannot create open graphene sheets. All in all, the
defective layers of NrGO due to nitrogen doping become more electrochemical active
with the expansion of rGO stacks so that capaxf cell increases by cycling with an
approach bthe theoretical capacity of graphene.

2.2.4. Conclusion

NrGO and rGO were successfully fabricated by thermal annealing-®fnésesized
i mproved Humme gandAr &@osphere, rAspdctively. The ctmual and
electrochemical characteristics of NrGEnd rGO were comprehensively compared.

Nitrogen doping was proved to increase interplanar distance, enhance the defect density,
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decrease pore diameter, boost structural integrity, and alter the occupdrharesional
groups within GO structure over rGRurthermore, the high amount of pyridinic nitrogen
sites within the NrGO enhanced Li storage capacity becatiseris are more attracted

by the strong electronegative groups, and they lower the enengierbtor Li
intercalation. In light of these findgs, NrGO exhibited a higher discharge capacity and
better cell kinetics than rGO. In addition to that, NrGO showed the highest and increasing
discharge capacity upon cycling due to its excellent elettmaductivity, the higher
density of electrochematly active sites, and effective pore size
distributionHomogeneousGrowth of TiO.-Based Nanotubeson NitrogerDoped
Reduced Graphene Oxidad Its Enhanced Performana®aLi-ion Battery Anode
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2.3. Homogen®us Growth of TiO2-Based Nanotubes omNitrogen-Doped Reduced
Graphene Oxide and Its Enhanced Performance as a lion Battery Anode

2.3.1. Preface

Our aim is to simultaneously enhance electronic and ionic conductivities of the active
material in anode by addingcanductive component. For a strongéachment, Ti@B
nanotubes are hydrothermally grown on NrGO sheets in an agueous medium. This novel
3D architecture results in a reduction of conductive additive components such as carbon
black and enhances the oveperformance of anode. To thest of our knowledge, such
morphology and phase combination have not been reported. In this work, we combined
the synergistic effects of the high ionic conductivity of nanotubulap-B@hase with

the good conductivity odrGO to increase both electroraad ionic conductivity which

result in high rate capability of prepared anode mateN#ith the channeled pathway

and layered structures of Ti@anotubes, Li ions transport without facing resistance and

overall compositanode yield stable capacity upoycling.

2.3.2. Experimental

2.3.2.1 Materials

Commercial anatase, sodium hydroxide (NaOH) pelletsidthyl-2-pyrrolidone (NMP)

and polyvinylidene fluoride (PVDF) were purchased from Aldrich and used as received.
GO was purchased fromGrupo Antolin Ingenieria SA ($pn). Lithium
hexafluorophosphate (LiRFsolution (1 M) in ethylene carbonate (EC) and dimethyl
carbonate (DMC) (EC/DMC=50/50 (v/v) was purchased from Sigidach.

2.3.2.2.Synthesis of NrGO

Nitrogendoped reduced graphene oxidas synthesized by thermal anieg method

in the presence of ammonia da3]. Briefly, GO powder was placed in a quartz tube
furnace and was heated treated at 900 °C under ammonia and Ar atmosphere. Then, the
furnace was cooled down to room temperature. The syngiedizGO powder was

collected forthe characterizations and further use.
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2.3.2.3.Synthesis of NrGO/TiO:-B nanocomposite

0.2 g NrGO was dispersed in a solution of 20 mL distilled water (DW) and 10 mL dilute
glycerol (50 vol.%) using probe sonication (Qsonica, Q7@0)-hour. In anothebeaker,

0.3 g anatase was dispersed in 70 mL DW by stirring for 15 minutes. NrGO dispersion
was added to anatase dispersion and resultant dispersion was stirred for 15 minutes,
followed by Xhour probe sonication to disperse the tonig completely. Then,04g

NaOH pellets were gradually added to NrGO/anatase water dispersion within an hour
under agitation, followed by 5 hours stirring at room temperature amaourl bath
sonication. The resulting suspension of NrGO/anatase in Na@Hosolvas poured into
a150-mL Teflon lined stainless steel autoclave and heated at 130 °C inside an oven for
48 hours for hydrothermal treatment. After cooling to room temperature, autoclave
content was filtered (Sartorius, Grade 393) and mildly washeskparate the solid
conent. lon exchanging of Hwith Na” was performed as the next step. The filtered
product was poured intb-liter DW and pH of the suspension was gradually decreased
from 12 to 7 using 1 M and 0.1 M HCI solutions under constantrggiwithin 24 hours.

This step is crucial for the formation of long hydrogen titanate nanoasbespresented

in Figure 2.17 schematically{275, 276] The iorexchanged suspension wasefitd,
followed by drying at 60 °C overnight. To convert hydrogen titanate te-BiPhase, the
ion-exchanged nanocomposite powder was heat treated in a tube furnace at 500 °C for 2
hours wth a heating rate of 15 °C/min using Ar gas purge. The produatallasted and

stored for further use.

Titanate Nanotube

o=

Figure 2.17. Special morphology of titanate for lithiation mechanism
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2.3.2.4.Synthesis of TiQ-B phase

0.4 g anatase was dispersed in 100 mL DW by stirring for 15 minutes followedd®y pro
sonication for 1 hour. 40 g NaOH pellets were gradually added to -aberntoned
suspension within an hour. The dispersion was completed by 5 hours of further stirring at
room temperature andHtour bath sonication. The resulting suspension was traedfer

to a 150mL Teflonlined stainlesssteel autoclave. The autoclave was then put in a
thermally insulated oil bath which was placed deraperaturecontrolledheater stirer.
Hydrothermal treatment with continuous stirring was performed at 130 °C fooui8.

The rest of procedures including washing, drying, ion exchange and heat treatment were
similar to NrGO/TiQ-B nanocomposite.

2.3.2.5.Materials characterizations

X-ray diffraction technique (XRD) (Bruker, D2 Phaser) was used to characterize phase
compositon and crystal structure of synthesized materials. To investigate the surface
chemistry of synthesized products;ray photoelectron spectroscopy (XPS) (Thermo
Scientific, K-Alpha) was performed using an Aluminum anode (AkKL468.3 eV) as

the X-ray souce and C 1s was assigned to 284.5 eV as the internal standard for peak
calibration. Morphology of prepared nanocomposite was investigated by field effect
scanning electron rroscope (SEM) (Zeiss LEO Supra 35VP SHEHEG). Raman
spectroscopy (Renishaw, inViwas performed using a 53&n laser source. The surface
area of materials was investigated by BrundgtmmettTeller (BET) method using
nitrogen adsorption and desorptisntherms (Micrometrics, 3FLEX). Pore size and pore
size distribution (PSD) curvesere calculated from the desorption isotherms using
BarrettJoynerHalenda (BJH) method. Powder samples were degassed (Micrometrics,
VacPrep 061) at 130 °C for 24 hours irvadce. Thermogravimetric (TG) analysis was
performed on a (Shimadzu, DT&®H) fromroom temperature to 1000 °C with heating
rate of 10 °C/min in air atmosphere. The weight percentage ofan@® NrGO phases

were calculated from TG curves.
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2.3.2.6.Electrochemicalcharacterizations

Electrochemical measurements were performed on a split cadhypatt up (Split Flat

Co. XA 201540, MTI). To make the anode, a paste composed of the active material,
carbon black as a conductive additive, and polyvinylidene fluorid®B} as a binder

was made. All materials were well ground and mixed in an agatam®dhen NMP was
added to the powder mixture to form a paste and well mixed for 24 hours. The active
material paste was painted on a clean Cu foil and was dried in vaciamab120 °C
overnight to extract NMP completely. Loading of the active matenahe anode was
about 22 mg/cnt. Batteries were assembled inside asfiked glove box (GP CAMPUS,
Jacomex) using Li chips as the counter electrode, a porous polyprofiyte(€elgrad

2400) as the separator, and 1 M lithium hexafluorophosphategjlsBlEtion in ethylene
carbonate (EC) and dimethyl carbonate (DMC) (EC/DMC=50/50 (v/v)) as the electrolyte.

