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Application of carbon nanomaterials like fulleremaybon nanotubes, and graphene
in solar cells using solution processable methadsgmts a great potential to reduce
the cost of producing electricity from solar enerlpwever, carbon nanotubes and
graphene materials are predominantly metallic arglimits their function in organic
photovoltaic devices (OPVs) where semiconductinigab®r is required. Doping of
carbon nanomaterials is a well known method for ingaikhem semiconducting.
Doping of carbon nanomaterials with nitrogen antbhacan tune their properties to
suit the requirements for use in photovoltaic aggtions as n-type and p-type
semiconducting materials, respectively. Indeed,ue of nitrogen doped and boron
doped carbon nanotubes in organic solar cells hegewith fullerene acceptors can

improve the current density of the OPV devices.

Nitrogen doping of carbon nanotubes can be achiéyedsing nitrogen-containing
precursor materials during chemical vapor depasititowever the doping of carbon
nanotubes with nitrogen does not automatically mtdesn n-type materials; they
remain metallic unless a large amount of quatertygrg nitrogen is incorporated in
the carbon nanotubes. In this work we have develap@ethod to control the type of
nitrogen that is incorporated in CNTs by using pprapriate synthesis temperature
and use of oxygen-containing carbon precursorsnduiie chemical deposition of
carbon nanotubes. Quaternary N was incorporated @VD process when high
temperatures and a high concentration of O in teeyssor materials were used. We
also showed that the type and amount of N can langdgd from pyrrolic and
pyridinic-N-oxide to pyridinic N and quaternary N lannealing N doped carbon
nanotubes at temperatures above 400°C. At tempesatibove 800°C most of the

nitrogen is converted to quaternary nitrogen.

N-CNT thin films were used in OPVs so as to modife ITO electrode and
transform it into a 3D electrode. The resultingeeffwas an improved short circuit

current density in the devices containing an N-GNif film that was placed on top
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of the ITO electrode. A reduction in efficiency $8s in OPVs at increasing light
intensity was observed in the N-CNT ITO modifieceattode OPVs. This is a
remarkable finding when considering that one of thain problems hindering
commercialization of OPVs is the loss of efficienaly high light intensities. We
related these effects to the efficient charge coble by the modified ITO electrode.

Incorporation of N-CNTSs in the bulk heterojunctilayer of the OPV device resulted
in poor performance when compared to an OPV dawviade without N-CNTs. This

effect is caused by shorting of the OPVs. We usertthod of incorporating N-CNTs

whilst minimizing shorting and this showed potehtiia better performance.

A study on the attempted doping of graphene wittoBnake it a p-type material
showed that in the presence of a nitrogen carres, N instead of B was
incorporated in graphene. This remarkable findimgbted us to grow a p-type
graphene with a possible a band gap opening. This aorroborated by XPS and
Raman spectroscopy studies of the material. This ddided graphene material
showed potential as a possible replacement of PEPSS as a hole transport
material in OPVs. The BN doped graphene material roatch the performance of
PEDOT:PSS when the level of BN doping in graphernadreased.
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The main factors that lead to poor performance lé P3HT:PCBM bulk
heterojunction (BHJ) organic photovoltaic deviceSP¥s) are: (1) low light
harvesting because the thin films used allow mostent light to pass through, (2)
the hopping type electron transport to electrodeslow and results in a significant
recombination process before collection and (3) stability of the devices. The aim
of this work was to study and attempt to improves tperformance of the
P3HT:PCBM bulk heterojunction OPV by incorporatithgped carbon nanomaterials
in different parts of the device. In particulare focus of the study was to investigate
the following issues:

I.  The use of N-CNT films deposited on the ITO electeoas a nanostructured
interpenetrating electrodes to increase the thickseof the active layer in
order to increase light absorption and thus increagxciton generation of
the P3HT:PCBM BHJ device.

ii.  Incorporation of N-CNTs in the P3HT:PCBM bulk hetejunction active

layer to selectively transport electrons to the alaetlectrode.

iii.  The use of BN doped graphene as a hole transpoyelaand encapsulating
layer to reduce the rate of degradation of the aetimaterials in an inverted
solar cell

The drawback of using N-CNTs is that they are pneidantly metallic making them
both electron conductors and hole conductors thakimg them centers for charge
recombination before they reach the electrodesctidlection. Doping of carbon

nanotubes (CNTs) with large amounts of quaternarg i well known method of



making CNTs n-type semiconductors. Control over kheype and content and
morphology of N-CNTs during CVD still remains a majchallenge. This is

primarily due to the fact that different types ofaxe incorporated simultaneously
during N-CNT synthesis. Changing the reaction emnments and reaction conditions
can influence the N type, but this also affectsrttephology of the final product. As
such it is necessary to gain a better understandinthe parameters that affect
incorporation of different types of N in the N-CNTaring synthesis and after

synthesis. In particular, a focus of the study wasonsider the following issues:

i. Effect of reaction temperature during growth of NMTs using an

ethanol/acetonitrile precursor mixture.
ii.  Effect of oxidizing environment during growth of NGNTSs.

iii.  Effect of heat treatment on the type of N and coniteén already formed N-
CNTs.

The use of graphene as a hole transport electdétractive because graphene is
flexible, impermeable, transparent and conducti@eaphene oxide is a p-type
material and is very suitable for this applicattmut the problem is that it is difficult
to deposit uniform continuous single layer graphieam GO on a substrate. As such,
high quality single layer p-type graphene materisded to be synthesized. In this
study the growth of high quality graphene and mashof doping graphene during

CVD growth have been investigated. In particular ficus was on:

i. A study of the formation of single layer graphene @opper in a LPCVD

method.

ii. A study of the optimum condition to make single &ygraphene and

introduce both B and N to form BN doped graphene.

This thesis has been written as a compilation gepasome of which have been

published, are in press, are currently under redeare yet to be submitted.



Chapter 1 - Gives the aims and objectives of this study twedoutline of the thesis.
Chapter 2 - Gives a justification for the study, highlightitige problems giving rise
to poor performance of P3HT:PCBM bulk heterojunctgnlar cell and attempts to
resolve these issues using carbon nanomaterials..

Chapter 3 — This chapter focuses on the use of temperanateo&ygen in order to
control the content type of nitrogen that can beoiporated in N-CNTs during
growth. This chapter was published as; Bepete G, Tetand #fdner S, Rummeli M,
Chiguvare Z, Coville NJ. The use of aliphatic alebbhain length to control the
nitrogen type and content in nitrogen doped carlp@amotubesCarbon, 2013, 52,
316-325.

Chapter 4 — This chapter focuses on the use of heat treatorealready grown N-
CNTs in order to effect changes in the type of NNWCNTSs. This chapter is to be
submitted as; Bepete G, Voiry D, Chhowalla M, Chaye Z, Coville NJ. Structural
Evolution of N structures in N-CNTs on annealing

Chapter 5 — In this work we investigated the effect of tinemd methane
concentration on the formation of graphene layens copper. We propose a
mechanism which explains how multilayer graphena &@m using low flow
methane systems.

Chapter 6 — This chapter focuses on the doping of grapheitie BN in order to
induce the semiconducting behavior and hence bapdogening.This chapter has
been published as; Bepete G, Voiry D, Chhowalla @Qjguvare Z, Coville NJ.
Incorporation of small BN domains in graphene dgri@VD using methane, boric
acid and nitrogen gafNanoscale, 2013, 5, 6552 — 6557.

Chapter 7 — This chapter focuses on the use of N-CNT tHmdion ITO as a 3D
electrode in a P3HT:PCBM bulk heterojunction saklt. To be submitted.

Chapter 8 — This chapter focuses on the use of N-CNTs aslectsve electron
transport medium in the P3HT:PCBM bulk heterojumttactive layer.

Chapter 9 — This chapter focuses on the use of BN dopedhgra® as a hole
transport layer in the P3HT:PCBM bulk heterojunctsmlar cell.



Chapter 10 - This chapter provides a summary and conclusioth@fcurrent study

highlighting advances made and challenges sti#dac

Below are some of the ideas developed during thgtheof this PhD research project.

We proposed that the synthesis temperature and erygresence during the
growth of N-CNTs affect the amount and type of Ncorporated in the N-
CNTs.

Heat treatment of N-CNTs can be used to tune theeyf nitrogen (N) in N-
CNTs synthesized at low CVD temperatures,(from mn@ehantly pyrollic N

and pyridinic-N-oxide to pyridinic N and quaternari).

Low concentration/flow rates of methane in low psege chemical vapor
deposition (LPCVD) of graphene on copper can yiewdiltilayer graphene if
long growth times are used. This occurs becausel@t/ concentration
graphene coverage on the Cu surface is slow and enactive carbon species
can diffuse underneath the already formed graphenegsulting in
nucleation and growth of new graphene domains undeath the already

formed top domains.

Small BN domains can be incorporated in grapheneriohg CVD using
methane, nitrogen, hydrogen and boric acid on coppehe BN domains in

graphene induce semiconducting behavior in the gheme.

The use of a N-CNT film to modify the ITO electrode an OPV results in
an enhanced Jsc and also reduces efficiency logkas occur in OPVs with

increasing light intensities.



The use of fossil fuels is increasingly becomingustainable, mainly because of
their substantial contribution to greenhouse gaggish cause global warming and
also because the known reserves of fossil fuelscanginuously diminishing. The

world today uses 16.0 TW of power; of that amo&7tb is based on burning fossil
fuels [1]. Due to the continued population increasd improvement in the quality of
life in developing countries, the energy demangraving by 1.69 %. This translates
to a total world power requirement of 30 TW by 20F). Renewable energy

resources like solar, wind, hydro and biomass sffersustainable but expensive
alternative to fossil fuels. Power generation usimglro, wind and biomass is

particularly suitable for small scale stand alormve@r generation systems. The
world’s energy requirements are high and contirmugase on a daily basis. As such,
any technology for renewable energy harvesting,vemion or storage in a

sustainable future must be able to scale to thel@w&l to make a relevant impact at
the global scale [3]. For this reason, solar enaxgyversion is viable because the

resource is clean and infinite.

Solar energy has several environmental advantagesather energy sources which
include that it is; free, infinite, does not emiO£and other greenhouse gases and
does not generate liquid or solid waste productsséch, it can be considered as the
basis for a sustainable energy development programonly limitation in exploiting
the energy from the sun is in our ability to converis abundant resource into
affordable electricity. Energy from the sun cancbaverted into useful energy using

solar thermal conversion, solar photovoltaics anthrsfuels technologies. Solar



thermal conversion technology uses absorber miedaollect energy to heat water
or to turn turbines to produce electricity [4,5hd®o-catalysis can be used to split
water to produce hydrogen fuel [6] or in the reductof carbon dioxide into

methanol [7], which can be burned as a fuel or peeaursor in organic synthesis to
produce long chain hydrocarbons to be used as.f@alr photovoltaic cells use

semiconducting materials that convert sunlightaiyeinto electricity.

2.2.1 Solar photovoltaics

The photovoltaic conversion process has the patetdi produce electricity at the
GW-scale [8]. Adoption of this technology is onlintered by the cost related to the
processing of the inorganic materials used in pcodyuthe solar cells and installation
of the PV systems. The current cost of solar predwdectricity is between $226 and
$2031 compared to an average of $82 for coal fledtricity. The use of thin film
materials in solar cells continues to be of inteessa potential source of renewable
energy [9]. In particular, the use of thin filmsduees material requirements thus
reducing the cost of materials and the weight ef fihal PV systems. The cost of
installation could be greatly reduced if flexiblggint based thin film photovoltaic

solar cells can substitute the current more estaddi bulk silicon based solar cells.

2.2.2 Silicon based solar photovoltaics

Despite intense research in the use of differen meaterials for photovoltaic
conversion applications, over 90 % of photovoltgleV) modules produced
worldwide are based on silicon material becausesafurability, abundance and non-
toxicity [10]. The lab based performance of for Hikcon based solar cells stands at
25 % whilst the market product based efficiencyndsabetween 15 — 22.4 % [11].
The major contributing factors to the cost of prapa a silicon based solar cell
include, the required high purity silicon, high pessing temperatures, large amounts
of silicon required to produce the cells [12]. Ome tother hand, other solar
photovoltaic technologies like organic photovoltetls, dye sensitized photovoltaic

cells and quantum dot photovoltaic cells requiss lmaterial to produces solar cells.



Organic photovoltaics (OPVs) are based pnonjugated semiconducting organic
molecules or polymers [13]. A combination of eleatidonor and electron-acceptor
materials with suitable HOMO and LUMO levels aredigs the active material [14].
The best incident photon-to-current efficiency (BBCfor organic solar cells has been
improved rapidly over the years and it currentgnsis at around 8% using low band
gap donor polymers with a [6,6]-phenyl-C61 butydcid methyl ester (PCBM)
acceptor material [15]. OPVs are commonly compa¥esh active layer comprising
of a conjugated polymer such as poly(3-hexylthio@)e(P3HT) donor and a
fullerene derivative PCBM acceptor sandwiched betwea poly(3,4-
ethylenedioxythiophene):polysytrenesulphonate (PEPSS) modified ITO positive
electrode and a low work function metal negativecebde such as aluminium (Al),
as shown in Figure 2.1. Commercialization of PCB8HF OPVs is hindered by the
elevated cost of PCBM-P3HT and the limited conversPCE. Yet they have a large

application potential in power generation.
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2.3.1 Historical development

Small organic molecules sandwiched between two Ineétatrodes of different work
function were initially investigated for use in argc photovoltaics as an alternative
to inorganic materials [16]. Small power conversafficiencies of the order of 0.1 %

were reported for these kinds of devices. The bildyeterojucntion concept in which



a bilayer of n-type organic molecule and a p-typganic molecule were sandwiched
between a transparent conducting metal oxide aselhratransparent metal managed
to increase the power conversion efficiency to 1%%].] The observation of a
photoinduced electron transfer from optically eaditonjugated polymers ta€and
improvement in photoconductivity upon addition ofy @ the conjugated polymers
led to the development of the polymer-fullereneaymlr heterojunction and bulk
heterojunction devices incorporatingo@nd Go-derivatives [13]. This has improved
power conversion efficiency to around 8 % to da®&).[A better understanding of the
fundamental processes of photovoltaic energy géonaran particular the complex
relationship between donor-acceptor (D-A) and tkasons why recombination
occurs in OPVs has been elucidated recently [18]s has helped to create an
understanding of the physical and chemical properbf the required materials

needed to be incorporated in OPVs in order to ec#ndevice performance.

2.3.2 Operating principles of OPVs

The bulk heterojucntion organic solar cell is thesmfavored because it is more
efficient compared to the bilayer heterojunctiotaseell. Figure (2.2a and b) shows
the schematic representation of a heterojunctimyéi and a bulk heterojunction.

(@) (b)

Donor (polymer) Acceptor

(PCBM)

* 0 1 ) &'2 o0&l
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OPVs are made on a supporting glass coated withinaftm of transparent and

conducting oxide e.g indium doped tin oxide (ITO)igh serves as an electrode. A
hole transport layer e.g poly (3,4-ethylenedioxytiiiene)-polystyrene sulfonate
(PEDOT-PSS) is coated onto the ITO coated glass.photoactive layer, a blend of
the D-A material is coated on the PEDOT-PSS. Hmnallsecond electrode usually

aluminium metal is deposited by vacuum evaporation.

