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ABSTRACT

The investigations in this project focused o thynthesis and characterization of
boron and nitrogerdoped carbon nanotubes-(Bnd NCNTSs), and the subsequent
application of the dope@NTs in organic solar cells (OSCs). The CNTsGRTs and
N-CNTs) were synthesized by using a floating catalyst atenvapour deposition
method with either ferrocene or its derivatives as the catalysts.
A novelferrocenylderivative namely (4-{[(pyridin -4-yl)methylidene]amino}pheny)
ferrocene was synthesisedy a mechanochemical solvemte methodand its crysta
structure was also determinedhe ferrocenyl derivative was obtained in high yields
(94%) within a short reaction time (30 min)lo synthesise fCNTSs, this ferrocenyl
derivative wasused as a catalyst, nitrogen source as well as an extra sourcbarf.car
To synthesize BCNTs, ferrocene was used as the catalyst, triphenylborane was the
boron source as well as an extra source of caah@®0 °C The main carbon source

was either toluene or acetonitrilghere applicablan all CNT synthesis reactign

The shaped carbon nanomaterials formed were characteyzedans ofransmission
electron microscopy, scanning electron microscopy, high resolution transmission
electron microscopy, electron dispersiveray spectroscopy, Raman spectroscopy,
thermogavimetric analysis and-Xay photoelectron spectroscopy (XPS). In addition, a
vibrating sample magnetometer, four probe conductivity measurangniment and
aninverse gas chromatography surface energy analyser were useff Bnalysis.
Formation of bamboo compartments in@GNTs and cone structures in@NTs was a
preliminary indication that boron and nitrogen were successfully doped in the hexagonal
carbon network of carbon nanotubes (CNTs). XPS was used to ascertain the bonding

environment oboron and nitrogen in the carbon network.

Boron in the BCNTs was quantified with inductively coupled plasopical emission
spectroscopy, while the nitrogen content in th€ NTs was determinelly elemental
analysis. The amount of boron incorporated Waind to be directly proportional to the
percentage by weight of the boroantaining precursor used. At the same time, it was
also observed that the amount of boron incorporated had an efféwt @nductivites

dispersive surface energies and feragnetic propertieamong other physicochemical



properties of the BCNTs. For NCNTs, the amount of nitrogen incorporated was
found to be dependent on synthesis temperature and the amount of nitrogen in the
precursors.A temperature of 850 °C and aceitoile as a carbon source, as well as an
extra source of nitrogen, were found to be the best conditioribis study This
resulted in high nitrogen incorporatiaf about 17.57 at.%and high yield of 85% of

carbonnanotubes in the totahassof the poducts obtained.

The BCNTs or NCNTs werethenused to synthesize nanocompasiath poly(3
hexylthiophene) [P3HT] by eithén situ polymerization or direct solution mixing. The
nanocomposites were characterized with electron  microscopy-Vig
spectophotometry, and photoluminescence spectrophotometry. These nanocomposites
were subsequentlymixed with a fullerene derivate, [6;8henyl C61 butyric acid
methyl ester, to form donacceptor components in the photoactive layer in OSCs.
Nanocompositeshat were synthesized hip situ polymerizationmethod performed

better than those by direct solution mixing. Organic photovoltaic cell devices were
fabricated on indium tin oxide coated glass substrates which were coated with a very
thin layer of a hole ransport layer namely, 3,4-ethylenedioxythiophene:poly
(styrenesulphonate). The nanocomposite photoactive layer of the devices was spin
coated froma chloroform based solution. Finallgnultra-thin layer of lithium fluoride

anda 60 nmaluminium courgr electrode were thermally evaporated wacuum.

Theelectrical properties of thiabricated solar cell devices were charactertzgdsing

a standard solar simulator operatingastmass AM) of 1.5 ata light intensity of 100

mW cm® Importantcel parameterssuch asfill factor (FF) and efficiency Q) were
determined fronthe currentvoltage characteristics of the devices. The effects-of B
CNTs or NCNTs in the photoactive layer were studied and then compared with a
standard device structure without dogedTs. Seweral techniques such as transient
absorption spectroscopy (TAS) and atomic force microscopy (AFM) were used to
understand the effects ofBNTs or NCNTs as part of the photoactive layer. The TAS
technigue was used to determine the yield and lifetiméhv@photogenerated charge

carriers This was compared with the power outfart"Q of the cell devices AFM was



used to study the morphology of the photoactive layer witDNE's or NCNTs films

on the substrates.

DopedCNTs were also tested as charge extracting layer under various device
configurations. The position of-Bor N-CNTs in the photoactive layer was altered
whereby a thin film of Bor N-CNT/P3HT was spin coated next to the hole or electron
collecting electrodes. BNTs had a positive Hall coefficient and their film was coated
close to the ITO electrogdaevhile N-CNTs had negative coefficient arntie film was
placed close tahe Al counter electrode. The short circuit current density &nd
improved by 31% and 141%, respectively, for the devices wi@NB's While, in the
case of NCNTs the respectivevalues changed by 35% and 38eéspectively. B- or
N-CNTs in the photoactiviayerwere found tamprove the absorption of the polymer
the lifetime of the photogenerated free charge carriers aaldg the charge transport
propertiesTheopencircuit voltagewasfoundto decreasén somedeviceswhichwas

attributedto recombnation.