Galvanostatic charge/discharge cycling tests of assembled lsattenie conducted on

an MTI 8channel battery analyzer sgh at a voltage range &3 V versus Li/L{, using
different current rates (0.C, 0.5C, 1C, and 2C). It should be noted that here"Li
insertion to / dansertion from the anode is attributed to charge/discharge, respectively.
Rate capability of the prepared anodes was chemaetl by charge/discharge cycling at
current rates of 0.C, 0.5C, 1C, and 2C for 10 cycles at each curreiate. Coulombic
efficiency was calculated at each cycle by dividing charge capacity over discharge
capacity. Cyclic voltammetry (CV) (Gamry 30Qfbtentiostat/galvanostat/ZRA) of
assembled batteries were studied before cycling at a rang@ éfvk. Li/Li* with a scan

rate of 0.1 mV/s. All electrochemical measurements were performed at ambient

temperature.

2.3.3. Results and discussion

Crystal structuref synthesized materials was investigated by XRD method and Raman
spectroscopyigure 2.18illustrates XRD patterns of synthesized TB, NrGB as wel

as NrGO. As it is shown in the figure, all main diffraction peaks can benaskig TiQ-

B phase (JCPDS 48237) and anatase (JCPDSP2A72) in both synthesized samples. It

i's notable that the main peak odakodTiat ase (
B phase, but diffraction peaks at 37.8° and 48.0° correspond to aoatgsevhich

indicates that a mixture of two phases is present in both samples. In sampld RiG©

broad peak at 26.5 ° is associated with the stacking of (002) plagespbene sheets
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[221, 277] It is also nteworthy that broadening of strong diffraction peaks reveal

nanostructure nature of both two samples.

The phase structure of synthesized materials was further characterized by Raman
spectroscopyFigure 2.18 b and c¢ depict Ramaspectra of the synthesized samples.
Peaks were observed at Raman shifts of 144, 196, and 68&uich are typical Raman
peaks of TiQG-B [278]. However, there is a discrepancy in the literature about assigning
the two peaks at 400 chand 514.2 cm. The peak at B4.2 cmt is assigned to the Alg
mode of anatase in some studi2g9], whereas it is attributed to T¥B in the others
[227, 278] The peak at 400 cthis also mentioned to be a unique peak of an§22ee

278], while it is assigned to Ti&B by other report$227]. Nevertheless, both phases
share the strongest reflection at 144'and bothare present in our synthesizsamples.

GO phase, which is present in Nrd® sample Figure 2.18 c) shows two distinct
Raman peaks at 1360 ¢ndue to sp hybridizaton of carbons (Eband) and 1588 ¢t

due to the graphitic structure of graphene sheetsaft@d)[126].
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Figure 2.18. X-ray diffraction patterns of synthesized nanocomposites(a), Raman
spectroscopyf synthesized nanocomposites (b), Raman spectrum of NFrB@nd
NrGO at higher magnification.

Morphology and microstructure of NrGO, TB and NrGO/ #FB®®were characterized by
SEM and are shown iRigure 2.19. Synthesized NrGO ptcles show stacks of flat and
largesize reduced graphene oxide sheets which confirms its XRD pdtigure 2.18

a). AsFigure 2.19b, c depict, stirring hydrothermal method is successfully emplayed t
synthesize long nanotubes of BB with diameters between 6850 nm and length of
up to 5 microns. Micrographs of NrGTB (Figure 2.19d,e) indicate growth of Ti©B
nanotubes around NrGO particl€mparing nanotube dimensgim NrGOTB and TB
samplesKigure 2.19c,e) reveals that diameter range of nanotubes in NF8& 1523

nm which is quite smaller and meuniform than TB. This shows the effect of NrGO

sheets as a substrate for heterogeneoudeation of hydrogen titanate during
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hydrothermal synthesis. In addition, thinner nanotubes show higher surface area and thus
can more effectively contribute to eteochemical reactions. As it is seen, the presence

of NrGO particles have also preventeghjmeration of TiQ nanotubes and created a
porous microstructure. Besides to be a connection for Ti@otubes with NrGO

particles as a substrate, it enhancesstiex of electrons from Ti&B phase through NrGO

particles toward current collectors.

Figure 2.19. SEM micrographs of synthesized (a) NrGO,qpJB at two
magnifications, (de) NrGOTB at twomagnifications.
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Titanium-based nanotubes after their synthesis tend to stack on each other. As can be seen
from Figure 2.19b, there is a large haystack like nanotutserfation. The clump size is

about 15x30x5 um and the nanotubes have minimal bending. However Fighea 2.

19e is examined, the nanotubes are bendindalwiving the natural curves of graphene
sheets Figure 2.19 a). The curvature of pure grapherfiegre 2.19 a) and nanotube

coated graphend-igure 2.19 e) is in the same ordef magnitude. In addition to that,

when lower magnification image$ these materiald§jgure 2.19b & Figure 2.19c¢) are
compared, the curvature can be seen more clearly. Moreover, when the sidesulfenan
coated graphene layers are examiri@dure 2.19 e), sheets with 10050 nm thickness

can be seen.

The precise weight ratio of NrGO and Bighases were measured by thermogravimetric
analysis from room temperature up to 970 followed by 2 hours soaking in that
temperature in an air atmosphere to completely remove the carbonaceous-ghase (
2.20). Accordingly, the percentage of TiPhase in NrGOIB sample was calculated as
48.9 w. %. For every different active material, the amount of the substrate should be
determined separately. Inhi$ study, we tried to optimize the amount of the nanotubes on
the graphene surface. At a higher nanotube amount, we obtained a much thickerenanotub
layer on graphene. This would be an undesired situation for electrical conductivity. If we
assume that gpdoene is pure carbon and the nanotubes are pupethigd from the TGA
result, for every 1 C atom there should be about 4.5 Tigstal. Since theleposited
material is a layered 1D material covering a 2D substrate, this value is considerably low.
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Figure 2.20. Thermogravimetric curves of NrGO and Nrd® samples in air.

The surface bond structure of NrGO was investigdty XPS method. As it is shown in
Figure 2.21, all principal peaks of C, N, and O can be identified in the survey spectrum
which is explained with their assignmentsTiable2. 2. Accordingly, atomic peent of
nitrogen atoms in NrGO was calculated as 6.3 %, which indicates a successful doping
process. Percentages of nitrogen atom bondings are24733.3%, and 18.9% for
pyridinic, pyrrolic, and graphitic, respectively. It is notable that the majofi§/1s bonds
correspond to graphitic C with %phybridization indicating hexagonal carbon
arrangements in graphene sheets. The other two minor peaks i.e. C2 armsk@®rmar

the defects due to nitrogen doping or edge effect of graphene #3:t280]which are
ascribed to €N and carboroxygen bonding arrangements, respectivgg]. The
presence of O 1s peaks reveals that some oxggdion ompounds have remained in

the sample even after thermal reduction, and this is consistent with the literature to
observe & atomic% oxygen Table2. 2) in reduced graphene oxif281]. The peaks at
529.85 e(03), 531.37 e\(O1) and 533.13 eY0O2) can be assigned tc=O-OH, C=0

and GOH, respectively282].
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Figure 2.21. XPS spectrum of NrGO. (a) survey spectrum, (b) C 1s, (c) O 1sand (d) N
1s.

Table2. 2. Peak assignments, as well as the atomic percent of elements, present in
NrGO according to XPS

Peak Name Assignments Peak EnergyeV) Atomic %
C1s C1 (graphitic spC) 284.52 64.24
C2 (GN) 286.04 19.48
C3 (GO) 283.36 6.23
N 1s N1 (pyridinic) 397.92 3.02
N2 (pyrrolic) 399.48 2.10
N3 (graphitic) 401.49 1.19
O 1s 01 (C=0) 531.37 1.99
02 (GOH) 533.13 1.30
O3 (O=C-OH) 529.85 0.47
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Specific surface area of synthesized materials was examined by B&bddigure 2.