Figure (2.3a and b) displays a D-A bulk heterojiorctOPV and the corresponding
electronic energy levels of the D-A, exemplified Hye poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-C61-butyric acid methylexstPCBM) bulk-heterojunction
active layer. The light energy conversion processekectric current in organic
photovoltaics follows five consecutive fundamengabcesses: (1) absorption of
photons with wavelength in the absorption bandhef tdonor (acceptor) to produce
excitons (bound electron-hole pairs); (2) excitdffudion within the donor (acceptor)
phase towards an interface with acceptor (dondgreealecaying; (3) dissociation of
excitons (charge separation) producing chargeerarand electrons of the excitons
transfer from the LUMO of the donor to the LUMO tife acceptor; (4) charge
transport to electrodes through diffusion and oift;d(5) charge collection at
electrodes. The thicknesses of each respective ifilthe organic solar cells are
usually less than 200 nm. Figure 2.3c shows a &iarrent density (J)-voltage (V)
curve of an organic solar cell device based on PBEBM under the
1
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illumination of an AM1.5, 100 mW/cflight. Figure 2.3c shows the short circuit
current density ¢J), open circuit voltage (3), and fill factor (FF) of the devices. The
FF is defined admaxVmadJscVoc @nd is shown in Figure 2.3c. The photovoltaic powe
conversion efficiency (PCE) of the organic solalt teproportional to &, Vo, and
FF. The 4 depends on the efficiencies of the light absorptd the active layer,
exciton diffusion to and dissociation at the D/Aeiriace, charge transportation in the
active layer, and charge collection on the ele@sod) is mainly proportional to the
energy level difference between the LUMO of theegptor and the HOMO of the
donor ( E2) as shown in Figure 2.3b) [20]. FF is relatedhe series and parallel
resistances of the devices; lower series resistandehigher parallel resistance result

in higher FF values.

M #
The P3HT:PCBM bulk-heterojunction solar cell isgaeed by a blend solution of the

donor (P3HT) and acceptor (PCBM) materials. Thecstwes of both P3HT and
PCBM are shown in Figure 2.3b. The high efficiendie these devices are proposed
to be due to a combination of favorable electrgmaperties of the pair (such as sub-
picosecond charge transfer) and good miscibiliti].[Zhe optimum blending ratio
for the P3HT:PCBM bulk heterojunction device is 58.% [22]. The use of a high
polymer ratio of 50 % in the P3HT:PCBM comparedadther systems like the
(poly[2-methoxy-5-(37 -dimethyloctyloxy)-1,4-phenylenevinylene]) (MDMO-RP
PCBM blend where 80 % PCBM is required is an adagatbecause it offers more
light absorption and better hole transport [23]effhal annealing at 11%C of the
P3HT:PCBM is an effective way of improving the merhance of native
P3HT:PCBM films [24]. Annealing induces P3HT crybigty and phase segregation
which improves transport properties of the P3HT &@BM cluster formation
respectively [25,26]. Larger PCBM clusters in tR8HT are beneficial for
photovoltaic performance. The thickness of thevactiayer strongly affects the
performance of the devices, with the optimum filnaving a thickness less than 100
nm [27].



2.4.1 Improving performance of the P3HT:PCBM bulk-heterojunction
OPV

The performance of the P3HT:PCBM bulk-heterojunctsolar cell can be improved
by: (1) increasing the amount of excitons generateithe active layer per area and
(2) improving the transport of electrons flowingttee metal electrode. Most of the
light incident on the P3HT is not absorbed becamgenum films are less than 100
nm thick [27]. The use of thicker films results poor performance because
recombination occurs before charges are colledtedeaelectrodes [28]. In order to
avoid recombination, but at the same time increpsihe thickness of the
P3HT:PCBM bulk-heterojunction active layer, intemp&ating nanostructured
electrodes (as shown in Figure 2.4) are requiredrder to reduce the distance
charges need to travel to electrodes for colleciind to increase surface area for
charge collection. Indeed, aligned ZnO nanowire9,3@] and nano-imprinted
metal$® have been used as nanostructured electrodes isethgitized solar cells and

organic solar cells respectively.

"oy ( [ | n <

The transport of electrons in the P3HT:PCBM bulkehgjunction active layer to the
electrode can be increased by incorporating namdsiies which selectively

transport electrons with high mobilities. Carbomaiabes are ballistic conductors



[32]. This property could be useful if CNTs canused as the acceptors and charge
transport medium in organic solar cells to impraharge transport. Indeed, carbon
nanotubes have been incorporated in the P3HT:PCBM beterojunction active

layer to enhance charge transport to electrodgs [33

$ % &
There are several processes which contribute tdegeadation of OPV performance

(Figure 2.5) [34]. Organic materials are by natumere susceptible to chemical
degradation by e.g. oxygen and water than are amicgmaterials. The following
process contribute in the degradation of OPVsD(&¥olution of the conducting ITO
layer by chemical attack from the acidic PEDOT:P&5, attack of the organic
polymer by water which diffuses into the active dayfrom the water based
PEDOT:PSS, (3) PCBM catalyzed atmospheric oxygetlaof the double bonds in
the conjugated organic polymer in the active layedt (4) diffusion of the aluminium
metal from the metal electrode into the P3HT:PCBMWMkiheterojunction active

layer. Figure 3 shows several processes involveddmegradation of OPVSs.

SSY19

89:



2.5.1 Improving stability of organic solar cells

Inverted organic solar cells in which electrons @slected on the ITO and holes on
the aluminium metal can reduce the rate at whictv©RBegrade [35,36]. This is
because: (1) the ITO is isolated from the acidiBHE:PSS hole transport layer
which corrodes the ITO and allows indium metal tdfude through to the
P3HT:PCBM bulk-heterojunction active layer, (2) thele transport layer is now
coated onto the P3HT:PCBM bulk heterojunction laybere it also acts as a barrier
thus protecting the P3HT:PCBM layer by reducing @lneount of water and oxygen
reaching it. The hole transport layer coating redguthe amount of aluminium metal
which diffuses into the P3HT:PCBM active layer. éed, inverted OPVs have shown
better stability when compared to the normal OPS%S,36]. Some of the hole
transport layers used in inverted OPVs can alsimig#finto the active layer as well
allow water and oxygen to diffuse through becaukeytare not completely
impermeable to water and oxygen. A graphene basézl transport layer can be
utilized to stop both the diffusion of the holertsport layer (HTL) material into the
P3HT:PCBM bulk heterojunction active layer and asta barrier to prevent water,
oxygen and the metal electrode from diffusing intee P3HT:PCBM bulk

heterojunction active layer [37,38].

2.6.1 Carbon nanotubes

The drawback of using multiwalled carbon nanotulmebulk-heterojunction solar

cells is that they are predominantly metallic magnithey are both electron
conductors and hole conductors. This makes thentersefor charge recombination
before the electrons and holes reach the electrfmtesollection [39]. Doping of

carbon nanotubes is a well known method for makifng's semiconducting. Indeed,
nitrogen doped and boron doped carbon nanotubes I@en used in organic solar
cells together with fullerene acceptors to imprdke current density of the OPV
device [40]. This means that they selectively tpams electrons and holes to

electrodes. The doping of nitrogen does not autimadt make them n-type



materials, but a significant amount of one typenibfogen, the quaternary nitrogen,
needs to be incorporated in the carbon nanotuhetste to achieve this result
[41,42].

2.6.2 Graphene

The use of graphene as a hole transport electsoddéractive because it is flexible,
impermeable, transparent and conductive. A probetinat graphene is metallic so it
is not very suitable to collect holes. On the othand graphene oxide is a p-type
material and is very suitable for use as a holéectohg electrode. However, it is
difficult to deposit a uniform continuous singleyéa graphene from a GO solution on
a substrate. As such, high quality single layeyget graphene material is still

required for this purpose.

% "
2?7.1 Nitrogen (;oped carbon nanotubes

Robust methods to tune the unique electronic ptiggenf carbon nanotubes by
doping with N are in great demand due to the pakwof these one dimensional
materials to impact a range of applications. limportant to tune the CNT material
for the development of high performance nitrogempetb carbon nanotube based
systems. Our understanding of the factors influsmmdhe amount and type of N
incorporated in carbon nanotubes is still emergirge type of N incorporated in the
nitrogen doped carbon nanotube material (N-CNT)luerfces the electronic
properties and also the effectiveness of the natas a catalytic support material or
as catalyst. The doping of carbon nanotubes witbrband nitrogen was predicted in
a calculation as early as 1993 [43]. The calcutatishowed that N will induce n-type
behavior whilst B will induce p-type behavior inetlloped carbon nanotubes. The
possibility of doping CNTs to produce either n-type p-type with N and B
respectively revealed that the doped CNTs coulde hioh properties and opened a

way for possible applications.



The first heteroatom doping in carbon nanotubesen#s were reported with the
simultaneous incorporation of B and N in a carbanatube material as early as 1994
[44] only three years after the initial report carlmon nanotubes by lijima in 1991
[45]. This brought about an intense interest in pheduction of doped CNTs. The
first report on nitrogen doping in carbon nanotubes reported in 1997 [46]. The
study was not aimed at producing N-CNTs, but alig@®Ts but because a solid N-
containing carbon precursor material was used, plndpwas achieved. Heteroatom
doping became simplified after chemical vapor déjmss growth of carbon
nanotubes using gaseous and liquid hydrocarbongepasted in 1993 [47,48] and
early 1994 [49]. This meant that a wide range opaifd containing precursor

materials could be used thus simplifying the preadsmaking doped CNT materials.

Studies on doping initially centered mostly on irpmrating the highest amount of
nitrogen into a CNT. Nitrogen forms incorporated @NTs posses different
chemistries and their presence depends on the Ilgroerditions used during the
synthesis of the CNT material [50] Recent reseaahshown that in addition to the
concentration of N atoms in the graphitic carbortemal, the boding character of N
atoms plays a crucial role in determining theirdamental properties [51]. Nitrogen
can be incorporated in the graphitic structureawsbonaceous materials in a variety of
forms namely; pyridinic nitrogen, quaternary niteag pyridinic-N-oxide and pyrrolic

nitrogen.

!
Several technigues including, CHN analysis, XPS B&H.S been used to quantify

the amount and identify the type of nitrogen inaogbed in carbon nanotubes. CHN
analysis measures the amount of gaseous produetsoxidation. This means that
gaseous N forms physisorbed in the CNT walls age @icluded in the measurement.
This method gives the concentration of N but withelaborating the type of N which
is available in a sample. XPS and EELS give mofermation on the type of N

observed in a sample. XPS is a powerful surfacenigoe that can be used to

accurately detect the presence and relative qiemtf elements in a sample. Further



analysis can provide information about the staté environment of atoms in the
sample, which can be used to infer information &kibe surface structure of the
material. This is particularly useful for doped lwam nanomaterials, in which the
dopant appears in different concentrations anewifft atomic environments.

Assigning each nitrogen type correctly in an N-CMatrix to a respective binding
energy still remains complex, but using the knowkethat, more positively charged
atoms will require more energy to release an aacit is possible to arrange the
atoms from which the electrons are originating frianan order of increasing binding
energy. In terms of binding energy the nitrogemf®iin an N-CNT structure can be
arranged in the order of increasing binding enenqgyridinic-N < pyrrolic N <
quaternary N < pyridinic N oxide. Various reportgee on assigning pyridinic N,
pyrrolic N and quaternary N at binding energies388.5, 400.5 and 401.5 eV
respectively [52].

Nitrogen can be incorporated in carbon nanotubms fis low as 0.1 % to as high as
20.0 % [53]. This is within the XPS detection limibf approximately 0.01% for
monolayer and 0.1% for bulk materials.

2.7.2 Large area BN doped graphene

Several theoretical studies have shown that simedtas incorporation of B and N in
to graphene is thermodynamically possible yieldamgall planar hexagonal boron
nitride (h-BN) domains in graphene and most importantly thistprocess achieves a
band gap modulation in graphene [54]. The band gqaming in graphene, due to
doping with small BN domains, has been attributedtite breaking of localized
symmetry [55]. The tunable electronic propertiesaajraphene material containing
BN makes this material likely to be useful in eftenic devices, composites, energy
conversion and storagikdeed, a CVD method has recently been used to giw
doped graphene on a copper foil using Ar/phethane and ammonia borane gases
[56]. This method produced graphene domains alloyetth discrete large BN

domains
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A range of precursor materials, catalysts and whffeprocedures have been used to
achieve varying levels of nitrogen doping in CNTisce Terronet al reported on
the synthesis of nitrogen doped carbon nanotubeSNNs, in 1997 [1]. The most
common method to make N-CNTs involves the use obmayanometallic catalyst
dissolved in nitrogen-containing organic solvemiat tare injected into a CVD reactor
[2]. The level of nitrogen doping and the type ofrogen incorporated are all
important in modulating the properties of N-CNT#$ [Bontrol of the nitrogen doping
level in N-CNTs has been obtained by using differeancentrations of diluted
nitrogen-containing organic sources typically mixedh common carbon sources
such as xylene [4], toluene [5-6], and benzene(G&sseous precursors, like acetylene
[8] have also been used in combination with N-cmimg reactants, to synthesize N-
CNTs. Methods in which a carrier gas is bubbledugh a nitrogen-containing
source and then carried through to the CVD reactr be used to modify the
nitrogen content. The level of nitrogen dopingimsgeneral, influenced by the flow
rate of the carrier gas bubbled through the nitneggntaining source relative to that
of the carbon containing source which can be aagyas liquid. Several nitrogen
sources, like pyridine [9], acetonitrile [10], arag1[11], and ammonia [12] have been
used in CVD to grow N-CNTs using both injection amabbling methods. Studies

have shown that different nitrogen-containing searcaffect the morphology,
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structure, the type of nitrogen species incorparated the nitrogen doping levels in
the N-CNTs [13]. The nitrogen can exist in a varief oxidation states in the N-
CNT, the most important being the pyridinic typeahd the quaternary N. Figure 3.1
shows the type of N species which can be incorpdrah N-CNTs [14]. The
pyridinic type N is bonded to two carbon atoms had a localized electron lone pair.
N-CNTs with a high pyridinic type N content exhilmatalytic activity in oxygen
reduction reactions [15]. Quaternary N is the gr@plike nitrogen incorporated into
the extended graphene structure with one delochleectron. The delocalized
electron dopes the graphene layer thereby makiegntaterial n-type [16, 17].
Optimization of each type of N is important if tresspective properties brought about

by each type of N species are to be utilized irdiegions.
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To date, however, studies that have been undertakeontrol the type of nitrogen
found in N-CNTs have focused on the effect of tlsesis temperature [18] and the
nitrogen-containing carbon sources [19]. To thet lmésour knowledge no studies
have been reported that indicate how the type afoNtent can be controlled by
systematically varying the carbon source. One ntetb@chieve this would be to use

oxidizing agents. Thus the use of oxygen-containiegctants such as alcohols,
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ketones, carboxylic acidstc. together with a nitrogen-containing source coléd
employed to achieve this objective. Indeed, twdierastudies have reported on the
use of acetonitrile/ethanol mixtures to make N-CNIfisone method, ferrocene was
used as catalyst together with different mixturiestbanol/acetonitrile solutions [13].
Nitrogen incorporation was found to generally ims®e with acetonitrile
concentration but the type of nitrogen incorporadét not show any variation with
the acetonitrile/ethanol ratio. In another stud¢edMgO catalyst was used to make
N-CNTs using varying concentrations of ethanol/acitile [10]. The different
precursor (ethanol/acetonitrile) mixtures yieldedbon nanotubes with very different
morphologies and structures; from single walled amdti-walled, to bamboo-like
structures and deformed carbon nanotubes all mioggther. In both studies
different nitrogen species were incorporated ifte €NTs. However, the type of
nitrogen incorporated into the structures did rfodve any variation relative to the
total nitrogen incorporated into the N-CNT materiaFurther, when the
ethanol/acetonitrile ratio of reactants changee vérying N/O ratios made it difficult
to interpret the effect of oxygen content on thednhtent/type incorporated in the
CNT. The effect of oxygen on N composition and bhogdcharacter in the N-CNT
material was not studied in both studies. In aytethted to this work, pure pyridine
was used as a carbon and nitrogen source, and theniposition and bonding
character in the N-CNT material showed a dependenagowth temperature [18].

The use of aliphatic alcohols of different chaind#h in the absence of a nitrogen
containing reactant has been investigated in timthegis of MWCNTs and it was
shown that the chain length of the aliphatic aldahftuenced the crystallinity of the
produced CNTs [20]. The addition of different typmsd amounts of alcohols to a
carbon source showed that the quantity of O ando@sin a precursor played an
important role in modifying both the CNT growth atite CNT morphologies [21].
To determine if the type of nitrogen in an N-CNTulmb be influenced by oxygen
atoms, we have synthesized a range of N-CNT mé&teargang an ethanol/acetonitrile

reactant mixture pyrolysed at different CVD syntkestemperatures.
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Alcohol/acetonitrile mixtures with aliphatic alcdsowith different chain length
(ROH; R = CH, C;Hs, C4Hg, CsH11, C/His and GH17) were also studied; they all
have similar structures/functional groups and adsavide mixtures with controlled
different C/O mass ratios whilst the nitrogen conhis a function of total mass (C, O,
and N) remains constant (Figure 3.2). The C/N rattithe precursor mixture of each
different alcohol increased with increase in aldottwain length, for example from

7.1 for a methanol/acetonitrile mixture to 12.6 &oroctanol/acetonitrile mixture.
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N-CNTs were synthesized by the catalytic chemicapor deposition (CCVD)
method. The catalyst used in this study was Fe/§dM22], with a molar ratio of
1:1:12. A quartz boat containing 300 mg catalysvger was inserted into the centre
of a quartz tube reactor. The reactor was heatégetoequired temperature (T = 700
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°C, 800°C, 850°C, 900°C, 1000°C) in 5% Hy/Ar at flow rate of 240 mL/min. At the
required temperature the carbon and nitrogen ssu(88% ethanol and 20%
acetonitrile by mass) mixtures were introduced it reactor by means of a 20 ml
syringe driven by a syringe pump at 1.2 mL/min 26rminutes. Following the same
procedure at 850C, different precursor mixtures containing 80% nfacohol and
20% acetonitrile by mass were used. Aliphatic aid®limethanol, ethanol, butanol,
pentanol, heptanol and octanol) were used in thidys(see Figure 3.2). After the
reaction, the reactor was cooled to ambient tentperainder a flow of 5% Hin
argon. The vyield of carbon nanotubes obtained vsabbshed by weighing the
catalyst before N-CNT growth and weighing the gatabind product after the N-

CNT synthesis, using the formula:
N-CNT yield (wt.%) = [Mr — M)/M;] x 100

where M is the total weight of catalyst and product aftgnteesis, and Mis the
weight of the catalyst.

Purification (removal of catalyst) was achievedsoyicating the product in 6 M HCI
at room temperature in an ultrasonic bath for 3@utés. The sample was then
filtered and washed thoroughly with distilled wagerd acetone. Finally the purified
samples were dried in an oven at 12D for twelve hours. Morphological
characterization of the N-CNTs was carried out gsifransmission Electron
Microscopy (Tecnai & Spirit TEM at 120 kV). The thermal stability ofethas
synthesized N-CNTs and the extent of purificaticerevdetermined by TGA using a
Perkin Elmer Pyris Thermo-gravimetric Analyser &trament under an air flow at 20
mL/min. The elemental composition of N-CNTs was edetined by X-ray
photoelectron spectroscopy (XPS) after purificatitming a PHIS600 spectrometer
equipped with a monochromatic AlKsource (1486.6 eV). Raman spectra were
recorded at ambient temperature on a Jobin-Yvor0U6dicro-Raman spectrometer

using a tunable spectra Physics dye laser with6a463m excitation source.
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The pyrolysis of ethanol/acetonitrile mixtures oeeFe/Al/MgO catalyst (T = 700 —
1000°C) produced carbon nanotubes with a bamboo likgohwogy as noted from

TEM images (Figure 3.3). The temperature and tharetl precursor mixtures used

+
- o 1 )2+ 3 . -

played a significant role in generating the morplgglof the produced N-CNTs. The

N-CNTs formed at temperatures between 700 and°850ave a good tubular form

with bamboo compartments with close spacing (Figu8a and b). Above 85 the

N-CNTs had larger diameters and the bamboo compatsmwere longer (Figure

3.3c). Most N-CNTs synthesized at D have a wide range of diameters (20 nm —

40 nm). At the higher temperatures metallic catgbgsticles coalesce to form bigger
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particles which in turn generated larger diametefsthe synthesized carbon
nanotubes (> 20 nm) [23]. At 100 some irregularly shaped carbon material

deposits were formed (Figure 3.3d).
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The yield of N-CNTs decreased, almost linearlythestemperature in the reactions
increased (Figure 3.4). This trend is differentnir¢hat reported previously where
yields of N-CNTs and undoped MWNTs generally inseeawith increase in
temperature [18]. The effect is due to the ethaanl,oxygen containing precursor
which oxidises carbon at high temperatures. Alsdiigh temperatures the etching
effect of the OH radicals will disrupt the initiati stage of N-CNT growth.
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Figure 3.5 shows the results of the thermogravimesnalysis (TGA), of the
unpurified N-CNT samples synthesized at differemmperatures using an
ethanol/acetonitrile mixture. The residual massegally increases with reaction
temperature, consistent with the data in FigurarBwhich the carbon yield generally
decreased with reaction temperature. The temperailidecomposition of the N-
CNTs also generally increased with increase inhsgis temperature. The lowest
decomposition temperature as measured from diffiatehermogravimetric analysis
(DTA) curves (Figure 3.6), was recorded at 880or N-CNTs synthesized at a CVD
temperature of 708C, with the highest decomposition temperature & %€9for N-
CNTs synthesized at 958C. This result shows that N-CNTs grown at high
temperature are more thermally stable. This suggestecrease in the amount of

nitrogen incorporated as well as decrease in tiebeu of defects introduced at high
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temperatures. This is also consistent with TEM ;déitea bamboo compartment size
increased with temperature indicating lower nitrogentent at higher temperatures
[5]. It is to be noted that the N-CNT material syegized at 1008C decomposed at a
slightly lower temperature of 670 compared to that of the 985G N-CNT sample
(Figure 3.6). This could be due to the presenageatk O in the material as a result of
functionalization of the N-CNT sidewalls [21]. Aigher temperatures (106Q) this
effect results in a less stable N-CNT materialuFég3.5 shows that the final weight
remaining after TGA increased from about 20% fa thaterial synthesized at 700
°C to about 60% for the material synthesized at 1800 This variation is in
agreement with the yields calculated and shownigurE 3.4. The N-CNT/catalyst
ratio decreased with increase in synthesis temyrexate. more catalyst residue
remaining after TGA for the material synthesizedtha higher temperatures. The
insert in Figure 3.5 shows the TGA profile of anONFT sample grown at 70%C,
before and after purification with HCI to remove @dtalyst. The catalyst material
was almost completely removed and the material eddeshowed a slight
enhancement in thermal stability after purificatisilowing that purification using
HCI does not induce defects in the N-CNTs by fuoraiization.
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XPS data were recorded on the various purified yectsd made from
ethanol/acetonitrile and the data are shown inreidu7a-e. The asymmetric shapes
of the XPS N1s spectra of the synthesized N-CNBsvdhat several nitrogen species
were incorporated in the N-CNTs (Figure 3.7a-d).orAic nitrogen (M)
concentration is total N found from the N1s speunttass molecular N. Four different
types of nitrogen species pyridinic N4}, pyridinic-N-oxide (Nbo), quaternary N
(Ng), and molecular N (M) were observed. The atomic nitrogen concentration
each N-type (M, Npo, No, and Ny, ) were obtained by calculating the area under
each respective peak in the curves (Figure 3.7YeAdy decrease in the level of
nitrogen doping with increase in CVD synthesis terapure was noted (Table 3.1); a
result confirmed by TEM and TGA data. The XPS reshbwed an atomic nitrogen
concentration of 0.85 % in the N-CNTs synthesized @ °C (least stable), and a
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nitrogen content of 0.1% in N-CNTs synthesized @2Q°C. The elemental ratio of
the precursor mixture was C: N: O of 61:31:8. Theant of N incorporated in the
N-CNT materials in our study is much lower compateddther studies. We relate
this to the use of a diluted N-containing carboaree and the presence of O which
we suspect inhibits N incorporation in the N-CNTtemeal. The changes in total
nitrogen content as well as the amounts of each ¢oymitrogen found in the N-CNTs
are shown in Figure 3.7f and in Table 3.1. Alsonote is the decrease in the
quaternary N species with temperature. Of sigmifteais the disappearance of the
pyridinic N peak at ca. 398 eV at CVD synthesisgemtures above 80C (Figures
3.7c-d). In the N-CNT sample synthesised at ¥Q@ve obtained a peak at ca. 402
eV (Figure 3.7a) which we attributed to pyridinieeXide, an oxidised form of the
pyridinic N with a —N-O" structure [24].
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Pyridinic-N-oxide is only incorporated at low tematires because it is not stable at
high temperatures [25Also, the XPS data shows that the molecular nitnoge
incoporation at (ca. 404.4 eV) [26] decreases \ithease in temperature until it is
not present in the material synthesized at 1@@Figure 3.7e). Pyridinic N is not
stable in N-CNTs at high temperatures [7]. Intenggy the most stable species is the
quaternary N species as shown by til@\N ratio which gradually increases to 100 %
of the total N content at high CVD temperaturese HWHM of the quaternary N is
in the range of 1.8 eV for material synthesizedeatperatures between 780 and
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850°C but changes significantly to greater than 2 evhfiaterials synthesized at 900
and 1000°C. At tempeatures above 90C and in the presence of O, surface
modification of the carbon nanotubes walls occargive pyridine pyrole (—O-C=N)
(400.3 eV) and oxidized nitrogen N-O-C (404.5 e¥7][ This is in agreement with
other studies where alcohols were used in the pgecto form functionalized carbon
nanotubes [21]. The N1s peaks of such species t&menbtted independently, thus
results in the broadening of the quaternary N @al01.2 eV. Pyrrolic N (400.5 eV),
was not observed in any of the material synthesfraioh ethanol/acetonitrile [28].
We suspect that pyrrolic N is not stable in thespree of high oxygen environments

and easily oxidizes.
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The Raman spectroscopy first order peaks at 136866 cni and at 1583-1592 ¢m

! which correspond to the D and the G band respsgtiwere observed for all the
samples studied (Figure 3.8). A comparison of tHeabd and the G-band shows that
the ratio depends on the CVD synthesis temperdkigeire 3.9). There is a general
decrease in the band intensity ratig/ld) with increase in CVD temperature,
suggesting that the relative degree of order ilNHENTSs improves with an increase
in CVD temperature [4, 26]. N-CNTs become more biép at high synthesis
temperatures since there are fewer defects indogedtrogen incorporation as was
confirmed by XPS data. Thex(lg) intensity ratio of 1.2 at 80 drops to 0.8 at 850
°C. At 850°C, the pyridinic N ceases to be incorporated intoN-CNT material and

the decrease indllg) intensity ratio correlates with this absence yrfiginic type N.
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This result is consistent with the results of osheho have also suggested that the
pyridinic type N causes formation of bamboo streesuthe main cause of disorder in
N-CNTs [29].

3: -
-/

A peak at approximately 2700 ¢nin the Raman spectrum, a second order Raman
band, showed a dependence on growth temperatureianden incorporation. A
comparison of the band intensity ratiop(lc) showed a general increase with
increase in CVD temperature (Figure 3.9). The/[¢) intensity ratio of 0.1 at 80tC
rose to 0.36 at 85C. Changes could relate to the absence of pyridymie N in the
N-CNT material. Both the intensity ratiospllis) and (bo/lg), show a large change
between N-CNT materials synthesized below 85@&nd N-CNTs synthesized above
that temperature (Figure 3.9).
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Short chain alcohols i.e. (methanol and ethan@ldgid N-CNTs with thin walls and
smaller diameters while the long chain alcoholsp{@weol and octanol) yielded N-
CNTs with thick walls (Figure 3.10). When the presar is a long chain alcohol it
contains more carbon which yields thicker walls|[20

Cr i $(
-/ )2 -

The reaction yields were between 83% and 450% Wigher yields found for

precursor mixtures containing long chain alcohdigyfre 3.11). This trend is in

agreement with that reported previously by otheh&ne yields of CNTs produced

from aliphatic alcohols were found to be higher wheng chain alcohols were used

[20].
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The use of alcohols with different C/O ratios (luith constant acetonitrile and hence
N content) could give rise to (i) an increase incdhtent, if the oxygen content
decreased and was responsible for nitrogen losgiiq@ddecrease in N content as the
C/N ratio increased if this (and not the O conteat)trolled the nitrogen content in
the N-CNTs. XPS measurements showed that N-CNT<dupged from the
acetonitrile/alcohol mixtures produced N-CNTs wittiferent amounts of nitrogen
viz methanol (0.37 % N), ethanol (0.36 % N), butgi®cc9 % N), pentanol (0.59 %
N), heptanol (0.7 % N) and octanol (1.27 % N), extpely (see Figure 3.1ZJhus,
the oxygen content plays a significant role in deteing the nitrogen incorporation

in N-CNTSs.
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Figure 3.12 The N composition in N-CNTs made fromhe different alcohol precursor
mixtures obtained from XPS analysis.

The asymmetrical shape of the N1s peaks for the dd&& for the purified materials
produced from different alcohols showed that défér nitrogen species were
incorporated in the carbon nanotubes (Figure 3fL3&t a high oxygen content in
the alcohol é.g methanol and ethanol), pyridinic nitrogen was incbrporated into
the N-CNTs (Figure 3.13a and b). At low O conteatg(heptanol and octanol)
pyrollic N ca. 400.8 eV was obtained [24] (Figuré3e and f). This is in agreement
with our earlier suggestion that pyrollic N is redééble and is easily oxidized at high
temperatures and in the presence of high oxygemaicmng reactants. Molecular
nitrogen at ca. 404.4 eV and quaternary N at ca.%48V were found in all the N-
CNT materials as shown in Figure 3.13a — f. Thenfar did not show any general
trend while the latter showed a decrease with aggan alcohol chain length in the
precursor material (decrease in C/O ratio). The W\ the quaternary N is in the
range of 1.8 eV for material synthesized from prsots containing ethanol-octanol

but changes to greater than 2 eV for material ®sitled using the precursor material
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containing methanol. The amount of O in this preoumix is maximum thus the
environment is more oxidizing compared to otheicprsor mixtures. This gives rise
to surface modification of CNT walls to give oxidz nitrogen species which
broadens the quaternary N peak as explained earlibe text. The changes in total
nitrogen content as well as the amounts of eadh ¢oymitrogen found in the N-CNTs
are shown in Table 3.2.

$ -9

Alcohol NPyr prro NQ NT NPyr/NT NPer/NT NQ/NT N|\/|o
(%) (%) (%) | (%) | (%) (%) (%) | (%)
-——-——--
- 036 036 -
-——-——--
0.40 - 0. 0.59 7.8
-——-——--

0.20 0.56 051 127 157 44.1 402  0.13
Figure 3.14 shows the Raman spectra for N-CNTsymed from different alcohols.