22 a illustrates nitrogen adsorption and desorption isotherms for the two synthesized
samples as well as pristine NrGO. BET surface area of NrGO sheets was measured to be
239 ntf/g. such high vale can be ascribed tthe layered microstructure of reduced
graphene oxide which introduces high free surface area. Relatively low surface area of
TB (43 nt/g) is consistent with its agglomerated microstructure (Fig. 2.b) which indicates
that only nanotubalr morphology is noenough for achieving high surface area. In the
other word, a well dispersed and not agglomerated architecture is necessary for a high
surface area which can be attained by the growth of-Bi@anotubes on NrGO sheets

as a substrate.sAconfirmed by th&6EM micrographs of NrGOB (Figure 2.19d, e),

high BET surface area of NrGUB sample (153 HAig) reveals a porous and not
agglomerated microstruatr To guarantee fast diffusion of las well as high a kinetic

rate of lithiation / delithiation reactions, a sufficiently high surfaeeea is a crucial
feature of a potential candidate foribn battery anode. PSD curvesHigure 2.22. b
furtherconfirmsthat conclusion. The total porelume of NrGO, TB and NrGa B were
measured to be about 0.20, 0.12 and 0.43g;mesctively. This is consistent with the

SEM microstructures of synthesized samples. Despite nanotubular morphology of TB, its
high agglomeration nature resulted in fewecemsible pores. However, the Nr&d®

sample which benefits from both high surface ayeghene sheets and Bi@anotubes,

shows significantly improved mesoporous structure due to well dispersion ef TiO
nanotubes. As the PSD curves illustrat&igure 2.22, all samples have a mesoporous
structure with a sharp peak at about 3.8 nm which can be ascribed to the inner volume of
nanotube$283, 284]

All three samples showétsteresis loop itheir adsorption/desorption isothernrsgure

2. 22 a) which can be ascribed to a mesoporous material (type IV curve). Accordingly,
the shape of hystesis reveals information about the texture and type of pores. NrGO
hysteresis élongs to H2 type while TB sample belongs to H3 tjg#b]. NrGO-TB
resembles a combination of the H2 and H3 type as it includes botmtsoatewell. H2

type curves are generally ascribed to material with disordered pore shape, whereas H3
type curves are attributed to materials with-siaped pores which cae indicative of

the layered structure of nanotubes.
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Figure 2.22. (a) BET adsorption and desorption isotherm curves for pristine NrGO, TB,
and NrGO/TIOB. (b) BJH pore size distribution for pristine NrGO, TB, and
NrGO/TIOBa.

Electroactivity of prepared anodes was studied by CV technique. As deignria 2.23,

cyclic voltammogram of TB depicts one main cathodic peak at around 1.75 V which is
attributed to Li insertion into TiQ-B phasd197], the small cathodic peak at around 2.25

V is attributed to Li insertion into the smiamount of anatase phase which is present in
the sample Figure 2.18 a) [286, 287] The same set of peaks can be characterized in
NrGO-TB sample as well, witlthe difference that the anatase peak is more intense in
NrGO-TB. This can be a result of higher anatase content in this sample. Both samples
show reversible redox reactions at a scan rate of 0.1 mV/s. voltammograms of both
samples illugate broad peaks rather thamag peaks which is another indication of
pseudocapacitance mechanism of charge storage ia-Bli@anotubes[275, 288]
Furthermore, nanotube morphology of both samgaesbe distinguished from other ene
dimensioml nanostructures such as nanowires and nanoroBgbse 2.23. Nanotubes

of TiO2 usually show one broad CV curve peak while the othep Bii&dimensional
nanostructures show a double peak at around.Z.% vs.Li/Li * with a small difference

(<0.1 V)[197, 289291].
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Figure 2.23. CV of prepared anodes at a scan rate of 0.1 mV/s. (a) TB. (b) NE>B
sign denotes Ti@B phase and A sign detes anatase.

The charge/discharge potemtcapacity profiles of the prepared anodes are shown in
Figure 2.24 a, b. TB sample has a capacity of 138 mAh/g in the first cycle with a
discharge rate of 0.C. However, its capacity dps to 40 mAv/g after 50 cycles, whit
indicates only about 2% capacity retention. Such a behavior is observed in NFBO
sample as well in which it shows a capacity of 777 mAh/g at first cycle, but the capacity
drops to 128 mAh/g. The high irreversildapacity for the first cycle is attnited to the
reaction of surface groups of titanium oxide with the electrolyte which gives rise to
decomposition of the electrolyte. That kind of capacity decay is reported for
pseudocapacitive oxide materials includitiganiumbased oxide compounds as a
common drawback due to the reaction of oxygentaining surface groups with
electrolyte at service voltage ran@®2]. Some of the capacity loss is due to the oxygen
groups on the surface. However, the rest of the capacity comes from capacitive storage
and that capacity decreases for these kinds of materials. It cannot stay above theoretical
capacity. The capacity losisie to the oxygen groups can be minimized by modifying the

electrolyte. The reason for better performance at current rates higher than 0.1 C can be
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attributed to having more time for undergoing side reactions with electrolyte at the 0.1 C

rate.

The cyclahlity of the prepared samples is comparefFigure 2.24 ¢, d. The discharge
capacities of both samples at a current rate ofQ0show a large decay. However, for
current rates of 0.8C and 1C, they show relatively stable capgcior 50 cycles. The
discharge capacity of NrGOB at 0.5C and 1C after 50 cycles are measured to be 220
mAh/g and 150 mAh/g, respectively. This shows a great enhancement in comparison with
TB sample which shows 130 mAh/g and 100 mAh/g for@d&nd 1C, respectively. The
reason for this capacity enhancement can be ascribed to higher ionic and electronic
conductivity of NrGO component which results in faster diffusion dfnd thus higher
capacities in higher current rates. Such a trend is also obdargedlombic efficiency
values inFigure 2.24. Coulombic efficiency of NrGa'B at 0.1C, 0.5C, and 1C current

rates are, respectively abdh %, 50% and 50% greater than that of TB which clearly

shows an enlmcement.
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Figure 2.24. Cycling performance of prepared anodes. (a) TB a€C0(b) NrGOTB at
0.1C (c) cyclability of TB at different current rates. (d) cyclability of NrG® at
different current rates.

In the literature,iie number of NrGO supported titanitbased anode neial studies is
scarce. InTable 2.3, some of those studies are compared. For all of the materials, with
NrGO support, a higher capacity was obtained duenteanced electricalonductivity

and better material dispersion. In addition to that, all of the supported materials had better
stability. When NrGGTB was compared with the other samples, it had a better capacity
at similar operating conditions. This difence probably corsefrom improved ionic
conductivity inside the nanotubes.
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Table 2.3. Capacity comparison of some NrGO supported anode materials

Active Capacity w/o support  Capacity w/ support
Material (mAh/g)* (mAh/g)*

LTO 160 170 (0.5C) [293]
B 130 220 (0.5C) This work
B 100 150(1 C) This work

LTO 105 120 (1C) [294]

TiO2 60 175** (800 mA/qg) [295]

* 50th cycle

** Operating voltage: 8 V

Rate capabity performance, as well as the coulombic efficiency mpared battery
anodes, are illustrated Figure 2.25. For both of the samples at an initial current rate of
0.1C, likeFigure 2.24c, d a decayjs observedhowever, in higher current rates samples
show a stable discharge behavior. The rate performance of -NB5Gample is
significantly higher than TB compared to each current rate. In the end, TB sample showed
reversible discharge capacity of 68x@\h/g with 95 % capacity retention, while NrGO

TB sample showed reversible discharge capacity of 164.8 mAh/g with 97 % capacity
retention. In fact, the presence of NrGO component in Ni®Osample not only
increases the electronic conductivity of activatenial butalso prevents agglomeration

of TiO2 nanotubes which greatly improve surface area and thus substantially enhances
the kinetics of electrochemical reactions in the anode. Furthermore, the synergistic effect
of NrGO sheets and TiOnanotubes in bmsting Li* intercalation properties plays an
important role in improving electrochemical performance of anode. It is shown that both
pyridinic and pyrrolic N doping structures in graphene provide interaction sites*for Li
anchoring during intercalatid@96]. In addition, NrGO sheets asubstrate demonstrate

high integrity with TiQ nanotubes to form a unique microstructure which is stable during

electrochemical cycling tests.

The N doping in this hybrid system has several effects. First of all, doping creates charged
centers on thgrapkene surface and this facilitates homogeneous dispersion of metallic
or metal oxide nanoparticl¢297-299]. Both theoretical and experimental studies show
that N doping can modulate the graphene strec@ndenhance the electrical conductivity

[300, 301] As a result, materials with-Noped graphene exhibits improvestformances
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in electrochemical applications. Another important effect of N doping is the creation of
defects on the graphene surface which increases the wettability of the electrode with the

Li electrolyte and creates active sites for $tioraggd302, 303]

In comparison with the reported cycling performancesli@.-B or anatase in the
literature[304-307], our NrGO-TB sample shows enhanced or close cycling performance
at similar or even higher current rates after 50 cycles which confirms the effect of NrGO
sheets on imm@ving the life cycle of anodes. These studies confirm that having some
portion of anatasphase in Ti@-B enhances the performance of the material. Moreover,
dispersing the nanotubes on NrGO promotes the electron movement in the material.