Amongst the alcohols studied, ethanol produced N-<CMith a more graphitic
nature as shown by thg/ll; of 0.8 compared to all the others. The N-CNTs poed
from ethanol also showed the maximww/l; ratio of 0.36. The variation of the C/O
ratio used in this study made it difficult to cdate the N content in N-CNT materials
to the b/l of the Raman spectra because the variation of 1@f0 also affected
crystallinity of produced material [20, 21].
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Nitrogen doped carbon nanotubes, made from diffeaieatonitrile/alcohol mixtures,
gave materialsvith different nitrogen content. At low CVD synthegemperatures
and also at a low precursor oxygen content, a higbgen content incorporation is
favored. However, as the CVD synthesis temperatunecreased and the precursor
oxygen content increased (from octanol to methanmu} only does the nitrogen
content decrease but the forms of nitrogen incagarinto the N-CNTs also change.
Incorporation of pyridinic nitrogen and moleculaitrogen is favored at low
temperatures and at low oxygen environments, lagetttompletely disappear at high
CVD synthesis temperatures and at a high oxygetengrnonly quaternary nitrogen

is stable under all the reaction conditions.
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The doping of carbon nanotubes (CNTs) with nitrogento enhance their properties
in different functional systems has been studieddyeral workers [1,2,3]. Nitrogen
can be incorporated in the carbon matrix of theoggn doped carbon nanotube (N-
CNT) in a variety of forms, namely; pyrrolic N, pginic N, pyridinic-N-oxide and
quaternary N. Molecular nitrogen and oxides ofagén are also found physically
adsorbed on the N-CNT walls [4]. The type of N irmmrated in the N-CNT material
influences the electronic properties [5,6] andldbkavior of the material as a catalyst
[7]. For example; in oxygen reduction electro-cgta reactions, quaternary N speeds
up the O reduction reaction whilst pyridinic N lawehe potential required to start
the oxygen reduction reaction [8,9]. In organic tololtaic solar cells the N-CNTs
selectively transport electrons to the metal caghfiD]; this is likely due to the
presence of quaternary N as dopant. QuaternarysNataelocalized electron which
dopes the extended graphene layer of the N-CNEliyemaking the material n-type
[11,12]. Control of the N type incorporated in tHeCNT material is thus important if
N-CNTs are to be tailor made for specific applicas. The current knowledge of
how the bonding configuration or location of théragen dopant in N-CNTs can be

influenced is lacking.

Several methods of incorporating N in CNTs inclgdin-situ N doping [13,14,15]
and ex-situN doping [16,17,18] have been widely investigatddwever, all these
methods lack the ability to control the type of tNestructures which can be
incorporated into the N-CNT material. In an earkudy we showed that to some

extent usingin-situ N doping the amount and type of N, incorporatedNHCNT



material can be influenced during growth not onyythe N content in the precursor
material but also by growth conditions such as treademperature and oxidizing
environment [19]. A problem with such control ofd@ecies is that changes in the
reaction environment also bring about changes imphwogy and changes in the
crystalinity of the formed materials [20]. Changesnorphology and crystalinity also
affect the properties of carbon nanotulies-situdoping could be used in this case,
but its lack of control over the type of nitrogerorporated in the CNT materials still
remains a drawback [17,18]. Thermal treatment cEZMNIFs to change the N forms,
could provide an attractive procedure to tune théohins in N-CNTs whilst not
changing other characteristics of the N-CNTSs. lddséudies have been conducted to
change the amount of N in N-CNT material by heaattment under inert conditions
[21,22]. In these studies, quaternary and pyridiNicrich materials were used.
However, while the N content was reduced no sigaift conversion from one N type
into another in the N-CNT material was reporteldre recently it was shown that the
pyridinic N structures in carbon nanotubes could doaverted to quaternary N
structures by thermal treatment under inert coondi[23]. These two different
results, [21,22,23] can only be explained if diéier nitrogen structures react
differently to thermal treatment. Pyridinic nitragand quaternary nitrogen appear to
be stable in N-CNTs and notable changes to thesetstes can only be induced at
high temperatures. By contrast pyrrolic N appearse unstable at high temperatures
and will thus react to form more stable N structur@hus N-CNT materials
containing pyrrolic N will be an ideal material tbtain an insight into how N

structures form in N-CNTSs.

N-CNTs containing high concentration of pyrrolichidve been prepared reproducibly
by using a mixture of a carbon source and nitrog@mtaining precursor material in
the CVD synthesis of N-CNTS at low CVD temperatu®E3]. CNTs grown at low
CVD temperatures at atmospheric pressure give fwgihed tubular morphologies
with small and uniform diameters, and smooth wig. It is possible to modify the

N forms in such high quality N-CNTs after synthelisannealing at temperatures



below 1000°C. The N-CNTs should retain their good quality #mid could provide a
useful procedure to prepare different N-CNT materia applications requiring

different forms (and amounts) of N.

4.2 Experimental

N-CNTs were synthesized using a chemical vapor sigpon method from a
precursor mixture containing acetonitrile and heptaver a Fe/Al/MgO catalyst at
700 °C [19]. We used the produced material to peep&CNT films using a vacuum
filtration method [25].To form an N-CNT film, 2 mof the purified, CVD grown N-
CNTs were dispersed by ultrasonication in 1 L @%lsodium dodecyl sulphonate
(SDS) (Sigma) surfactant suspension in water. 2@fnhe suspension was vacuum
filtered onto 220 nm pore size, mixed celluloseeeshembrane (Millipore), and
followed by washing with copious quantities of demed water to remove the
surfactant. To transfer the N-CNT film to the $i® substrates, a wet membrane was
placed N-CNT film side down onto the a %8 substrate. The assembly was
subsequently covered with clean porous paper adebbwith a 2 kg mass to dry flat
overnight, leaving the nanotube film (with its fdtion membrane still attached)
adhered to the SiI5i substrate. The mixed cellulose ester membraaee dissolved
in successive acetone baths followed by a finahared! bath. The N-CNT films on
SiO,/Si were left to dry in air. The N-CNT films weredted to (100-800 °C) for two
hours under a 7% Hn N, gas mixture (WH,) atmosphere. The N-CNT materials
were characterized by transmission electron mia@gq TEM), scanning electron
microscopy (SEM) and atomic force microscopy (AFMR-ray photoemission
spectroscopy and Raman spectroscopy was useddiy thiel changes in the structure

of the material due to the heat treatment.

The morphological properties of the synthesized MFGnaterial and the fabricated
N-CNT thin films were investigated by TransmissiBlectron Microscopy (TEM),
Scanning Electron Microscopy (SEM), and Atomic feokicroscopy (AFM). Figure
la shows the TEM image of the N-CNT sample syn#ieelsuising the CVD method



at 700 °C from a heptanol/acetonitrile precursoxtore under an MH, gas

atmosphere. The TEM image (Figure 4.1a) showsahahe nanotubes exhibit the
bamboo structure morphology associated with nitnogecorporation in carbon
nanotubes [26]. The diameter of the N-CNTs rangem f15-40 nm. Figure 4.1b
shows a SEM image of an N-CNT film transferred onatsilicon oxide substrate
showing only N-CNTs. This was also confirmed by AfifMaging of the same film
(Figure 4.1c). The procedure used in this studgwadd us to obtain N-CNTs with

uniform and small diameters, good tubular morphplagd smooth walls.
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The chemical components and the N bonding configura in the N-CNTs were
investigated by X-ray photoelectron spectroscopl$X The full XPS spectra of the
N-CNTs show peaks at around 285.0, 401.0, and 531 .@hich we attributed to the
Cls, N1s, and O1s signals, respectively. Figura-ishows the high resolution N1s
XPS spectra of the N-CNT films annealed at 100, 200, 600, and 80%C under a



N2/H, gas atmosphere. All the N-CNT films studied irsthiork were initially heated
to 100 °C to drive off moisture introduced in the N-CNTsridg the solution
processing of the thin films. Four peaks at bindéngrgies of 407.8, 404.8, 402.0 and
400.3 eV were observed on the high resolution Nikxtsa of the films annealed at
100 °C (Figure 4.2a). The peak at 407.8 eV is not ugtfalind in N doped carbon
materials. The N1s peak at 407.8 eV is the hallno@nkitrate like species [27]. This
peak originates from the residual nitro cellulosetaining mixed ester membrane
material filter used during the N-CNT film depositi step. We assigned the peak at
404.0 eV to the molecular N species [28] contaimsitle the containers formed by
the bamboo compartments in the N-CNTs [d9]le smaller peak at 402.0 eV shows
the presence of pyridinic-N-oxide in the materidD,B1]. The pyridinic-N-oxide
species is not stable in the carbon material, busidering that the N-CNTs were
formed from an O containing precursor material and low temperature of 70C,

it appears that some pyridinic-N-oxide species wamdrporated in the N-CNT
material [32]. The peak at 400.3 eV is assignedhw pyrrolic N species [33].
Pyrrolic nitrogen is nitrogen positioned out of thenzene ring of the graphitic
structure; this is usually incorporated in a momoghous carbon material. The
pyrrolic N peak at 400.3 eV is broad with a FWHM4o0éV, this is evidence of other
N species which appear near that binding energgmaller amounts like quaternary
N at 401.0 eV [34], and pyridinic N above 398.1 [@9].

We further annealed all the films at 200 °C to droff the remaining nitro cellulose-
containing mixed ester membrane residues [35]. rAftenealing at 200 °C, the
nitrate-like N peak at 407.8 eV disappeared (Figu&b). From this, we concluded
that the N found at 407.8 eV does not form any GeXds with the carbon material
in the N-CNT structure. The pyridinic-N-oxide speiis not stable in carbon
materials and upon annealing at 200 °C undeg/BAfas atmosphere it disappeared.
This was accompanied by the appearance of a siydlic N peak at 398.2 eV
(Figure 4.2a-b). Pyridinic-N-oxide was reduced yoiginic N upon annealing at 200
°C. No changes were noticed in the pyrrolic N paa#00.1 eV.



The intensity of the pyridinic N peak at 398.1 eMreased on the N-CNT film
sample which was annealed at 400 (Figure 4.2c). This was accompanied by the
sharpening of the pyrrolic N peak at 400.6 eV asashby a decrease in the FWHM

of the pyrrolic N peak from 4 eV to 3 eV. The slarmg of the pyrrolic N peak
(400.6 eV) and an accompanying increase in thensitie of the pyridinic N peak
shows that, indeed some of the pyrrolic N was cdedeto pyridinic N. The thermal
annealing at 408C under a WH, gas environment enables condensation reactions to
take place in the N-CNT structure.

At 600 °C the pyrolic peak at 400.6 eV completely disappdkigure 4.2d). A new
peak appears at 401.0 eV. The peak at 401.0 e¥sigreed to a quaternary type N.
The pyridinic N concentration decreased after alimgat 600°C, i.e. some pyridinic
N was converted to quaternary N and some was ®sb.aThis is supported by the
accompanying decrease in the total N content ilfNH@NT material. On annealing at
600 °C under a WH, gas environment, condensation reactions take pratige N-
CNT structure forming both pyridinic N and quatesnBl structures from the pyrrolic
N. Also, condensation reactions of the pyridinicstductures to form quaternary N
take place.
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Other than the sharpening of the quaternary N peakthe pyridinic N peak in the
N1s spectrum, no further changes in N species wetieed when the material was
annealed at 808C (Figure 4.2e). The FWHM of the quaternary N paak01.0 eV

reduces from 3 eV for material annealed at 600to 2.0 eV indicating that the

remaining pyrrolic N converts totally to pyridingmd quaternary N.
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Figure 4.3 shows in summary the changes in thesgpaa#t peak position that occur
on annealing the N-CNTs at temperatures ranging ft60°C to 800°C. Figure 4.4

shows the structures of the carbon matrix contgidifferent types of N species and
-3



the changes which take place as the matrix is dehedhe pyrrolic N and the
pyridinic N appear on the edges of the grapheneixnait on defect sites within the
graphene matrix. The quaternary N appears in taphgme matrix of the N-CNT
material. As discussed before the changes in tls¢ri¢tures become apparent after
annealing at temperature of 480 and above. The pyrrolic N structures on the edges
of the graphene matrix condense to form pyridiniomNannealing. The pyridinic N
structures found on the defect sites within theolgeme matrix also condense to form
the quaternary N species on annealing at €0This explains why the amount of
pyridinic N show a decrease in the N-CNT materiahealed at above 60TC.
Condensation reactions which incorporate N strestutike pyridinic N and
quaternary N, on annealing, take place with thep hedl O containing functional
groups which give water and ammonia as leavingsdd9, 36]. In our case these

were present since in the N-CNT material was switleel using heptanol, an O

containing precursor which helps in functionalizitige material during synthesis
[37].
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The N concentration calculated from N/ (N+C) at.wWas found to decrease with
annealing temperatures as shown in Table 4.1. @samgthe concentration of the
different N structures are also shown. This resudlicates that most of the nitrogen is

lost on annealing between 66C and 800°C where quaternary N structures are



formed. During the condensation reactions at €0@ome of the pyrrolic N and the

pyridinic N structures are lost as &hd gaseous N oxides.

# N rLoris gt

Annealing Total N | Pyridinic-N- [ Pyrrolic N | Pyridinic N | Quaternary N
Temperature (°C) (%) Oxide (%) (%) (%) (%)

I N
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Raman spectroscopy was used to study the changies gnaphitic structure of the N-
CNTs after annealing. Figure 4.5 shows the Ramawtsp of all the N-CNT films
studied in this work showing the disorder inducedbdnds and the G bands which
arises from the $pcarbon networks of the CNT structure [38]. Anadysf the Raman
spectra (Figure 4.6) showed that there is a gemm@lease in thk/lg ratio from
0.99 in the films annealed at 160 to 0.92 for the films annealed at 8%0. The
percentage change in thg/lt between the films annealed at 180 and those
annealed at 808C is only 7%. The small change in thgl signifies some slight
improvement in the graphitic structure of the N-GNdn annealing. However the
changes are very small, showing that the graphitiacture of the N-CNTs after
treatment remained largely the same. Some N-CNEnadg synthesized at different
temperatures showing similar changes in N show ntaicfer changes inplig [19].
This shows that our method of starting with therplyge N structures in the N-CNT

material and inducing changes by annealing at tembpes below 1008C, can



result in the formation of the more attractive atdble N forms whilst leaving the

graphitic structure of the material greatly uncheshg
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In this contribution we have shown that it is pbksito change the type of N in N-
CNT materials by annealing. The pyrrolic N struetirare converted to the more
stable pyridinic N and quaternary N structures.sTigisearch part has evidenced that
the N forms in N-CNTs can be changed after the NF€Nave already been formed.
This sustain that the properties of the N-CNTs witle same morphology but
different amounts and forms of N can be investidateevaluate the effect of amount

and N forms in N-CNT material.
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Graphene is an atomically thick material made obea atoms bonded together in a
hexagonal lattice,  with extraordinary propertidhese include large Young's
modulus (1,100 GPa)[1], high charge carrier mopifit 200,000 crfiv/s)[2], high
thermal conductivity (5,000 W/mK)[3], a large sfacsurface area (2,630%)[4]
and an ultimate strength of 130 GPa.[1] Since iscavery in 2004, graphene
application in proof-of-concept devices such asarsalells, transistors, sensors,
ultracapacitors and touch screens has been dematmi§&,6,7,8,9]. Low pressure
chemical vapor deposition (LPCVD) of graphene omppsy using methane and
hydrogen is one of the most prominent methods e fas producing uniform, high
quality and large area graphene in a reproducilaig [d0].

The mechanism of graphene growth on copper has Wwadzly studied and there
appears to be an agreement that the synthesisptigme by LPCVD on copper using
methane and hydrogen is a self limiting processciwhesults in the formation of
monolayer graphene [11]. Graphene formation on epgdpllows a self-limiting
chemical vapor deposition growth because of the davbon solubility in copper (<
0.0001 atomic %) [10]. The nucleation and growthgodphene is determined by
supersaturation of active carbon species on thparogurface. Active carbon species
originate from the decomposition of methane ondbyper surface and/or in the gas
phase depending on the growth temperature and meetfencentration in the system.
At a critical supersaturation point, nucleationgoéphene is triggered, followed by
aggregation of the active carbon species resuitirte growth of graphene into big
graphene domains [12] The graphene growth onlyssedfer the growing domains

merge with other graphene domains growing from rothesleation sites [13]. After



complete copper catalyst coverage, interaction éetwmethane and copper ceases
because the monolayer graphene covers the enfoeecasurface. However, this
mechanism only explains the growth of grapheneapper using carefully optimized
methane concentrations. Graphene growth usinggla methane concentration or
atmospheric pressure chemical vapor deposition JAPCis not a self limiting
process and multilayer graphene is often produtéfl When copper is exposed to a
large concentration of methane and/ or when theticeatakes place at atmospheric
pressure, it is possible that another critical ssgt@aration point is exceeded
resulting in nucleation and growth of a bilayernoultilayer graphene domain [13].
The number of layers in the multilayer graphenel viflus depend on the
concentration of methane used in the graphene brpuacess.

To the best of our knowledge the above two mechan@re the only ones which are
used to explain the formation of single layer andtitayer graphene on copper. Here
we report on the LPCVD growth of multilayer grapbemsing methane flow rates
less than that required for monolayer or bilayephene growth. It is expected that
low flow rates of methane will yield non-continuopatches of monolayer graphene
even when there is a continuous supply of methasegported before [15]

In this work we investigated the effect of time ame&thane concentration on the
formation of graphene layers on copper. We promoseechanism which explains
how multilayer graphene can form using low flow hagte systems. We explain this
result using the kinetic processes occurring durthg nucleation stage and
subsequent graphene growth under low flow reginmes lang methane exposure
times. Three flow regimes were investigated; lowtimane flow (5 sccm and 10
sccm), medium methane flow (15 — 30 sccm) and nghthane flow (40 and 80
sccm). We made sure that the total amount of methapassed over a Cu catalyst
remained constant in each reaction in all the affe flow regimes studied. This
means that we ke@t = k where Q is flow rate in sccrhjs time in minutes anklis a
constant. We used optical imaging and Raman ssadpy to evaluate the nature of

the graphene produced under different flow regimes.



Graphene was synthesized by a chemical vapor depo$CVD) method. Copper
foil (25 um thick, Alpha Aesar) was used as thalgat in this study. A 1 cm x 2 cm
copper foil was inserted into the centre of a diical quartz tube reactor (22 cm x
100 cm). The reactor was evacuated to 30 torr.% F, in N, (H2/N2) gas mixture
(Air Gas, batch analyzed grade) was introduced tiloreactor at 80 sccm whilst the
vacuum was kept at 30 torr for a further 15 minuiése reactor was then heated to
995 °C at 10 °C per minute under vacuum. The reagts held at 995 °C for a
further 30 minutes after which methane gas (Airdpicd, Ultrahigh purity) was also
introduced at a flow rate Q and the reaction whsnadd to continue for time t. Q and
t were varied in such a way that Qt remained a tems The methane flow was
stopped and the reactor was cooled under g, Hjas at 80 sccm.

The graphene was transferred from the Cu foil @nsdicon substrate with a 300 nm
silicon oxide layer (Si@Si). In summary, 5 mm x 5 mm copper foil squareseacut
from the 1 cm x 2 cm copper foil catalyst used gdly(methyl methacrylate)
(PMMA) (Mico Chem) was spin coated onto the surfat¢he copper square on a
spin coater (3000 rpm). The copper was then etchedy from the doped
graphene/PMMA layers (3 hours) in a 1M solutiorFefCk contained in a petri dish.
After all the copper had been etched away, thelgmagPMMA was left floating in
the FeC} solution and was then washed several times in astMtion of HCI,
followed by washing in water. Lastly the grapheMXPA was attached to a cleaned
SiO,/Si substrate and was left to dry for 2 hours inatiambient temperature. The
PMMA was removed from the graphene by dissolving BIMMA in acetone. This
was achieved by placing the PMMA/graphene on th@,/Si in a petri dish
containing acetone which was left standing for Iibutes. The acetone was decanted
and replaced by fresh acetone, and the processrepasted 3 times. Lastly the
graphene was washed in methanol (to ensure comgdeteval of PMMA/acetone

residues) and left to dry in air at ambient comais.



The doped and undoped graphene samples were ahaedton SiQSi substrates
unless otherwise stated. Optical images of the hgmags were recorded using an
optical microscope. Raman spectra were measureghdnVia Raman microscope
(Reinshaw) at an excitation wavelength of 514 nm.

Optical microscopy and Raman spectroscopy techeigigge used to characterize the
graphene materials synthesized under the diffesgnthesis conditions. Important
morphological features of the graphene materiatsvgrunder different conditions
were revealed by optical images of the differemtpgene films transferred on to the
SiO)/Si (Figure 5.1). Optical images of the grapherengferred on to SiIbi
indicate

variation in film thickness. This was achieved hg thange of colour contrast in the
optical images, due to the light interference oa 8iQ layer modulated by the
number of layers of the graphene [16]. The darkercblour of the Si/Sipsubstrate,
the thicker the graphene is. The thickness of theplgene films ranges from
monolayer graphene to multilayer graphene. Comptgtphene coverage was
realized in each of the reactions in all the graghgrowth reactions studied in this
work. Raman analysis was used to ascertain thectdénsity, quality and variation
in the thickness of graphene. A low intensity of thisorder-induced D band {350



cm) was observed in all the graphene products inidigahat all the products were
of high quality and contained little $parbon [17].

|

Figure 5.1a shows the optical image of graphenamgronder an 80 sccm methane
flow rate for 5 minutes. A uniform and continuousaghene film was produced,
indicating that at the given flow rate and growthd, the conditions were suitable to
complete the graphene coverage on the copper satahe dark pink colour suggests
a bilayer graphene film [16]. Raman spectroscopgraphene grown using the fast
flow regime suggested that high quality graphens weown as indicated by the
small intensity of the D band. Analysis of the Ramspectra obtained for the
graphene gave an/l,p ratio between 0.63 and 0.86 which suggest thd¢ast a

double layer graphene was formed [18].
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!
Figure 5.1b show the optical microscopy image @& ¢naphene films synthesized

under a methane flow rate of 30 sccm for 14 minufée film shows a uniform and
continuous monolayer graphene film. The small Ddoanthe Raman spectra of the
graphene synthesized using methane flow rates bat@@ sccm to 30 sccm suggest
that high quality graphene was formed in all thi#edent flow rates used in this
regime. Analysis of the Raman spectra gavecnplratio of between 0.43 and 0.36
which suggest that monolayer graphene was prodii@id This means that in our

setup the methane flow rate in this flow-time regigave good monolayer graphene

formation.
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Full coverage of continuous graphene was obtaimedapper under the low flow
regime as shown in the optical image of the graphwansferred on to Sbi
substrates (Figure 5.1c). Interestingly, the graphi@ms are dark pink, suggesting



that multilayer graphene was produced in this cAsalysis of the Raman spectra
gave and/l,p intensity ratio > 1 which confirms that indeed, ltilayer graphene was
produced [18]. This is unusual because we wouleéetxmonolayer graphene to grow
since even lower methane flow rates were used demmpared the other two flow
regimes discussed earlier in which monolayer ateyéi graphene was formed. Of
interest here is also the fact that th#,b of the graphene produced at 10 sccm for 40
minutes was 1.24 whilst that of graphene produté&ssacm for 80 minutes was 1.70.

This suggest that the graphene synthesized usrgcam flow rate had more
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layers compared to the one synthesized at 10 s@tm.formation of multilayer
graphene could be related to the extended timesingais flow regime.

In the two studies before (section 5.3.1. and 5.3naximum exposure time for each
flow regime were 12 and 27 minutes respectivelychieck if extended growth times
could form graphene of different thicknesses we thaee reactions one from each
regime described above. Here, flow rates of 80 s&hsccm and 5 sccm were used
for an extended time of 180 minutes. From the Radwa analysis (Figure 5.5) we
found that, a double layer graphene in the reactismg 80 sccm, monolayer

#



graphene in the reaction using 30 sccm as expestddmultilayer graphene in the
reaction using 5 sccm methane flow rate were formEte L/lop ratio of the
graphene material synthesized using a 5 sccm fo&vwas 2.3. This suggests that an
even thicker film was formed compared to the ormevgrusing the same flow rate for
80 minutes. These results indicate a self limitiegction mechanism for the fast flow
and the medium flow systems but a different medmnin which graphene

continuously grow with time for the slow flow regem
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The reactions involving very low methane flow ragggpear to follow a mechanism
from a mechanism involving nucleation at a critisapersatuaration point followed
by aggregation. A different mechanism is requiredekplain the formation of
multilayer graphene at very low flow rates and algnged time. The rate of growth
of graphene is limited because the rate of additiocarbon species to the nucleated
graphene is slow [19]. Slow coverage of grapheneCaorresults in the continuous
addition of carbon on the exposed parts of the eofil. In this slow CH regime it

is difficult to reach the critical supersatuaratipaint so few nucleation sites are

produced. Graphene growth is also limited becahseetis a low concentration of
$



active carbon species on the copper. Graphene agwds thus slow leaving the
copper surface exposed. This allows active carbatiffuse on the copper surface to
the areas covered by graphene. In this case graphesieation can occur under the
graphene surface followed by aggregation to foraykr and multilayer graphene.

$
We have shown that it is possible using LPCVD amgper catalyst to form graphene

of different thickness and quality by varying tharlwon supply rate and time of
exposure. The differences in thickness arises fthen difference in the kinetic
processes during the nucleation stage and groatfestunder different flow regimes.
We have also shown, for the first time that it asgible to grow multilayer graphene
using LPCVD on copper by reducing the carbon supplg and performing the
reaction over extended periods of time. The findifigm this work are important
because the formation of multilayer graphene okthioy LPCVD can be represented
by a simple model. Also, a method to tune graphenesquired thickness during

growth in LPCVD is presented.

1 Lee C, Wei X, Kysar JW and Hone J. Measuremetiteoelastic properties and
intrinsic strength of monolayer graphe®&eience2008; 321(5887): 385—-388.

2 Bolotin Kl, Sikes KJ, Jiang Z, Klima M, FudenbdggHone J, et al. Ultrahigh
electron mobility in suspended grapheBelid State Commu2008; 146(9-10):
351-355.

3 Balandin AA, Ghosh S, Bao W, Calizo |, TeweldebriD, Miao F, et al. Superior
thermal conductivity of single-layer graphei&ano Lett 2008; 8(3): 902-7.

4 Stoller MD, Park S, Zhu Y, An J. and Ruoff RSafhene-based ultracapacitors.
Nano Lett 2008; 8(10): 3498-3502.

5Li SS, Tu KH, Lin CC, Chen CW and Chhowalla Mli#on-processable graphene

oxide as an efficient hole transport layer in podyraolar cellsACS nan®010;4(6);
3169-3174.

"%



6 Novoselov KS, Geim AK, Morozov SV, Jiang D, ZhaiMg Dubonos SV. and
Firsov AA. Electric field effect in atomically thincarbon filmsScience
2004; 306(5696): 666-669.

7 Schedin F, Geim AK, Morozov SV, Hill EW, Blake Katsnelson Ml and
Novoselov KS Detection of individual gas molecubsdsorbed on grapheri¢at.
Mater.2007; 6(9): 652-655.

8 Vivekchand SRC, Rout CS, Subrahmanyam KS, Govajdaand Rao CNR.
Graphene-based electrochemical supercapacko@hem. Sck008; 120(1): 9-13.

9 Bae S, KimH, Lee Y, Xu X, Park JS, Zheng Y aifichh S. Roll-to-roll production
of 30-inch graphene films for transparent electsodidat. Nanotechnol2010; 5(8):
574-578.

10Li X, Cai W, An J, Kim S, Nah J, Yang D and RuoffR Large-area synthesis of
high-quality and uniform graphene films on coppeitst Science2009; 324(5932):
1312-1314.

11 Mattevi C, Kim H and Chhowalla M. A review of chesal vapor deposition of
graphene on coppel. Mater. Chem2011; 21(10): 3324-3334.

12 Li X, Magnuson CW, Venugopal A, An J, Suk JW,nH3, Borysiak M, et al.
Graphene films with large domain size by a two-stiemical vapor deposition
processNano lett.2010; 10(11): 4328-4334.

13 Liu L, Zhou H, Cheng R, Chen Y, Lin YC, Qu Y,iBaet. al. A systematic study
of atmospheric pressure chemical vapor depositrowil of large-area monolayer
graphened. Mater. Chem2012; 22(4): 1498-1503.

14 Bhaviripudi S, Jia X, Dresselhaus MS and Kondrdle of kinetic factors in
chemical vapor deposition synthesis of uniform ¢aayea graphene using copper
catalystNano lett2010; 10(10): 4128-4133.

15 Kim H, Mattevi C, Calvo MR, Oberg JC, Artiglia IAgnoli S, et al. Activation
energy paths for graphene nucleation and growt@wMCS nand®012; 6(4): 3614-
3623.

16 Blake P, Hill EW, Neto AC, Novoselov K S, Jiabgnd Yang R. Making
graphene visibleApp. Phy. Lett2007; 91: 063124.

17 Ferrari AC, Meyer JC, Scardaci V, Casiraghi @z2eri M, Mauri F, et al. Raman
spectrum of graphene and graphene laygngs. Rev. LeR006; 97(18): 187401.



18 Reina A, Jia X, Ho J, Nezich D, Son H, Bulovice¥ al. Large area, few-layer
graphene films on arbitrary substrates by chemiapbr depositionNano lett.
2008; 9(1): 30-35.

19 Wu B, Geng D, Guo Y, Huang L, Xue Y, Zheng J, akt Equiangular
HexagonShapeControlled Synthesis of Graphene on Copper Suriade. Mater.
2011; 23(31); 3522-3525.



Since the discovery of atomically thick graphen@®4 [1],it has been considered
as one of the most promising candidate for futueetmnic devices due to its
excellent electronic properties [2,3], and versatapplication possibilities in
transparent electronics [4 - 7] The absence ofral lgap in graphene however limits
its properties for application in electronic dewicand reproducible practical
procedures that open a band gap in graphene wadkhwits applicability. One way
of achieving this is by doping [8]. Different mettoto make doped graphene can
introduce these modifications and tune the progei graphene, to render graphene
as a highly customizable material as has been \&ghiwith carbon nanotubes [9].
Making graphene a hole conductor involves use ettedn withdrawing dopants,
whilst electron donating dopants are used to miaéte electron conductor. Two types
of graphene doping have been widely investigateanety surface transfer doping
[10] and chemical doping [11]. Doping has been et by the use of chemical
species or an electric field [12]. The surface $fandoping methods have been used
successfully to modify charge carriers in graphéng the shortcoming of the
approach is that the doping is temporary and theedographene is difficult to
integrate into functional devices. Permanent dopiag) been achieved in graphene by
chemical doping using B for p-type graphene andm\nhftype graphene [13]. A wide
range of precursor materials have been report@éictoporate nitrogen or boron into
graphene [14 - 17].