There is a concarfor new materials in the electric vehicles (EVs) area. Although the
energycapacity is lower than graphite, lithium titanate (LTO) based anode materials are
used in some commercial EVs. The manufacturers prefer these materials for their stability
and fas charging capabilities. This means that there is a market for such battéiés
However, we believe that titanidbased materials have a better usage in stationary
systems. With their high performances at high currents, they are better matchrfor sola
cells, wind turbines and grid storage systems. For these kinds of sylsédtas; weight

is not a big concern and being able to supply high currents is crucial. In that case, graphite

cannot compete with titanintmased materials.

The strategy of growtbf the main Li storing component with various morphologies on
graphene sheets nitrogendoped graphene sheets has been successfully employed in
many published papers. In this regard, not only metal okades 227, 230, 286put also
some metal sulfides suck MoS and FeSare anchored onto rGO and NrGO sheets and
reported to enhance capacity and rate performanceiohlbattery anodef808, 309]

Such strategy can h@oposed as a simple, fast and esfé¢ctive material preparation

method or Li-ion battery anode which is promising for seafe
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Figure 2.25. Rate capability of (a) TB and (b) NrGTUB battery anodes

2.3.4. Conclusions

In this work, a unique and novel combination of morphology evolutiditariium oxide

and the presence of nitrogdoped reduced graphene oxide was investigated for the first
time to be used as a-ian battery anode. Tinanotubes with a mixture of bronze and
amatase phases were grown by simple and straightforward hydrathenethod to
decorate NrGO sheets following by thermal annealing. Characterized by SEM, the unique
morphology of synthesized nanocomposite revealed aagglomerated growth of
nanotubes on NBO sheet surfaces. Here we have shown that such 3D architecture
benefits electrochemical properties such as increasing the electronic and ionic
conductivity of active material which finally result in a faster lithiatioditteation of

the anode. Comparedth bare TiQ-B, NrGO/TiO, anode showed superior performance

in terms of rate capability and cyclability which is ascribed to the synergistic effect of
nanotubular Ti@-B phase and presence of NrGO sheets to enhance both electronic and

ionic conductivityof the active material.
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2.4. A Simple Spray Assisted Method @ Fabricate High Performance Layered
Graphene/Silicon Hybrid Anodes for Lithium-lon Batteries

2.4.1. Preface

In this research, Si nanoparticles NPs were embedded between the top and bottom layers
of thermally reduced graphene oxide (rGO) to form an 4&®50O sawwich-like
structure(Figure 2.26) using a facile and easily scalable spray and drying method for
high capacity LIB anodesThe electrochemical perfoances of the agrepared
electrodes show excellent specific capacities si#iilized CEs. We believe that this is

the first work showing the preparation of an easy and scalable process, including synthesis
of chemical species and anode fabrication, fataming highperformance Si/graphene

hybrid anodes.

Layer by layer spray coating
of graphene and silicon

Figure 2.26. rGO-Si-rGO sandwich like anode

2.4.2. Experimental

2.42.1.Materials

2.4.2.2.Synthesis ofsilicon nanoparticles

Si NPs were obtained by the magnesiothermic reduction @f @wder which was
synthesized by the gelation of sodium metasilicate solution (AppliCher8,5% NaO,
25.528.5% Si(p). 20 mL sodium silicate was diluted in distilled water in the ratio 1:10
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by volume. 0.1 M hydrochloric acid (HCI) solution was dipwadded to the silicate
solution at 40 °C until the pH reached34.0]. The solution was left to stir oveght at

40 °C to obtain the silica gel which was then aged for about 48 hours. A loss in uniform
fluid flow, signs of breakage planes upon shaking, and adherence of the gel particles to
the apparatus walls were considered as rough criteria for succesistibrg The as
obtained wet gel was then dried in a vacuum oven (90 °C) overnight to obtain a caky silica
gel. After several washes with distilled water, the driec pidvder was finely crushed,
mixed with excess Mg powder (Si®ig=1:2 wt. ratio) and heed to 670 °C for two

hours under an argon flow (40 mL/min). The resulting mixture of Si + MgO was acid
washed in 1 M HCI to dissolve all the remaining unreacted Mg and MgO. Jre@ered

Si powder was first sonicated in ethanol for 5 minutes, then wwddér for 10 minutes,

and finally washed several times with water and dried at 90 °C under vacuum. The last
sonication and washing steps helped in preventing the spherical Si NPs from excessive
agglomeration.

Next, 0.1 g of the synthesized Si was mixethwarbon black (CB) and polyvinylidene
fluoride (PVDF) binder (Si:CB:PVDF=80:15:5). Fixed amounts of this powder mixture
were dispersed in 35 mL of NMP to prepare Si slurry for the spray coating process. The
slurries were homogenized by stirring them@@ &m for 24 hours at room temperature,

and successively probe sonicating them for 10 minutes.

2.4.2.3.Reduction ofgrapheneoxide

Commercial graphene oxide (GO) (GRAnPH Nanotech) was thermally reduced at 900 °C
for 10 minutes under an argon stream ttaiobthermally reduced GO (rG@311]. To

make a homogenous rGO slurry, 0.1 g of the obtained rGO powder along with PVDF
(rGO:PVDF=95:5) was mixed in 10 mL -Methyl-2-pyrrolidone (NMP), stirred
overnight at 300 rpm, and probe sonicated for 10 mintdgget a homogeneously

dispersed slurry.

2.4.2.4 Anode fabrication

The proposed sandwich anode structure was prepared such that Si NPs were embedded
between two protective layers of rGO sheets. To do this, once the slurries were sonicated,

a spray and digg setup such as shownhkigure 2.27was constructed. A Cu foil current
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collector sheet, simultaneously heated at 50 °C, acted as the substrate for spray deposition.
Initially, a certain amount of the rGO/PVDFusgly was sprayed to form a base film of

rGO sheets on the current collector. As the atomized aerosol droplets hit the substrate, the
solvent quickly evaporated due to mild heating, leaving behind a thin and uniform layer
of rGO with PVDF. After a layer wasprayed on the Cu foil held at 50 °C, it was heated

for 1 minute at 120 °C to completely get rid of all traces of NMP. After the first layer of
coating, another layer, this time Si/CB/PVDF slurry, was spray coated and dried
following the same drying tempures and durations as the previous layer. In the end, a
topmost layer of rGO/PVDF was spray coated to envelop the Si layer. The topmost rGO
coat was aimed to be thicker so that it can efficiently coat the bare Si NPs, hence not only
contributing to themechaical integrity of the anode but also serving to protect Si from
direct exposure to the electrolyte, decreasing the chances of unstable SEI. It is noted that
for all three successive layers, the substrate temperature was kept at 50 °C during, and
120 °C for 1-minute postspray deposition. Additionally, for comparison, we also

prepared the electrodes without rGO layers in the same way.

Slurry

Cu foil

Figure 2.27. (a) lllustration of spray deposition equipment. The temperature of the Cu
foil was maintained at 5TC during the spraying, (b) Schematic of th&sQayered
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anode fabrication. Alternate layers of rGO and Si NPs were spray deposited in this

order.

2.4.2.5 Material characterization

Phase distribution and crystallinity of the Si NPs, Hmeldegree of reduction of GO to

rGO were probed using Raman spectroscopy (Renishaw in Via Reflex Raman
Microscope and Spectrometer). NAG laser with a power of 0.5 mW at 532n was

used for the data acquisition and the spectral range was kept fcom ® 2000cm?.

Phase composition and crystal structure of the synthesized materials were examined with
X-ray diffraction analysis (XRD; Bruker AXS GmbH D8 Advance). The measurement
were col | ect e di0Carnd tha step dize was s &lOvdile thévoltage

and current values were 40kV and 40mA usingkgd . 5406 U radi ati on.

The patrticle size of the Si NPs, and surface morphology of the second and third layers of
the rGOSI-rGO electrode were investigated with scanning electron micros&iylY
(Zeiss Leo Supra 35VP SENMEG) at a working voltage of 3 kV.