Several theoretical studies have shown that sanatius incorporation of B and N
in graphene is thermodynamically possible yieldsmgall planar hexagonal boron

nitride (-BN) domains in graphene and most importantly thet process achieves
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band gap modulation in graphene [18,19]. The baplgpening in graphene, due to
doping with small BN domains, has been attribuiedhe breaking of localized
symmetry [20]. The tunable electronic propertieg@phene material containing BN
makes this material likely to be useful in electcodevices, composites, energy
conversion and storage [21hdeed, a CVD method has recently been used to grow
BN doped graphene on a copper foil using Ar/Fhethane and ammonia borane
gases [22]. This method produced graphene dom#owed with discrete large BN
domains.

Here we demonstrate a facile, safe process for ctiemical vapor deposition
synthesis of BN doped graphene on copper usinganethboric acid powder and
nitrogen gas. We show that that the B and the Nirarerporated and that the N is
bonded with the carbon within the graphene stractor make a continuous BN
graphene material. Small units of BN in grapheree,one B surrounded by three N
and singly occurring hexagonal BN rings containihgee B atoms and six N atoms
are formed. Three of the N atoms in the hexagangérare also bonded to the carbon
of the graphene. We provide a simple reproducikpeemental method to synthesize
large area graphene doped with small BN domainghwban be used to make high

quality BN doped graphene for possible applicationsanoelectronic devices.

BN doped graphene was synthesized by a chemicak \gposition (CVD) method.
Copper foil (25 pum thick, Alpha Aesar) was usedlescatalyst in this study [23]. A
1 cm x 2 cm copper foil was inserted into the ecemf a cylindrical quartz tube
reactor (22 cm x 100 cm). A copper envelope coirtgiB00 mg boric acid powder
was inserted into the quartz tube reactor 4 cmnuklhe copper foil as shown in
Figure 6.1. The reactor was evacuated to 30 toit.9%8 H in N, (H2/N,) gas mixture
(Air Gas, batch analyzed grade) was introduced tiloreactor at 80 sccm whilst the
vacuum was kept at 30 torr for a further 15 minufédee reactor was then heated to
995°C under vacuum. The reactor was held at @9%or a further 30 minutes after

which methane gas (Air product, Ultrahigh purityasvalso introduced at 20 sccm.
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The methane flow was stopped after 20 minutes la@ddactor was cooled under the
H./N, gas at 80 sccm. Numerous experiments were cordlucteoptimize the

separation between the boric acid container anddpper foil catalyst.

The 4 cm separation distance was found to be themalp distance for quality
graphene growth to take place in the presence lmire acid source. Methane (20
sccm) and KN, gas (80 sccm) without boric acid was also usgaréduce undoped
graphene using the same procedure. The graphendravadered onto a silicon
substrate with a 300 nm silicon oxide layer ($8) as reported in ref [23]. In
summary, 5 mm x 5 mm copper foil squares were rcunh fthe 1 cm x 2 cm copper
foil catalyst used and poly(methyl methacrylateM®A) (Mico Chem) was spin
coated onto the surface of the copper square @imaceater (3000 rpm). The copper
was then etched away from the doped graphene/PMdjars (3 hours) in a 1M
solution of Fe( contained in a petri dish. After all the copped theen etched away,
the graphene/PMMA was left floating in the FgGblution and was then washed
several times in a 1M solution of HCI, followed kyashing in water. Lastly the
graphene/PMMA was attached to a cleaned/SiGubstrate and was left to dry for 2
hours in air at ambient temperature. The PMMA wamaved from the graphene by
dissolving the PMMA in acetone. This was achievgglacing the PMMA/graphene
on the SiQ/Si in a petri dish containing acetone which wa$ #anding for 15
minutes. The acetone was decanted and replacete$ly &cetone, and the process
was repeated 3 times. Lastly the graphene was washanethanol (to ensure
complete removal of PMMA/acetone residues) anditefiry in air.
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The doped and undoped graphene samples were araedton Si@Si substrates
unless otherwise stated. Optical images of the hgnag@s were recorded using an
optical microscope. Surface morphology and graphimekness characterization
studies were conducted by tapping-mode atomic fonezoscopy (AFM) using a
(DI) Dimension 3100 from Veeco. Morphological chagaization of the BN doped
graphene was carried out on graphene transferreal main copper grids using a
Technai G spirit TEM at 120 kV. Raman spectra were measoredn InVia Raman
microscope (Reinshaw) at an excitation wavelendthld nm. X-ray photoelectron
spectroscopy (XPS) measurements were perfomedawitiiermo Scientific K-Alpha
spectrometer. All spectra were taken wusing an Al HKnicrofocussed
monochromatized source (1486.6 eV) with a resautib0.6 eV. The spot size was

400 m and the operating pressure was 5% P8.

Figure 6.2a shows the optical image of the pristjrajmhene and Fig. 6.2b the optical
image of BN doped graphene that was transferred &@Q,/Si substrates. The
images of both the undoped and the BN doped grapteareals a large area, uniform
and continuous material. The pristine grapheneign &.2a has a light pink colour
while the BN doped graphene (Figure 6.2b) is darkk pn colour. The colour
contrast suggests that the BN doped graphene dmaild single or double layer
graphene. Figure 6.2c and d show TEM images ofnéremus BN doped graphene
material on a plain Cu grid. The small dark spdisesved are due to residual Cu
particles; the holes are due to imperfections & d@ghaphene layer which develop
during the transfer process. AFM imaging data reagea continuous film of BN
doped graphene with wrinkles (Figure 6.2e) whictulied from the transfer process
of the graphene onto the SISi substrate. The section analysis of the BN doped
graphene shown in Figure 6.2e revealed a uniforntemah with a thickness of
between 1.0-1.4 nm indicating that material wasniast a double layer graphene [24].
In summary, both AFM and TEM analysis indicate tttee BN doped graphene is

uniform and large area (Figure 6. 2c-e).
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Raman spectra of pristine and BN doped graphene taken from five different
regions of both the doped and undoped graphenelasanfpg. 6.3 compares the
Raman spectra of one measurement from both theéngriand BN doped graphene.
The Raman spectrum of pristine CVD graphene shbreetpeaks (1347, 1585 and at
2686 cnt) representing the D, G and the 2D bands, resggtiiTable 6.1) [25].
Compared to the G and the 2D bands the D band kiasyasmall intensity showing
that the graphene is of high quality [25]. Theadietween the intensity of the G to
the 2D band @/Izp) is ca. 0.3 which suggests that the graphene togegies similar
to that of a single layer graphene [24]. The Ramspactrum of the BN doped
graphene also showed three peaks (1341, 1589 &0d@8'") again representing the
D, G and the 2D bands respectively (Table 6.1).
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The slight upshift of the G and 2D peaks of theetbgraphene is associated with
chemical doping into the graphene structure [26F D band of the doped graphene
showed a slight downshift. The doping is furtheraborated by a shoulder on the G
peak, also known as the Peak, observed at 1623 ¢niThis split in the G peak of
graphene has been reported previously by sevetiabmsuand has been attributed to
localized symmetry breaking in graphene [27 - 28]found in BN doped graphene
[22]. The b/l;p ratio of the BN doped graphene is 0.86, and tkengity of the 2D
band is diminished in the BN doped graphene.

* 3 #$

45 .
BN Graphene 1341 1589 1623 2690
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XPS data were recorded on the pristine and BN dapaghene. All spectra were
taken using an Al K microfocussed monochromatized source (1486.6 etf) &
resolution of 0.6 eV. The spot size was 400 and the operating pressure was 5 x 10
° Pa. XPS data for pristine graphene revealed tagepce of C and a small amount of
O (not shown). The doped graphene by contrast sthqueeks in the 400, 190 and
284 eV regions that correspond to N, B and C ataespectively (Fig.6.4). The
atomic percentage of C, N and B in the sample w&a6 %, 1.38 % and 0.62 %
respectively. The atomic percentage of the N ardbpants could be increased, but
this was accompanied by an increase in the oxygetent and poor quality of the
BN doped graphene that was produced.

Fig. 6.4a shows the N1s spectrum of BN doped graplaad reveals only a single
peak at 399.8 eV. Since pure hexagonal boron gitfieBN) [30], and BN doped
graphene with discrete domains of BN alloyed withpene [22] give peaks at 398.1
eV, these types of structures can be ruled outisnrtew material. The peak at 399.8
eV is close to, but different from, the reportedXpeak energy of ~ 401 eV for
graphitic/quaternary N in graphene [31]. The Nlakpposition lies more to the high
binding energy of a C-N bond. This suggests thatetfare more C-N bonds around a
single N compared to B-N bonds. This is possible ocase where N is bonded to one
B atom and two C atoms. This data suggest thaBbhés not in the form of discrete
domains (Fig. 6.6¢) but is part of the extendegblgeme structure in the form of small
BN domains shown in Fig. 6.6a and b [20].

The B1s profile shown in Fig. 6.4b suggests thaers® B species are present and
incorporated within the doped graphene product. thihee peaks at ca. 191.0, 188.7
and 186.7 eV having different intensities indictfteee B containing species with
different concentrations. The large Bls peak atA @V can be associated with a
boron atom linked to a nitrogen atom (BN structy82,33]. This is consistent with
BN incorporation into graphene. The two boron spedn lower concentrations,
compared to the B in the BN, could correspond tq 80.88.7 eV [34,35] and to,B

at 186.7 eV [36] suggesting that C-B bonds are glesent in the new material.

However B-C bonds are very few meaning that, uriderreaction conditions we
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have in this case, (methane, boric acid and nitroggs) B-N formation is more
favourable than B-C formation.

The Cls spectrum of the BN doped graphene (Fig:) Glows five peaks after
deconvolution. The peak at 284.0 eV correspondsftdybridized carbon (graphitic
carbon) from the undoped region of the graphenemah{37]. The peak at 285.1eV
can be associated withspybridized carbon bonded to nitrogen [38] and acbon
with defects [39]. The two peaks associated with sgbridized carbon bonded to
nitrogen and to carbon with defects overlap at P&Y. to form one peak. The peak at
285.1 eV likely arises from graphene domain edgekdefects. The smaller peak at
lower binding energy (282.5 eV) can be associatgd B&C bond formation. The
higher binding energy peaks at ca 286.6 and 28@.4re attributed to the formation
of C-O bonds [40].
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Fig. 6.5 compares the Cls spectra of the pristnaphgne with that of BN doped
graphene. The C1ls spectrum of pristine graphenea masre symmetrical shape and
is very sharp when compared to the Cls spectiaeofioped graphene. XPS analysis
showed a downshift of 0.6 eV and broadening ofGhe peak after doping with BN.
The downshift in the C1s peak in the doped matsuglgests that the material is a p-
type semiconductor as was observed in doped p-sgrmiconducting carbon
nanotubes [41]. Experimental studies have shownddwdoon films doped with both
B and N exhibit p-type semiconducting behavior [4Rmbipolar semiconducting
behavior was reported in drBNC material which contained discrete domains of
graphene antd-BN [21]. Analysis of the atomic composition of BcaN atoms in our
BN doped graphene showed that the B/N ratio wasdsst 0.5-0.3, i.e., N was in
excess in the graphene. This is possible becaesél thource in this reaction was

nitrogen gas and this was in excess compared tB fham boric acid.
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Fig. 6.6 shows three possible types of BN strustiumehe graphene matrix. Fig. 6.6a
shows a BN species with a B/N ratio of 0.33 witly.F6.6b showing arh-BN

structure with B/N ratio of 0.5. The B/N ratio exped for Fig. 6.6¢c, which shows
larger BN domains is close to 1. The data hencgesighat small BN domains have

been incorporated within the graphene matrix baiiméarge discrete BN domains.

. #$ #$
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We propose a mechanism for the formation of smhillld®mains within the extended
graphene structure. Upon heatingB®; in the copper container melts (17) and
volatilizes above 300C. The N carrier gas carries thezBiOsz to the copper foil
(catalyst). Here the #Os; decomposes to form.Bs. Addition of CH, at 995°C
results in the formation of reactive carbon spec¢ezpiation 1) [43] Reaction of C
with B,O3; on the copper catalyst surface generates B-C espeEiowever in the
presence of B the B-C species are stabilized and form BN spgeitighe graphene
matrix (equation 2). The two reactions shown inaguns () and @) take place on
the copper surface. Reactid) (s initiated by reactionl). A similar mechanism has
been used to explain the synthesis of BN dopedesinglled carbon nanotubes [44].
Formation of BN in a graphene oxide material usgngphene oxide material and
B.Os required a temperature of 1500 [33]. In our case the reaction took place at

995 °C using the inert N source,;Njas. The reaction can also be performed at low
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temperatures < 100T if the more reactive Nitreplaces the inert N43,45].
@
@

In summary, we have synthesized large area grapheomporating small BN species
by a facile and safe process avoiding the use ocarfes and ammonia. Raman
analysis reveals formation of monolayer or (feweldyBN doped graphene. XPS
revealed that several B bonding species were iocated into graphene with the
main product being the small BN domains. The Nh&f BN is bonded to carbon
forming B-N-C systems, showing that we managed towgcontinuous BN

containing graphene in which BN species were ino@ed in the graphene
structure. This remarkable finding has led us totlsgsize large area graphene
incorporating small BN domains. The method is aptgone. Raman data revealed
an additional D* band in the BN doped graphene twaifirmed possible band gap
opening by graphene symmetry breaking. The requiésented here are highly

relevant to the application of graphene in nan@elgctronic devices.
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Polymer based photovoltaic devices can be made astoating process such as spin
coating or inkjet printing, hence they are an ative option for the inexpensive
covering of large areas of flexible plastic suriacRoly (3-hexylthiophene) (P3HT)
and 6,6-phenyl-C61 butyric acid methyl ester (PCBMgg the most commonly
studied materials used in organic photovoltaic eapst (OPVs) [1]. The incident
photon-to-current efficiency (IPCE) in OPVs dece=awith increase in light and this
effect amplifies with area and sheet resistancthefindium doped tin oxide (ITO)
electrode [2]. OPVs are more efficient when opegatt low light intensities than at
high light intensities. This means that most lightwasted at high light intensities.
The resistive ITO contact causes a non-negligilokage drop across the cell area,
which in turn limits the photocurrent and gives ansiderable decrease in the cell
short circuit current density and fill factor (F|8]. The losses in IPCE increase with
device area, and are a hindrance to up scalingstButipn of ITO with a grid like
metal electrode has been used to efficiently colbecrent and minimize the IPCE
losses with increasing light intensity [4]. The wdecarbon nanotubes (CNTs), a one
dimensional material made from carbon, also hotdsse to achieve this same end.
This is because they are ballistic conductorsf[&)ible and optically transparent [6].
CNTs can be made into thin film electrodes to repléhe ITO electrode and this
could make OPV fabrication completely solution gessable offering a low cost
alternative to the use of ITO [7]. The morphologly ©@NT films makes it an
interpenetrating nanostructured electrode whichuseful for efficient carrier

injection/extraction at the active layer-electrogienction. CNTs could act as



acceptors and improve charge transport in the Pdigkyl)thiophene active layer.
Many studies on incorporating carbon nanotubes RPV® have been reported;
however, in these studies the performance of carbmmtube devices generally
remains lower than that of their fullerene courgetp [8]. Although carbon

nanotubes are only a few nanometers in diametey, ¢an be up to millimeters in
length [9]. This is much larger than the thicknegsan optimum active layer

thickness in OPVs which should be restricted thiekhess less than 100 nm thick
for optimum performance [10].

An OPV device constructed with MWCNTSs depositedtop of ITO produced a

device with an enhanced short circuit current dgregimpared to a device fabricated
on plain ITO [11]. The enhanced short circuit catres attributed to efficient charge
collection by the MWCNT network. We studied OPVghwihe same structure and
we observed the same trend and further analysisshlewed that IPCE losses with
increase in light intensity were minimized. To thest of our knowledge this is the
first time carbon nanotubes have been used to nzeirthe IPCE losses that are
known to occur with increasing light intensities @PVs. Here we report on our
results showing that by placing an additional tiiim of N-CNTs on top of ITO we

have managed to minimize the IPCE losses of OP¥Ygghtlight intensities.

The N-CNT films transferred onto ITO substrates evprepared using the vacuum
filtration and stamping methods discussed in chapteN-CNT films of different

thicknesses were fabricated by varying the amotifitered material deposited on a
nitro cellulose mixed ester membrane. In summanyl5 10 mL, 15 mL, 20 mL of

the suspension was vacuum filtered through a 22@oma size, mixed cellulose ester
membrane (Millipore), followed by washing of the migrane with copious quantities
of deionized water to remove the surfactant. Thasfiwere transferred onto silicon
substrates (Si) and on glass substrates for clearzation. For characterization 5 mm

X 5 mm films were used. The 5 mm x 5 mm film was$ out from the circular



membrane. To transfer the N-CNT film onto a Si $tdts, a wet 5 mm x 5mm
membrane was placed on to the Si substrate, witbNN-side facing down. The
assembly containing the filtered material was sgbently covered with clean porous
paper and loaded with a 2 kg mass and allowed yofair 3 hours at 80C on a
hotplate. The N-CNT film (with the filtration memdore still attached) adhered to the
different Si substrates. The mixed cellulose estembrane was removed by
dissolving polymer in 3 successive acetone bathswed by a final methanol bath
and lastly in deionized water. The N-CNT films aorw&re left to dry in air. The N-
CNT films were heated at 40T for two hours under a 7%,Hn N, gas mixture
(N2/H,) atmosphere. The same transfer method was usddansfer films with
different thicknesses on to glass and ITO coatedsgbubstrates. The N-CNT films
were characterized by scanning electron microsé¢eysEM, JEOL, JSM-600F, 10
kV and by UV-Vis spectroscopy PerkinElmer LambdaRbvis spectrometer.

Photovoltaic devices were fabricated on clean pagte ITO coated glass substrates.
N-CNT films were transferred on to patterned IT@sg using the method described
above. Four types of OPV devices were made inwoik. In the different devices
PEDOT:PSS was spincoated on; (1) ITO, (2) 5 mL NFGNm on ITO, (3) 10 mL
N-CNT film on ITO, (4) 15 mL N-CNT film on ITO an¢b) 20 mL N-CNT film on
ITO. A 20 mg/mL active layer solution was prepabgddissolving P3HT and PCBM
in chloroform followed by stirring for 3 hours onnaagnetic stirrer (500 rpm). The
solution was spincoated on the 5 prepared holeedolly electrodes using a
spincoater (2000 rpm). The devices were annealed botplate at 116C for 10
minutes. The Al top electrodes were deposited leyntlal evaporation in vacuum.
The devices made in this work were of the structshewn in Figure 7.1. |-V
characteristics were obtained under solar simulafédl.5 spectrum white light of

different intensities at room temperature usingi&¥4141 source measure unit.
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Figure 7.2a shows an optical image of a 20 mL N-GMNW deposited on to a PET
substrate. The image shows that the N-CNT filmdange area and transparent. The
films can be made as large as needed. Large aifeamitilms can thus be produced
using this technique. Figure 7.2(b-d) shows SEMdas of three different samples
(@), (b) and (c) that were prepared by filteringpdume of 5 mL, 10 mL and 15 mL of
N-CNT dispersion, respectively, through a nitroldese mixed ester membrane.
Several features are to be noted in these imagess, iR these networks, each long
thin object is a single N-CNT on the substrate axefand not bundles of single
walled carbon nanotubé$Also from the images, thickness and coverage efittns
can be varied by using different filtration volumdsin films can be obtained from
small volumes and thicker films from larger volum#ge measured the transmittance
of the thin films at = 550 nm. The transmittance decreased as thatifilir volume
increases (Figure 7.3). This filtration method remveral advantages; (1) the
homogeneity of the films is regulated by the preciself. Thus, if a certain area
becomes too thick during filtration, permeatiomaduced in that area and this allows
the thin areas to grow in thickness. (2) The fitkness can be precisely regulated

by the nanotube concentration and volume of tier&t suspension.
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From the transmittance measurements we see thdfilthhenade using a 20 ml
volume is only 50 % transparent making it unsugalbbdr use in a transparent
electrode materials in OPVs. We decided to usesfitmade from 15 mL, 10 mL and 5
mL with transmittances of 64, 71 and 85%, respedbtivrelative to the ITO coated

glass substrate.
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Figure 7.4 and Table 7.1 show the J-V charactesisdf the devices made in this
work. The OPV fabricated directly on ITO only gaw&/,c of 0.51 V and agd of 3.89
mA/cm” under illumination with a 100 mW/cnlight. The ITO modified with an N-
CNT film made by filtering a 5 mL dispersion showadiramatic s enhancement
(4.87 mA/cnf) but the \ (0.50) remained unchanged. A further increasehin t
thickness of the N-CNT film on ITO had a detrimémtect on the ¢} of the devices
as indicated bysdvalues of 2.90 and 2.51 mA/énfor the 10 mL and 15 mL films
respectively. The open circuit voltage was nota@éd significantly by the use of N-
CNT films on the ITO electrode. The N-CNT films lealow transmittances which
contribute to the low device yields. Shorting ire tevices containing the thicker
films made from the (10 mL and 15 mLN-CNT films)coes since the films are more
than 100 nm thick®
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The improvement in ¢ can be related to efficient harvesting of the geaiesl
excitons. The 5 mL N-CNT film showed a transmitamt 80 %, this means that if
the current density is normalized this device waosidw an even betteg.Jwvhen

compared to the bare ITO device.

Figure 7.5 compares the,JV., FF and IPCE measured under light of different
intensities on the 4 different devices made in thisrk. Light dependence
measurements can establish if the resulting cuaenédncement in a device is a result
of efficient current collection at the electrodesfrom some other effect. The open
circuit voltage of all the devices increased witbnnination (Figure 7.5a).sJof all
the devices increased with illumination (Figure bj.5The increase ingdJwith
illumination is almost linear in the device with GNT films deposited on the ITO
electrode. This suggests efficient current coltectton the N-CNT modified ITO
electrodes? The fill factor of the devices generally increaseith illumination. The
FF peak maxima occurred at 50 mWfdtumination for the ITO only device and the
5 mL N-CNT modified ITO device. The FF increasedtaauously in the devices

with thicker N-CNT films (10 mL and 15 mL), the memum FF occurs at maximum



illumination (100 mW/crf). This is related to the shading effect of the NTCfilms
on the OPVs.
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The most important result obtained in this workhe finding that an increase in
efficiency of the solar cells with an N-CNT filmsoaified ITO electrode with
increased illumination is produced. The IPCE of thare ITO device shows a
maximum (2.1 %) at 3 mWi/chlight intensity, which decreased rapidly until a
minimum of 1.0 % at maximum light intensity (100 nany). A different trend was
observed with the N-CNT film modified ITO. The ORMvice with a 5 mL N- CNT

film on ITO showed an increase in efficiency wiiihit intensity up to a maximum of



1.8 % at a light intensity of 20 mW/émWith an increase in light intensity the IPCE
decreased slightly to 1.5 % at the maximum ligkenisity (100 mWi/crf). The 10 mL
and 15 mL N-CNT films on ITO gave similar trendst bloe efficiencies were less
than for the ITO only device.
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5 mLN-CNTon ITO

15 mL N-CNT on ITO 0.4

7.3. Conclusions

We have observed that ITO electrodes modified witbrpenetrating N-CNT films

of the appropriate thickness can be used to rethecefficiency losses that occur in
organic solar cells with increase in light intepsiThe N-CNTs improve charge
collection on the ITO electrode and reduces théagel drop on the ITO. Metallic N-
CNTs were used in this study. P-type B-CNTs couNeé gn even better improvement
in ke and further reduce IPCE losses at high light isitgn These results point to a
need to further optimize the N-CNT film thicknesslaalso try other doped carbon
nanotubes.
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The role of CNTs in organic photovoltaic deviced{3) is not yet fully understood.

For instance it is thought that they can enhaneelfarge carrier collection, in a bulk
heterojunction solar cell containing a polymer Heftene active layer, e.g., P3HT:
PCBM [1]. However, the efficiencies obtained toed&br such types of solar cells
remain below that of polymer-fullerene solar céflat have just entered commercial
manufacturing [1]. The reasons for the reductionefficiency when CNTs are

incorporated include shorting between electrodesk bf clarity on the nature of the
synthesized CNTs, i.e., whether they are metalliseamiconducting, and whether

they aren- or p- type.

Whilst the diameters of carbon nanotubes range ftamm to 100 nm, the length of
carbon nanotubes is usually > 200 nm, which is éortban the active layer of the
OPVs. It is possible for CNTSs to be in contact wotith the aluminium electrode and
the ITO electrode which leads to short circuit8[2]. A method that can be used to
avoid shorting is by incorporating only small amtsurof CNTs in the bulk
heterojunction active layer. However, the amountiifTs that can be used might not
be sufficient to effect any significant improvemeant OPVs [5]. For optimum
performance it has been suggested that betweerd P@4nCNT (wt/wt) should be
incorporated in the polymer matrix [6]. This isesddy large enough amount to cause
shorting in the solar cell but the effect will bepgndent on the length of the CNTSs.
Shorting could also be avoided by incorporating GNAt strategic places in the
organic solar cell. Figure 8.1 shows the differpatts of an OPV device in which

CNTs can be placed. Incorporating CNTs on top & RO and on top of the



PEDOT:PSS layers has an enhancement effect onntlident photon-to-current

efficiency (IPCE) of an OPV device (Figure 8.1, @ev2 and 3) [1]. This is because
the CNT nanostructures on the electrodes behaves3i3 electrode and enhances
hole collection at the anode. On the other handtiaddof a CNT layer on top of the

active layer but below the aluminium electrode Itssin low device IPCE because
the work function of the metallic CNT matches toatPEDOT:PSS resulting in a

negligible electric field effect (Figure 8.1, de®i®). Strong electric field effect is

required to drive flow of charged to the differeftctrodes [7].

The incorporation of CNTs in the bulk heterojunatiactive layer blend (Figure 8.1,
device 4) in most cases results in low IPCE in@#Vs [1] Shorting caused by the
long CNTs as well as the metallic behavior of CN®satribute to this. A solution to
the shorting problem could be to modify the CNTenirthe metallic behavior to
become semiconducting. Nitrogen doped carbon nheet(N-CNTs) can be made n-
type if quaternary type N is incorporated [8]. Thge of n-type N-CNTs in the
P3HT:PCBM to enhance charge carrier transport écteddes is likely to produce
OPVs with better IPCE. Indeed, N-CNTs have beenl aseselective transport media
in OPVs to transport electrons from the active taj@ the aluminium cathode
resulting in an enhancegd. &nd IPCE [3,6]. However shorting is still possiliig¢hese
devices since N-CNTs can protrude through the Ielflerojunction active layer to

both the aluminium and ITO electrodes. A deviceritation procedure to make



OPVs with configurations which minimize the poskii@s of shorting in the
P3HT:PCBM:N-CNT bulk heterojunction active layerrexjuired. Herein we report
on a procedure involving the spin-coating of twdivec layers; (P3HT:PCBM
spincoated on top of a graphene oxide (GO) holespart layer followed by a
P3HT:PCBM:N-CNT layer) to produce novel solar alices. This was done to try
and ensure that N-CNTs were only in contact with Ah electrode thus minimizing

shorting.

Photovoltaic devices were fabricated on clean psteITO coated glass substrates.
GO was supplied by GraphenEx. The GO from graphemi&s obtained from
purified natural graphite powder (SP-1, Bay Carbosing the modified Hummers
method) [9] Spin-coating was used to deposit thepGene oxide hole transport layer
(GO HTL) on the patterned ITO substrates (2000 fpm60 second). Four OPV
devices with the following configuration were mada this work (1)
ITO/GO/P3HT:PCBM/N-CNT/AIL, (2) ITO/GO/P3HT:PCBM:NICT/AIL,  (3)
ITO/GO/P3HT:PCBM/P3HT:PCBM:N-CNT/Al and (4) ITO/GRBHT:PCBM/AL
Three active layer solutions were prepared byisgrthe respective mixtures on a
magnetic stirrer (500 rpm) for 3 hours; (1) 20 mighh50:50 (wt:wt) of P3HT and
PCBM, (2) 20 mg/mL of 49.5:49.5:1 of P3HT, PCBM a<CNTSs, respectively, and
(3) 10 mg/mL of 33:66:1 P3HT, PCBM and N-CNT, redpeely. The
ITO/GO/P3HT:PCBM/N-CNT/AI device was made by spiating solution 1 on top
of the GO layer at 2000 rpm for 1 minute followeg $pin-coating on top of this
layer an N-CNT solution. The ITO/GO/P3HT:PCBM:N-CMT device was made by
spin-coating solution 2 on top of  the GO layer. The
ITO/GO/P3HT:PCBM/P3HT:PCBM:N-CNT/Al device was madbg spin-coating
solution 1 on top of the GO layer followed by spmating solution 3. The control
ITO/GO/P3HT:PCBM/AI device was made by spin-coatsgution 1 on the GO
layer. Lastly the Al top electrodes were deposhigdhermal evaporation in vacuum.
The current — voltage (I-V) characteristics of thevices were obtained under solar

simulated AM 1.5 spectrum white light (100 mW/rat room temperature using an



HP 4141 source measure unit. A Chemat Technology&ater KW-4A spin-coater
and a Newport Solar simulator were used. All chaisievere obtained from Sigma
Aldrich.

Figure 8.2 shows the current density - voltage JJplots of the three devices
incorporating N-CNTs in different configurationstime bulk heterojunction OPV and

a control device that did not contain N-CNTSs.
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The J — V characteristics do not show the diodeaeh that was shown by devices
in the previous chapter as expected for such devi€ee S shape in the J — V
characteristics is related to energy barriers cauairedistribution of the electric field

and charge carrier density gradients. The averhgg sircuit current density 3,



open-circuit voltage (M), fill factor (FF),and PCE values for each deviaee
summarized in Table 8.1. The ITO/ GO/ P3HT:PCBMCNT/ Al device shows a
low Vo of 0.36 V and asd of 0.55 mA/cri. The N-CNT layer disrupts the electric
field effect which is created by the differencetie work function of GO and the
work function of Al. As a result the device hasamiigible electric field effect which

leads to a similar current in forward and reveriss land a small 3 [10].

"(( % ( %

Device Voc JSC FF (%)
(V) | mAlcm? | (%)
ITO/ GO/ P3HT:PCBM/ N-CNT/ Al ----

ITO/ GO/ P3HT:PCBM:N-CNT/ Al 0.27 1.6 290.1

ITO/ GO/ P3HT:PCBM/ P3HT:PCBM:N-

CNT/ Al
ITO/ GO/ P3HT:PCBM/ Al 0.51 2.76 341 0.48

A similar current in the forward and reverse biasutts in a smallsd The device
incorporating N-CNTs in the normal bulk heterojuact (ITO/GO/P3HT:PCBM:N-
CNT/Al) has poor J-V parameters because the N-CiNTibe active layer leads to
short circuiting. The N-CNTs used in this work &reg (> 500 nm), it is possible that
they can protrude from the active layer and touxth lelectrodes causing shorts in the
device. On the other hand, the device with an adayer containing N-CNTs in the
bulk heterojunction close to the Al has the bestggmance when compared to all the
devices containing N-CNTs. However the,JFF and IPCE of this device is still
lower than the performance of the P3HT:PCBM onlyicke Only the \.of the ITO/
GO/ P3HT:PCBM/P3HT:PCBM:N-CNT/Al device was hightran the V. of the
P3HT:PCBM only device. An enhancedWh OPV devices incorporating CNTSs is
attributed to reduced recombination losses [11k TB nature and semiconducting
nature of N-CNTs is expected to reduce the recoatioin pathways for electrons.
The ITO/GO/P3HT:PCBM/P3HT:PCBM:N-CNT/Al device denstrated the



existence of a photocurrent at above the bias 55 ¥, whereas the control device
(ITO/ GO/ P3HT:PCBM/ Al) does not (Figure 8.2)cbrporation of N-CNTs using

this procedure is promising and requires furtheimagation.