2.4.2.6.Electrochemical characterization

2032 coin cells were prepared to investigate the electrochemical propettesrGiO
Si-rGO anodes seen ifrigure 2.28. The cells were assembled in a glove box filled with
pure argon (GP CAMPUS, Jacomex). Li chips were usethe counter electrode, the
electrolyte was 1 M LiPédissolved in ethylene carbonate (EC) and dimethyl carbonate
(DMC) (2:1 (v/v)), and a €lgrad 2400 film was used as the separator. The assembled
cells were put to test for galvanostatic cycling (MTtt&annel battery analyzer) from
0.01 V to 3V (vs. Li/Lt) at 1C and 2C for 50 cycles. Rate capability of the-l&ised
electrodes was testeg bharging and discharging the cells at the current density order of
0.1C, 0.5C, 1C, 2C,5C and 0.1 C for 10ycles at every step. Cyclic voltammetry (CV)
(PARSTAT MC system) in a potential window of 0.9%o 3V vs. Li/Li* at a scan rate

of 0.1 mV/swas performed to investigate the charge and discharge profiles.
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Figure 2.28. Prepaed coin cells for charge/discharge tests

2.4.3.Results and Discussion

2.4.3.1.Sample synthesis and crystal characterization

In a standard magned&rmic reaction, Si@s reduced to Si with the following reaction
(1) [312]:

Sid(s) + 2Mg(g) Y Si(s) + 2MgO(s) (10

However, depending on the reactioonditions, some bproducts that reduce the yield

can also be produced. The side reactions are as follows (2)[31&)313]

2Mg(g) +8 (s ) 2S¥s) Mg (@)

SiO(s) + 2MgB0E) Y Mg 3
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Depending on the Mg:Si ratio, reaction temperature and duration, unwan&il angl
Mg2SiOs by-products can form. The most reliable way to determine the purity of the final
material is usig XRD characterization. The reduction degree of silica particles and the
purity of the Si sample was determined according to the XRD results shéwgune 2.

29 a. At the end of the reaction before washing whh &cid solution, it was noted that

the sample mainly contained Si with MgO and a little portibunreacted Mg. However,

other byproducts such as M8i or M@SiOs were not detected in the medium. It is
reported that at high temperatures (900 °C) theymtion of these byroducts can be
minimized[313]. In our case, at a relatively moderate temperature of 670 °C, Si NPs were
synthesized without any unfavorablefpsoducts from the side re@ons. One factor that

helps to avoid these side reactions is the particle size of the material which is a crucial
parameter for this reaction. Starting the reduction process with nanosized silica helps in
reducing the generation of {products. Moreoverthe Mg:Si ratio also etermines the

side reaction§314] as a high amount of Mg in the Mg/Si mixture leads to the formation

of MgzSi. In conventional magnesiothermic syntheses, a bomb reactor i8USgd his
creates a relativelyigher Mg gas pressure and may lead to the formation of side products.
However, in our case, the magnesiothermic reaction proceeded under Ar flow in a tubular
furnace. This effectively reduced the Mg pressure and eliminated thecpordaf the

side produats. According to the XRD results, the Mg:Si ratio used in this study was

appropriate to our Si purity requirement.

After washing with the acid solution, MgO and Mg were removed from the medium and

as seen in the XRD pattern, we ab&al pure SiFigure 2.29 a (upper pattern)). The

di ffraction pattern shows four sharp char
28.5° (111), 47.3° (220), 56.1° (311) and 69.1° (430p, 317] The peak positions are

in perfect ageement with the standard values of a feestered cubic crystal structure

(Fd-3m) (ICDD 01077-2108). This type of silicon crystal is a common structure after a

magnesiothermic reduction of silif218].

The other important component in the hybrid material is rGO which was obtained by
thermal reduction of GO. According to theray diffraction pattern, GO haa
characteristic peak at 11.2°. Thiegl is a result of the oxygen groups present at the
carbon sheet and corresponds to the (001) peak dBE&¥) When thermally reduced at

900 °C, the (001) peak of GO disappears and a peak at 26.2° starts to appear. The
corresponding peak fits the (002) peak rGO and indicates the existence sif

89



hybridized carbon sheets. It is concluded from the XRD pattern, that after thermal
reduction, GO is successfully reduced to rGO. Since the material is used for covering the
Si NPs, the number of layers stackedetbgr into the rGO flakes is an impamt factor

when considering an efficient coating. Using the information from the XRD results, an
estimate of the number of layers can be obtained by B8blgerrer equations (4) & (5)

[320, 321]

LC = ( 0.08092**ac)o s/( ((0BO 2) ) (4)
N = LC / d002 ()

In these equations, N givéesh e number of |l ayer s, LC i s
radiation wavelength, B0O02 is the FWHM (in radians), d002 is thgading of the (002)

pl anes, and dngale. iAccording ® these egtiatioas, the number of
graphene planes is abaytwhich is just enough for a good coating of the Si NPs.
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Figure 2.29. XRD graphs of a) Si NPs before and after acid washing, b) GO and
thermaly reduced rGO.

Raman analysis can provide valuable information about Si aptigmabased samples.

For this purpose, separate analyses were performed for Si NPs, GO and rGO. As shown
in Figure 2.30a, a deconvolion of Raman spectrum of the synthesized Si NPs revealed
two contributions: (i) a wide peak located around 507 ¢hat represents a defective
crystalline phase, and (i) aaip peak centered at 518 €mwhich is attributed to the
crystalline phase (thtransverse optic modg22, 323] In some silicon Raman spectra,

a peak positioned near 480 ¢mwan be found. This peak is considered to be a transverse
mode of amgphous silicor{324]. In our sample, no amdnpus phase was present which

is an expected result for a magnesiothermic synthesis. By considering the deconvolution

of the spectrum, the percentage of the defective crystalline phase was found td%e 52.8
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In effect, the defective crystalline phase corfines the nanesized Si particleE314, 325,

326], which, by reducing the anisotropic expansion of bulk Si, can improve the resistance

to pulverization327].

In Figure 2.30 b, the Raman spectra of GO and thermally redugééd (rGO) are
displayed. These spectra show D aneébdhds that are typical of graphenased
materials and appear around 1343 and 1594 amspectively|328, 329] The Gband
represents the vibration of the ?dpybridized carbon atoms in a tvdimensional
hexagonal graphene layer. On the other hand, tharid corresponds to the-ptane
stretchirg modes of & s sites[298]. The b/l ratio provides a measure of disorder in

graphene structures asettD-band essentially corresponds to a lack of lcampe

periodicity and defects in the structure, whereas tH®@l is a characteristic Raman
peak representing crystalline graphite/Id of our GO sample is 0.91 whereas that of
thermally reduced rGO .02. Since theollg can be essentially expressed as thspp

carbon ratid330], an increase in its value is associated with a decrease in crystallinity of
graphitic materials. Additionally, it shows the enlargement of dpmains [328].
Therefore a highemnllc ratio of thermally annealed GO indicates that some structural

changes, such as disorder in the orientation of graphene layers, reduction of oxygen

groups and a decrease in the number of graphene [884rs332]have taken place.
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Figure 2.30. a) Deconvoluted Raman spectra of the synthesized silicon powder, b)

Raman spectra of GO (red) and rGO (black).
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2.4.3.2.Morphological characterization

The hydrolysis osodium siicate in an acidic medium is a common chemical route to
obtain spherical silica hanopatrticles through a gelation reaction and subsequent drying.
Size and morphology of the silica nanoparticles achieved by gelation are sensitively
affected by reawn condtions such as pH and temperature of gelation. Therefore,
parameters such as time, temperature, pH, and stirring require close attention to
synthesize the appropriate size and morphology of silica nanoparticles which are later
reduced to Si NPs. féer the gnthesis at 40 °C and a pH of 4, the dried 2SiOwder
consisted of agglomerated spherical particles having a diameter betwd€n o
(Figure 2.31a). We obtained the most desirable size and shape of partidhes least

time at a pH of 4, which is considered the optimum pH for the synthesis of smaller silica
particles in an acidic mediuf810]. The particle size was also found to be consistent with
data from literature which provides a range &0 nm for silica particles depending

on the synthesisonditions[333, 334]

After the synthesis of a dry white silica powder, the material was reducedisin§ia
magnesiothermic reduction reaction. In the literature, utilizing magnesiothermic reaction
for Si synthesis is a common method. In most of these studiespiS8Dis &companied

with a carbon material to overcome the drawbacks of Si. Some stiadiesample, start

with GO; synthesize Si{ln GO and finally reduce it to rGO/Si. Though this is a simple
method to to obtain the hybrid material, due to sintering alony¢héng process, the

final product may not have very small Si particles anddbalting structure contains too
much graphene which hinders rifé applications. Although in these structures Si
nanoparticles are supported by rGO, they are still in doeatact with the electrolytic
environment, paving the way for an unstable $&nnan et al. synthesized a similar
material and their structure contained tightly packed Si nanoparticles with a diameter
above 100 nm on graphef835]. Even though the sizd the Si nanoparticles on rGO

can be reduced to 25 nm by careful modificatiorthaf synthesis conditions, the Si
particles, regardless of their size, are still directly exposed to the electrolytic environment,
thus after some cycles, the capacity is bawndrop[336].

The technique followed in this study was a direct reduction of, pEdticles. The
synthesis method is fairly simple and flexible which allows an easy-spalad also s
less graphene in the final structure. The particle size can be easily redicgohication
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and dispersed in the medium. As expected from the method, the final product in powder
form was prone to particle agglomeration, a behavior which depends cthd@ughly

the synthesized particles are washed. XRD, Raman and SEM imadges pbéwder
revealed that spherical Si nanoparticles were successfully synthesized after the reduction
of the silica particlesRigure 2.29 a, Figure 2.30 a, Figure 2.30b). It is noted thatlue

to the high surface interactions, in dry form, the individual particles are agglomerated into
micrometersized cumps. However, multiple washes with DI water followed by thorough
stirring and sonication in NMP made it possible for the Si NPs to dispeiformly into
discernable spheres of sizes8Dnm. When suspended in NMP along with carbon black,
and sprayed oa layer of rGO, the Si NPs, as seefigure 2.30c, dispersed much more
efficiently into observable particles. Furthermore, since the sprayable Si NP slurry also
contained CB particles, when sprayed and driethercopper foil, they acted as barriers
against reagglomeration of Si particles upon dryinthe randomly distributed carbon
black particles help to prevent agglomeration after the solvent evaporates, forming a Si
NP layer with scattered CB patrticles whialso contribute in improving the electronic
conductivity. To ensure that the rGO sheets@inmhrticles were being arranged in layers
instead of mixing in a haphazard fashion, we obtained SEM images of two layered (rGO
Si) and thredayered (rGGSi-rGO) electrodes irfFigure 2.30 ¢, and e respectively. The
electrode with Si + CB slurry on top iigure 2.30c revealed porous layer of spheal
nanoparticles with no appnt signs of the bottom rGO layer in the form of graphene
sheets/flakes; as expected, micromsteed CB particles were also observed scattered
among the Si particleBigure 2.30e shows a threlayered electrog structure (rGO layer

on top). Evident from its flaky appearance and the absence of spherical NPs on the
surface, the last rGO film efficiently blankets Sitpaes of the layer below. A sandwich
structure like this helps to promote a stable SEI layaredisas cushions Si expansion. It

is worth noting here that the topmost rGO film was sprayed to ensure a thick enough
coating that can efficiently cover alletSi NPs under it. To achieve that thickness, 1.4
and 0.7 mg/crhof rGO was sprayed on the topdabottom layers respectively. Figure

2.30d an rGQSI-rGO electrode with less amount of rGO coating is shown. In this case,
the surface of Si NFs not covered completely which exposes them to the environment

and provides poor protection from the effects of volumetric expansion.
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Figure 2.31. SEM images of a) synthesized Si@hd, b) Si powder, c) a twlayer

rGO-Si electrode with a topmost layer of Si slurry, d) tHegeered rGGSI-rGO

electrode with half the amount of rGO on the top, e) thagered rGGSi-rGO

electrode showing a thicker topmost layer of graphene completely covering the Si layer.

2.4.3.3.Electrochemical characterization

To evaluate the performance of the hybrid etmigras a Lion anode, we did some
electrochemical characterizations.Higure 2.33 a the cyclic voltammograms (CV) of
the rGGSi-rGO electrode between 0100 V vs. Li/Li" with a scanning rate of 0.1
mVstis dsplayed. Initially, the cathodic part of the scan, an irrébkrsbroad peak
located below 1.0 V was observed. This peak disappeared after the first cycle and it is the
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result of electrolyte decomposition and SEI formaf&8b, 337] Although not visible in

the first cycle due to this broad peak, in the following cycles a peak around 0.2b€ can
seen. This peak is described as the lithiation of the Si[BE8. In the anodic branch,
another broad peak around 0.4vds observed and this corresponds to the delithiation of
LiXSi alloy [336]. After the first cycle, the redox peaks have simaiiributesand this
indicates a good reversibility of tigbrid electrode.

Figure 2.33 b shows the 3, 5", and 18 charge and dischge profiles of the rGESi-

rGO electrode at 0.1 C in the potential range ofiB V. The hybrid electrode shows
typical Si alloying and dealloying reaction profiles. The calculated initial specific
discharge and charge capacities eftilgbrid electrodbased on rGO and Si NPs are 2611
and 2446 mAhg, respectively. Usually, with Siased anodes, the initial Coulombic
efficiencies are low. The reasons for low efficiencies and high capacity drops are related
to highly exposed electrodergaces and instaliy of the SEI layer due to the expansion
[336, 339] however, when the silicon is completely covered the CE increases. Xiao et al.
showed that with increasing carbon coating thickness the initial CE can rezaude
above 90% [340]. On the other hand, when the silicon particles are only supported but
not covered with graphene, the initial CE can be as low & 536, 341] The hybrid
electrode prepared in this study has a graphene layeraimgiately covers the Si NPs.
This structure facilitated in obtaining a high initial CE of@3Additionally, the charge
discharge profiles do not show a significant plateau due to-siaad and well dispersed

Si particles. After the'Sand 10 cycles the specific discharge capacities dropped to 2057
and 1967 mAhd, respectively. When compared with similar structures, the hybrid
material showed a 2% lower irreversible capacity 10$338]. On the other hand, in the
electrode without any rGO layers, the performance was considerably Wwigses(2.

32.
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Figure 2.32. Shows the charggischarge profiles of bare Si electrode at thesH!, and
10" cycles.

With lower coulombic efficiency and lack pfotection, the specific capacityaeased
rapidly. After the 18 cycle, the bare Si cell almost failed and delivered a specific
discharge capacity of 50 mAH#gThe complete coverage of Si NPs can prevent unstable
SEI formation and Si pulverization whidn return reduces irreversible eajity loss.
Another factor that helps that attribute is the presence of defective crystalline Si particles

which provides a better resistance against expansion.
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Figure 2.33. (a) Cyclic volammograms of thes1 5" and 1@ cycles. (b) Charge
discharge profiles of the’®15", and 16" cycles. (c) Charge and discharge specific
capacities at € (red) and Z (black) for 50 cycles. (d) Rate capability test at 5

different currentensities.

The cycling performance of the hybredectrode was tested at@ and 2C currents
between 0.01 and 3 \Figure 2.33 c). At the firstcycle, the rGESi-rGO electrode had

a specific discharge capacity of 1853 and 1693 mAdtd C and 2C respectivelybased

on rGO and Si NPs). For 1C, after thé"t§cle, the capacity stayed above 1070 niAhg

1 On the other hand, for Q, initially we dserved a significant capacity drop but with
increasing cycle number, the capacity increased and stabilized a#téi"ityecle at about

720 mAhg. For both of the cases, the coulombic efficiency reached 98 % aftertthe 10
cycle. As discussed above, tbemplete coverage also enabled a stable SEI formation
and resulted in a highly reversible electrode. Converselygligetrode with bare Si
particles showed a veryediocre resultRigure 2.34). In 10cycles the capacity dropped
from 1123 to 50 mAhg. As a matter of fact, this is a common situation fec@itaining
anodes witbut any protective layer. The cycling performance tests prove that with a
simple spray assisted layer by layer coating and drying process a very durable Si anode
can be producedn Table 2.4, the cycling behavioof our rGOSI-rGO hybrid structure

is compared with other graphene silicon composites prepared with layering and/o

spraying. All of the studies report very similar superior performances, which shows the
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positive effect of layering and/or spraying has lo@ $pecific capacity. However, when
the techniques are considered, most studies use either very complex-cortsuming
processes. In this study, we employed a relatively easier technique that as a process can

be employed in largecale manufacturing afpations with lower cost and effort.