In this work we used a procedure to strategicaligorporate N-CNTs in a
P3HT:PCBM bulk heterojunction in a device configioa which minimizes the
possibility of shorting. The active layer was spoated twice in the following order;
(1) P3HT:PCBM layer deposited from a 20 mg/mL sSolutof a 50:50 P3HT and
PCBM mixture in chloroform and (2) P3HT:PCBM:N-CNdyer deposited from 10
mg/mL solution of a 33:66:1 P3HT, PCBM and N-CNixtare in chloroform. The
concentration differences enabled the final contpolim to have a concentration
gradient. The concentration of P3HT increased tdwahe GO layer whilst the
PCBM and N-CNT concentration increased towardsAhelectrode (Figure 8.3).
This configuration if well optimized it should enite the electric field generated by
the opposite GO and Al. This configuration will amce the g} in an optimized
device leading to better IPCE.

In conclusion, we employed a novel fabrication teghe to incorporate N-CNTs into
the bulk heterojunction active layer of a P3HT:PCEBN?V device. This technique



results in a configuration with a concentrationdigat of P3HT and PCBM:N-CNT
from the ITO and Al electrodes respectively. Theuigng effect on the J — V
parameters is promising and requires further ogaton. There is still room for
improvement of solar cells incorporating N-CNTsnfr@ materials synthesis as well

as from device design and optimization approaches.
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One problem affecting the poor performance of thdkerojunction (BHJ) organic
photovoltaic devices (OPVs) is recombination ofrgeacarriers before they reach the
electrodes for collection. In a BHJ OPV, both tlmmar and acceptor are in contact
with both the anode and the cathode and this isese¢he recombination rate. To
reduce the detrimental effect of this, electrorckiog layers are usually deposited on
top of the transparent ITO electrode to block etext from reaching this electrode.
Thus p-type, wide band gap, inorganic materialda&£\b0s and MoQ are vacuum
deposited on the ITO electrode to act as electlookimg layers [1]. In order to
reduce the cost of OPVs, low cost coating depositiethods are needed. As such,
PEDOT:PSS is a popular hole transport material inasted in OPVs [2]. This is
because the material is water based and can dmsitieposited on an electrode by
spin-coating. One disadvantage of using PEDOT:RS8at it is deposited from an
acidic solution which leads to etching of the ITf@atrode [3]. Etching of the ITO
electrode makes it very resistive which affectgentr collection. Further, the etched
indium can diffuse into the OPV active layer whicas a degrading effect on the
solar cell [4]. Solution processable graphene ox{@@®) has recently been used as a
hole transport layer in OPVs and it has been shtawgive comparable results to
PEDOT:PSS [5]. However, device performance is \@gsitive to thickness and
uniformity of the graphene oxide films. Grapheneadexis obtained in a solution
form. The GO concentration can be varied and iedéent on how it is made. This

variable concentration affects the thickness ofdbgosited layers which is deposited



using either the vacuum filtration or spin-coatingethod. On the other hand,
chemical vapor deposition produced graphene camdme with a large area and a
controllable thickness (number of layers) [6]. Heeegraphene is a purely metallic
material so it is not useful as a hole transpoyeid7]. Doping of graphene with
heteroatoms like B and N is known to making thepbeme p-type or n-type
respectively [8]. Incorporation of BN in grapherseainother way of opening a band
gap in graphene and making it a p-type semicondy®{o Recently we made a BN
doped graphene with 98% carbon and 2% BN (at. %)ceSBN induces p-type
behavior in graphene, we have used this material AEL in OPVs. An initial study
investigated the incorporation of BN in large ar€¥D grown graphene and

determined its applicability as a HTL in OPVs.

In the second part of this work we studied the oE&8N doped graphene in an
inverted OPV. In an inverted OPV the ITO colleckscgons and the metal contact
collects holes [10]. This is different from a notr@®PV where the ITO collects holes
and the metal collects electrons. In most caseghaldand gap material such as ZnO
is deposited on the ITO electrode for efficientcélen collection [11]. Advantages of
this orientation of an OPV are that it allows thee wf air stable metals like copper
and gold with high work functions to be used [18]so, non vacuum coating
techniques for the metal top electrodes are madsilge, this is important because it
reduces the cost of device fabrication [12]. Oxygerd moisture attack on the
polymer can be minimized if a graphene based n#tési made the HTL in an
inverted device because graphene if impermealdé& #nd moisture [13,14]. The BN
doped graphene will then act as a HTL and simuttasky as a gas barrier material.
The use of the BN doped graphene as a HTL will algad the use of PEDOT:PSS

and minimizes corrosion of the ITO electrode.

Graphene and BN doped graphene were synthesizedy use CVD method
described earlier in chapter 5 and chapter 6. GragplOxide (GO) was supplied by



GraphenEx. The GO from GraphenEx was obtained fpomified natural graphite
powder (SP-1, Bay Carbon) using the modified Hunsnmeethod) [15].

Photovoltaic devices were fabricated on clean pagte ITO coated glass substrates.
Graphene was transferred to a patterned ITO gkigg the method described earlier
(chapter 5 and 6). Spin-coating was used to dep®€lit on the patterned ITO
substrates. Six OPV devices with the following ¢cgufation were made in this work
1) ITO/P3HT:PCBM/AI, 2) ITO/PEDOT:PSS/P3HT:PCBM/A  (3)
ITO/GO/P3HT:PCBM/AI, (4) ITO/Graphene/P3HT:PCBM/AI (5) ITO/BN
graphene/P3HT:PCBM/Al and (6) ITO/P3HT:PCBM/BN dnape/Al. A 20 mg/ml
active layer solution was prepared by dissolvingiP3and PCBM in chloroform
followed by stirring for 3 hours. The solution wagincoated on the five prepared
HTL electrodes at 2000 rpm for 1 minute. The Al &pctrodes were deposited by
thermal evaporation in vacuum. |-V characteristivere obtained under solar
simulated AM 1.5 spectrum white light (100 mW/rat room temperature using an
HP 4141 source measure unit. A Chemat Technology&mater KW-4A spin-coater
and a Newport Solar simulator were used. All chaisievere obtained from Sigma
Aldrich.

Figure 9.1a shows the current voltage plots ofdéeces containing different hole
transport layers. The average short circuit curdarisity (d), open-circuit voltage
(Voo), fill factor (FF), and power conversion efficishgalues for each device are
summarized in Table 1. The ITO only device exhibitgsoor performance shown by
an IPCE of 0.04%. The addition of a graphene fietween ITO and the active layer
resulted in a substantial increase dg V.. and FF leading to an increase in the PCE
to 0.11 % from (0.04 %). At ambient conditions doethe presence of oxygen,
graphene is p-type doped which explains why it wak an HTL in the OPV devices

[7]



The use of BN doped graphene further improves #te Joc and FF which also
results in a substantial increase of PCE to 0.3TH4s is a threefold increase in PCE
when BN doped graphene in used instead of prigtiaphene. BN doped graphene is
a hybrid material containing $garbons and small $mlomains of hexagonal BN.
Hexagonal boron nitride (h-BN) is an insulating eratl made from hexagonal rings
of B and N as in graphene, with a work functiorapproximately 6 eV and a band
gap close to 4.8 eV [16]. On the other hand graphe a semi metal without a zero
band gap and a work function of approximately A6[&7]. A mixture of the two

materials has semiconducting properties and a uisahd gap of around 3 eV can be
obtained.
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The resulting band gap is sensitive to the amoftititedocarbon and BN species in the
hybrid material [18]. The graphene material usethia work contains approximately
4% BN. From our earlier work in chapter 6 we saat tincorporating more than 2%
BN resulted in an increase in the O content ofglaphene [19]. Incorporation of O
is ideal for a graphene material for use as an Hy€cause it further dopes the
graphene p-type and increase the band gap as icageeof GO. Raman and XPS



evidence reported in chapter 6 showed that thehgrag material changed from a
semi metal to a p-type semiconducting materialr ati@ping. Doping of graphene
with BN is likely to increase the work function thfe graphene to approximately 4.8
eV, which matches well the LUMO of P3HT and the kionction of ITO to work as
an HTL. The PCE of the BN doped graphene HTL destdefalls below that of the
devices with a GO HTL (0.48 %). Our BN doped gragheontains a small amount
of BN (4%). This means that only a small band ga&s wpened and the material is
only slightly p-type modified. For an effective HThased on this material, a BN
doped graphene material containing up to 50 % Bdldche ideal. Increasing the
amount of BN in graphene will result in non-conduetBN domains together with
conducting graphene domains, resulting in a labged gap. Indeed the synthesis of
atomic layers of hybridized boron nitride and grapé domains has been reported
elsewhere [20]. Use of BN doped graphene with & Bg§l content is expected to
match or be better than that of a graphene oxiteetrensport layer.
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The performance of a solar cell is sensitive totthekness of graphene oxide HTL
films [5]. The use of graphene oxide requires eadreptimization to be consistently
deposited as a continuous monolayer graphene film substrate. On the other hand
graphene obtained from a CVD technique is usualyegates a uniform monolayer
and large area material [6]. The use of a graplasren HTL will remove the need to
use PEDOT:PSS. The resulting devices will be méabls in ambient conditions
because graphene is neutral and does not corredeT@ electrode as in the case
when the acidic PEDOT:PSS is used.



Figure 9.2a shows the structure of an inverted QRW ITO/P3HT:PCBM/BN
graphene/Al configuration. The band energy diagodmsuch an inverted device is
shown in Figure 9.2b. An electron collecting laierequired in this device to allow
only electrons to be collected at the ITO becauseesboth electrons and holes can
be collected at the ITO. An electron collectingdayvas not used in this work
because it should be noted that the purpose o thgseriments was not to compare
efficiency between normal OPVs and inverted OPMstbshow that inverted OPVs
are more air stable when compared to the normal @&\tes. The graphene HTL in
an inverted OPV should act as a protective layeichvstops oxygen and moisture
from attacking the P3HT material.

Y
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Figure 9.3a shows the current voltage plots ofrtbemal OPV device with a BN
doped graphene HTL and an inverted OPV with a Blgedographene HTL. The
average short circuit current density&nd open-circuit voltage @ of each set of
device on day one and after 14 days are summairiz€dble 9.2. The normal OPV
device performs three times better than the inde@®V device (Figure 9.2a and
table 9.2) on day 1. The poor performance of theertied device relates to the

absence of a required electron transport layer.dBvices were left in air for 14 days



and J-V measurements were recorded for the sameedewfter 14 days the normal
device gave asd of 0.015 mA/crh whilst the inverted device gave g af 0.169
mA/cn?. The inverted device was now giving a better ougms compared to the
normal device. This means the inverted device isenstable in air compared to the
normal devices. Graphene is a completely imperneeatalterial; even helium cannot
permeate through graphene [13]. This means thainterted device is protected
from oxygen and moisture which are the main caofdggradation.

4

Also it protects the active layer against the ahiom top electrode which is known
to diffuse into the active layer and degrade thiarsocell [4]. The graphene layer
avoids any diffusion of aluminium in the active daythus making it stable for a
longer time. Graphene based HTL in inverted OP\Msrsfa great potential for a
completely non vacuum OPV device fabrication whacé air stable devices without

the need for encapsulation.
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In summary large area BN doped graphene has beehassa hole transport layer in
OPVs. An attempt to use BN doped graphene as a &lencapsulating material
for package free OPVs in inverted OPVs showed theerted devices are less
efficient but more air stable when compared tortbenal devices. There is room for
optimizing the devices by increasing doping leaisl interface engineering on the
ITO electrode in the inverted device to match itvihe HOMO of the PCBM.
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1D carbon nanomaterials and 2D carbon nanomatesaisbe synthesized
using the chemical vapor deposition method. Thereadf the catalyst used
determines the dimensions of the nanomaterials yoextl In this study
supported iron nanoparticles were used to grow N-Cihilst a copper foil
was used to grow graphene. The ID carbon nanottdieslso be made into a

2D film using the vacuum filtration and stampingthua.

CVD synthesis temperature and precursor materialgaming different
concentration of O can be used to control the amand type of N which can
be incorporated in an N-CNT material. However, demnin the morphology
and graphitic structure of the N-CNT materials weoged.

Heat treatment of already synthesized N-CNTs ap&atures above 40C
but below 1000C changed the amount and type of N that is incatedrin
the N-CNT material. This method of changing the ant@nd type of N in N-

CNTs does not affect the morphology of the material

LPCVD synthesis of graphene on a copper catalystdeed a self limiting
process using carefully controlled methane coneéotrs/flow rates but at
very low methane concentrations/flow rates mulBlaygraphene can be

formed if extended growth times are used.



Small BN domains can be incorporated in graphemagCVD using boric
acid, methane and nitrogen gas. The N of the Bdbigled to carbon forming
B-N-C systems, showing that continuous BN contgngnaphene in which

BN species were incorporated in the graphene str@gtas grown.

We have shown that ITO electrodes modified wittelipénetrating N-CNT
films of the appropriate thickness can be usecetluce the efficiency loses
that occur in organic solar cells with increase light intensity. This
remarkable finding is a result of improved chargbection in the OPV at the
ITO electrode.

Incorporating N-CNTs in the bulk heterojunctionéayesults in poorsdand
Voc because of short circuiting. A method to minimetgorting by spin-
coating a second active layer containing N-CNTsdpoed an OPV device
giving a better Jsc. However, thecvas still lower than that of the device
which did not contain carbon nanotubes. Thg df this device was higher
than the one which did not contain carbon nanotulblés is a promising
result and if carefully optimized this type of dewiconfiguration can give a

better power conversion performance.

BN doped graphene showed potential for use as a trahsport layer.
However the performance of the device containingd®iged graphene as an
HTL was poor when compared to the device with PEBR®E or GO hole
transport layers. When used in an inverted soldy wery poor output was
achieved but the device remains stable in airdogér times than the normal

device.



The use of other O containing precursors with dffé structures like
ketones, aldehydes, amides could be used in CVIhasis to make N-CNTs
to establish whether they have the same effecthenatmount and type of
nitrogen incorporated in N-CNTs. A way of changthg type and amount of
N during synthesis without changing the morphologshe resulting N-CNTs
is an important study. This could be achieved kyodtucing O from non
carbon containing sources in the form ofd H,O during the CVD synthesis.

Carbon nanotube doped p-type materials could bd tsenodify the ITO
electrode. This could lead to an even better cheoflection by the modified
electrode. The thickness of the carbon nanotulbe dif the ITO should be
optimized.

Electrical characterization can be used to studytthnsfer characteristics of
the BN doped graphene to evaluate how much of éinel lgap is opened. The
BN doping level in graphene can be varied and spording increase in the
band gap could be studied using electrical charaateon techniques. This
information could be used to select the best BNedographene material to be
used as a hole transport layer in OPVs.