Table 2.4. Comparison with previous &node studies

Sample Current Rate| Capacity*| Reference
Electrosprayed sandwich of Si/CNTs wi
0.1 A/lg 900 [247]
rGO
Sprayed mixture of rGO and Si 0.2 Alg 1041 [342]
Spray pyrolized rGO and Si mixture 0.2 Alg 1000 [242]
Dip-coated alternating layers of rGO arn
_ 1C 1500 [244]
Si
Alternating rGQSIi-rGO layers 1C 1089 This Study

*Capacities are approximate values at th& &gxle
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Figure 2.34. Shows the charge and dischaogele of bare Sat 1C

Figure 2.33d shows the rate capability test of the KSE&rGO electrode between current
rates of 0.1C-5 C. During the first segment of the test, wheeed¢hrrent rate is 0.Q@, the

specific capacity dips from 2611 to 1945 mAHg After increasing the current rates to
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0.5C, 1C, and 2C, the specific capacities were measured as 1284, 1050, and 879 mAhg
! respectively. Moreover, at a current densityigh las 5C, the specific capacity stayed
stable & a value of 672 mAhY After switching back to 0.T, the specific capacity
reached 1887 mAht(corresponds to 9% capacity recovery). The results reveal that the
hybrid has a good rate capability. Femimore, even at high current rates, the capacitie
stay almost constant which is a good sign of stability showing that spray coating the Si
NPs minimizes the detrimental effects of expansion. The efficient covering of Si NPs
with rGO suggests that the savidh-like anode could withstand rigorous Si exgiamn
through varying current densities and still maintain the structural integrity, hence giving
a steady and reliable performance with high capacities and stability (with CE of above 97
%).

In a spraydried layer by layer structure such as ours where Si NPs are sandwiched
between layers of rGO sheets, several factors help improve the capacity and cyclic
performance. First, the entrapped Si find ample but buffered space under strong and
flexible rGO sheets tallow for a less lethal expansion. Second, nanosizing Si minimizes
the mechanical strain induced by volume chgd@@é]. Third, spray coating the electrode

with a controlled flow rate and a constant low heat (50 °C), allows the droplets to spread
on the substratf843] before the solvent (NMP) evaporates. This has two effects: (a) it
hdps form a thinand discernable layer by layer structure as compared to other slurry
coating methods (doctor blade etc.), and (b) a low controlled mass loading maximizes the
utilization of active material in the anod247], contributing positvely to the total

capacity.
2.4.4. Conclusion

A facile, costeffective, and scalable anode fabrication method based on spray deposition

of alternate layers is developed to fabricate stable and high capacity grapiveme

hybrid anodes for LIBsThe presencefaspherical silicon nanoparticles as the active
material minimizes the destructive impact of volumetric expansion upon lithiation.
Embedding these Si NPs between two | ayers
structural integrity, pmotes electran and Li" conductivity and encourages a durable

SEIl layer between the electredkectrolyte interface. The spray dried sandwikb

structure demonstrates excellent specific capacity (1089 riAtitgr 50 cycles at )

and a minimum CBf 97 %. Spray dying a sandwicHike structure is a time and cest
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effective method because it utilizes the active materials efficiently in a controlled fashion.
This facile method, therefore, simplifies the anode fabrication process of stable LIBs
based o graphene andilieon for high capacity applications. For commerciatihm
battery production, every step is critical and affects the cost. Especially where
nanomaterial additives are involved, the production can be so costly and difficult that
bulk prodiuction may not b feasible at all. From that point of view, the combination of
techniques used in this study offers an applicable and comparativehefisative
method to incorporate Si and graphdrased materials into commerciatibn battery

anodes.
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CHAPTER 3. INVESTIGATION OF Lil EFFECT ON THE BATTERY
PERFORMANCE OF CEO2 CATALYST NANORODS DECORATED
NrGO AIR CATHODE FOR Li -O2 BATTERIES

3.1. Introduction

Li-oxygen (L+O>) batteries are promising energy systems confronting energy challenges
soon due to thgradual depletion diossil fuels. Even though lithiunon batteries and
supercapacitors are widely commercialized energy storage systems to power portable
electronic devices, they suffer from relatively lower energy and power densities to
compete with anynternal combustiorengine. Unlike the lithium ion batteries (LiBs),
they have an opecell architecture enabling cathode active materials to receive oxygen
from the ambient atmosphere and generating energy by the decomposition/formation of
Li>O> during darge/discharge stepNevertheless, all of the components of maial
batteries are still being under developmp8]. Li-O. batteries exhibitan ultrahigh
energy density to power electric vehicles and which can compete with ggsolveeed
engines. LiO; has a theoretical energy density of around 11 586 Whased on the

mass of Li metal alone and 3505 WHkgith the mas of Li and LO for a noraqueous
battery[344, 345] This corresponds to ten times higher energy densitydbaventional

Li-ion batteries (LiBs)346]. On one hand, lithium anode materials play a crucial role in
lithium-oxygen battery owing tots low redox couple potential yielding high capacity and
wide potential window[347]. On the other hand, sluggish reaction kinetics of oxygen
evaluation reaction[98] of Li-O2 battery leads to low roundlip efficiency, low
reversibility and lack of cycle performance. The main reason for low roymefficiency

and low reversibility ofLi-O- batteries is that decomposition of.Qb requires high
charge overpotential which indes side and parasitic reaction products lasting with

gradual capacity decrease.

The performance of LO, battery rather depends on the stability of the eled&ply
reduction of overpotential between charge/discharge steps, Li anode cycle with low
corrosion, and effectiveness of the catalyst material employed in air cathode for oxygen
reduction. As for the electrolytes, a combination of almost all Li salts amdréslwas
attacked by highly reactive oxygen specie€ §@LiO,, 02 LiO2'), which severy

decompose both the cathode and Li metal anode vyielding insoluble passivating
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precipitates (e.g. kCOz) accumulate in the electrolyte. A stable electrolyte can b
constructed based 0 n -BRAse a(HSAB) ntileery prbaiding S o f t
explanations fothe solubility of LI and Q" species, and compatibility of solvent to Li
salt[101]. Based on HSAB, two growth modelsurfacegrowth model and solutien
growth model- were offered in the literature via reasonable explanation and solid
characteriztion to prove little details of ©reduction pathways to form 4@,. On one

hand, the surfagrowth model suggests that superoxide speci®&a@d/or LiQ first
adsorb on cathode surface then receive a second reduction reaction te@@rrediilting

in the formation of a thin film layer of neconductive L+O. on the cathode surface with

a thickness of around 10 nm and lower. On the othed,hd&e solution growth model
proposes that Li©can be generated and dissolved within the electrolyte, then undergoes
chemical disproportion reaction spontaneously andlyirfarms large toroidal LiO>
crystals around-2 e m si ze. Cl edf LiD2yand LtOh fermadiom Ivia b i | i t |
solution growth pathway strongly increase cell capacity and cyclicity which can be
achieved by wise selection and design of electrolyte lgh donor number similarly
reported by Johnson et [407]. Alternatively, dimethoxyethane (DME), dimethyl
sulfoxide (DMSO) and acetonitrile (MeCN) were proved to be a gooddateds LiO>
batteries electrolyte solvents according to the recent resegtdiigsBruce et al[120]
reported that ethdrsased solvents exhibit more stability to the nucleophtiiiack of
superoxide species due to its long chain and lower vapor pressure. Todeotie
solvents competition, tetraethylene glycol dimethyl ether (tetraglyme or TEGDME)
proved to be a more stable solvent for this type of battery. Moreover, both lithium
bis(fluorosulfonyl)imide (LTFSI) and lithium trifluoromethanesulfonate (LitrifjatiTF)

were mostly employed with TEGDME solvent for the electrolyte to be used-@p Li
battery giving more or less similar results stability within the proper ether based
electrolyte solvenitt04]. Redox mediators can be described as soluble catalyst species to
promote decomgsition of LkO2 even in the case of poor direct contact between cathode
and LpO», which is assumed to be the main reason for high charge overpotential, high
cell impedanceand sluggish kinetics of cell chemistry. Redox mediators generally have
redox potatial higher than required decomposition potential e0ki(2.96 V vs. Li/Li)

so that they can provide required charge transfer betwe@a &nd cathode to reduce
overpotential. So far, ferrocenes;dbtertbutyl-1,4-benzoquinone (DBBQ), 2,2,6,6
tetranethyk1-piperidinyloxy (TEMPO), dimethylphenazine (DMPZ), tetrathiafulvalene
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(TTF) and lithium iodide (Lil) are proved to be a good redox ntedielaiming high
efficiency and rechargeability of 10, battery with substantial capaciti¢s13-116].
Briefly, performance of L-iO: is increased by using a high donor numbered electrolyte
compatible with anode and cathode material, an ideally reversible redox mediator (RM)

within the electrolyte, and a catalyst materiaklom cathode.

The cahode is the main component of-Op batteries facilitated by molecular oxygen
involving in oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). In
this regard, carbon materials were proposed to be the main materiaés cgalyst to

redu@ oxygen and to employ high currents due to their high specific surface area, porous
structure, and electronic conductivity properties, which provide great charge storage and
high Li-O> hosting ability. Besides, they demonstrate enbédngravimetric energy
density thanks to their loxgensity nature. In this aspect, carbon black, activated carbon,
super P, ketjen black, reduced graphene oxide, and graphene nanoplates were studied as
main catalyst materials for 10> batterie§348]. Similar to those carbonaceous materials,
nitrogenrdoped reducedraphene oxidéNrGO) can also supply numbers of catalytic

sites and improve the catalytic activity for oxygen reduction reaction (ORR), as proved
in Ping Chen et al. repof849]. Bare carbon materials tend to degrade the cathode and
electrolyte by initiating parasitic products that passhe active dalytic sites. For that
reason, carbofree materials like metal oxide catalysts and their composites with carbon
materials were studied to balance reaction kinetics and decrease the parasitic reactions.
Several types of carbide and trarwitimetal oxidewere reported as promising
candidatesd material s 20 TiiOhMnOL @HOhH edDe | i ncl
FeOs, NiO, and CuO, NiO, ¥Os, MoOs, Y203, RuQG: and 103 as cathode catalysts for

Li-O. batteries. Mingrui Liu et al. studid®u loaded 3D Ndoped reduced graphene oxide
demonstrating high active site density and high ORR/OER activity forgediormance

air cathode in LiiO, batteried161, 356355].

Ceria (CeQ) has been partaking in merous catalytic application such as water gas shift
reactiong356], UV blocking[357], electrochromi¢hin films [358], UV absorbenf359],

solid oxide fuel cell§360] and oxygen sesors. Ceria is a very versatile material due to

its excellent redox property, providing the ability to shift easil§*@= Ce"*. This leads

to a change in oxidation states and the number pfex vacancy defects by minimal
activation energy. In this semsceria is both reductant and oxidant according to change

in its oxidation state with respect to chemical reaction in process. Moreover, the catalytic
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property of ceria is directly related tis oxygen storage capacity (OSC), which means
the number of oygen vacancies that the crystal structure can [36df]. Ceria can be
synthesized with several different morphologies, such as nanocubes, nanotubes,
nanorods, nanowires, microplates, and octah@fa364]. Ceria nanopdicles usually
accommodate octahedral morphology and this morphology consist of (111) plyséa

to minimize its surface energy. On the other hand, ceria nanorods and nanocubes are
enclosed by (110) and (100) plari@65]. Crystal planes define the catalytic activity
because the activation energy to create oxygen vacancy on the plane surface g differe
for each of them due to their different cerium and oxygen distribution and oxygen
mobility. Among these planes, (110) requires less activation energy to create an oxygen
vacancy on the surface than (100) planes. On all these crystal planes, (11Lplenysta

has the highest activation energy to create a vad@ae®]. The oxygernvacancies tend

to be most abundant in nanorod form and, with its active facets, it leads to the
improvement of highly efficient catalytic properties without chaggthe catalyst
composition. According to Wu et §867], nanorods exhibit more oxygen vacancies than
nanocubes, which is an exceli@moof that ceria nanorods are the best choice for catalytic
activities among its nanostruces for oxygen reduction reactions.

In this study, nitrogerdoped reduced graphene oxide (NrGO) was synthesized by thermal
annealing method by processing GO lavated temperature in ammonia and argon gas
flow. Then, the Ce@nanorod catalysts were successfully decorated onto NrGO by a
simple hydrothermal process and to the best of our knowledge it was employed as an air
cathode for the first time in the 40> batery application in the literature. Moreover,
CeQ/NrGO air catlbde was tested for the first time in LITF/ TEGDME electrolyte,
besides Lil was exploited as a redox mediator for the first time forlbased air cathode
performancgFigure 3.1). In addition, we aimed to understand the synergetic effect of
ceria to NrGO support in terms of battery capacity at different current densities.
Furthermore, the influence of Lil on the battery capacity with the different air cathodes

was irnvestigated compared to their overpotentials values.
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Figure 3.1. Schematic representation of GErGO air cathode test in 1D, battery

3.2.Experimental Procedures

3.2.1. Materials

Natural graphite flakes (99 %), potassipermangaate (KMnQ, 99 %), sulfuric acid
(H2SQ4, 98 %), phosphoric acid @RQs), hydrogen peroxide(#D.), hydrochloric acid
(HCI, 37 %) were purchased from Sigiddrich for the synthesis of graphene oxide.
Cerium (1) chloride heptahydrate (CeCiH20, 99.99 %),sodium hydroxide (NaOH,
097 , %thanol (GHsO), N-methyt2-pyrrolidone (NMP, 97 %), lithium
trifluoromethanesulfonate (LITAR9.9 %), lithium iodide (Lil, 98 %) and tetra ethylene
glycol dimethyl ether (TEGDME, 99%yere provided from Signi&dldrich as wd for
the ceria nanorods fabrication, electrolyte and electrode preparation. Carbon paper
(AvCarb MGL190) and carbon black (Vulcan X&2) were purchased from the Fuel Cell
Store. A polypropylene separator (PP, Celgard) was used as the sepdrasagents
used were analytical grade and employed without further purification.

3.2.2. Graphitic oxide (GO) Synthesis

The graphitic oxide was synthesized by the improved Hummers method. At the first step,
graphite flakes, and KMnQvere mixed then k8Qs and HsPQs emusion were poured

into the mixture. This prepared mixture was continuously stirred further at 70 rpm and 50
°C for 24 hours. A reflux system was mounted to the synthesis system to avoid hazardous
toxicity and evaporation of the reactant soluti@nbrownish slurry was obtained after

this step and cooled down in an ice bath. In the next step, the slurry was introduced to the
ice and HO- mixture. Then, an HCI solution was added to the slurry, and the suspension
was diluted by adding DI water. Theusly waskept 48 hours in an ice bath. A well

dispersed, homogenous, yellowish, acidic suspension of GO was obtained at the end of
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this step. The obtained slurry was washed several times with DI water/ethanol emulsion
and followed by mixing with just DI war so tlat pH reached around 5. Finally, the
suspension was freezkgied for four days then collected for further synthesis and
characterization.

3.2.3. Nitrogen-doped reduced graphene oxide (NrGO) synthesis

NrGO was produced via using a thermal annealing ndethithin the ammonia gas
ambient at elevated temperature. The GO synthesized by the improved Hummers method
was heated at 900 °C under ammonia and Ar gas flow in a tubular famaksplayed

in Figure 3.2. The tube furnace was cooled doto room temperature under continued

Ar gas flow. After cooling down, NrGO was obtained and ready for the next syntheses

and characterizations.
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Figure 3.2. Nitrogen doping and deucing GO by thermal annealing method.

3.2.4. CeOz nanorod synthesis

Cerium dioxide (Ceg) nanorods were synthesized by hydrothermal method. Initially,
100 mL DI water was mixed with 9 M NaOH by a magnetiaetirThen 5 mmol of
CeCk.7H.O was added to the mixture and stirred for 15 minutes. Subsequéetly, t
mixture was poured into 200 mL Teflon container and sealed tightly in a stestéess
autoclave. The hydrothermal process was conducted &CL20 two days. Afterwards,

the sample was slowly cooled down to room temperature and washed with Diviviéger
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filtering via a Buchner setufp reach a neutral pH value. Finally, ceria nanorods were
dried for 12 h.

3.2.5. CeO/NrGO synthesis

Nitrogendoped reduced graphene oxide supported cerium oxide nanorodgNEe0)

were synthesized with another hydrothermaithod. In this regard, firstly, a solution of

DI water, ethanol, and NMP were prepared. Then, an NrGO mixture with 3 g/L loading
was mixed. Then, Ceanorods were added to reach a 4.5 g/L loading. Finally, NaOH
was added to reach 4.5 M. Afterward, timaf suspension was poured into a Teflon lined
stainlesssteel autoclave. CefINrGO suspension was hydrothermally heated to °TD0

for 12 h. After the final product was slowly cooled down to room temperature,
CeQ/NrGO was washed with DI water until the pkhalue neutralized using
centrifugation. Finally, ceria nanorods were dried for 12 h and prepared for furtleesr use
demonstratedhiFigure 3.3

Figure 3.3. CeQ/NrGO synthesis by hydrothermal method.
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