This work has shown that incorporation of dofi&dTs in the photoactive layer

markedly improves thphotovoltaicproperties of organic solar cells
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Chapter One

Introduction

Shaped carbon nanomaterials (SCNMs), especially carbon nanotubes (CNTs), are among
the most extensively researched materials today. The produfti€NTs has recently
increased exceeding several thousand tons pefljeafhe increasing production of CNTs

is largely attributed tatheir wide application in manufacturing of products, such as,
rechargeable batteri¢2], automotive partgl], sporting good§3], boat hull§4] and water

filters [5], among others. They are also being considered for applications in
supercapacitorff], optoelectronic$7], and lightweight electromagnetic shield§. The
commercialization of 8Ts has been made possible by improved synthesis, purification
and chemical modifications, which have made incorporation of CNTs into other materials
easier. In the proceeding sections of this chapter, the synthesis of CNTs and their
applications are disissed. Finally, the objectives and overview of this thesis will be

presented.

1. History and discovery of carbon nanotubes

Although the discovery of CNTs in most academic and popular journals is attributed to
Sumio lijima in 1991[8], their history dates back to 1952 Radushkevich and
Luckyanovish[9] published clear images of carbon nanotubes with a diameter of about 50
nm in the Soviet Journal of Physical Chemistry. In 1976, Endo anslodcers[10]
published a paper on a vapour grown hollow carbon fibre with a diameter in the nanometre
range. Abrahamson and Rhodé&d] also presented @&ence of fibrous carbon at Penn
State University in 1979 at a Biennial conference. More results of carbon nanofibres were
published by a group of Soviet scientists in 1981 and were reported adayedttubular
crystals formed by rolling up grapheng/éas into a cylindef12]. These hollow carbon
fibres reported by these researchers resemble what are referred to as CNTs today.

Kroto et al [13] in 1985 discovered fullerenes Cand Gg), which were named
Buckminster fullerenes. This allotrope of carbon (other than the known allotropes) started
the move towards the study of other possible carbon allarofdénis discovery earned



these researchers the Nobel Prize in 396 Inthe process of synthesizing fullerenes, by
means of an arc discharge -s@t lijima observed finite carbon structures consisting of
needlelike tubes. These needi&e structures comprised about5P coaxial tubes of
graphitic sheets which were named tiwdlled carbon nanotubes (MWCNTS). Ever since,
CNTs have attracted interest for both academic and industrial purposes. This interest is due
to their outstanding properties, such as high mechanical strength, high surface area,
electrical and thermal condtivities, and thermal stabilitjl5]. Their properties are also

being extensivelystudied and this is evident from the number of publications and

application patents reported on the subj@d{16-21]. These have been increasing linearly

every year as shown in Figure 1. The data w
of Science.
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Figure 1. Publications on CNTs from the year 2005 to 2013.

2. Structure of CNTs
CNTs can be visualised asgraphene sheet rolled up into a seamless tube (Fig{2€]?2)

The rolling up of the graphene shaéto defines the chirality of the nanotube.



Graphene sheet SWCNT

Figure 2: Diagram showing how a graphene sheet can be rolled up into a-single
walled carbon nanotube (SWCN[R?2].

Rolling up of the graphene sheet is defined by a chiral vector that is determined by two
integers m and [23]. Two carbon atoms are chosen in theppene sheet whereby one
acts as the origin while the other acts as a chiral vector C pointed to the next carbon (Figure

3). The chiral vecto®is defined by

@ £0P AP (1)

where, n and m are integers ammianddpare the unit cell vectors.

Three types of CNT structures are f og med, f
equal to 07 anarmchair structure isformed, i s defined by

— 0 hE ®)
Whenmorn=0and = %0A,zaa structure is formed whil

30°, a chiral CNT is formed. Figure 4 illustrates the formation of these three types of

structures.
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Figure 3: Diagram of graphene sheet and vector structure classification that is used
to defire CNT structuref24].

Figure 4: Formationof thethreetypesof CNT structureg14].



Additiondly, the values of n and m affect the properties of CNTs, such as optical,
mechanical and electronic properties. For example

[n-m| = 3i (3)

is observed in metallic CNTg=or semiconducting CNTsthey are defined by

In-m|=3ix 1 4)

where,i is an integef25].

2.1. Types of CNTs

Dependingon the numberof coaxialstructuregpresentCNTscangenerallybe classified

into singlewalled carbonnanotube$SWCNTSs),doublewalled carbonnanotubes

(DWCNTs) and multiwalled carbon nanotubes (MWCNTs). SWCNTs are made up of a
single graphene sheet which is rolled into a seamless cylinder with a diameter ranging
betwea 0.2 to 1 nn{26]. DWCNTs are composed of two concentric cylinders, whereas
MWCNTs are made up of more than two concentric cylinders with diameters ranging
between 2 to 100 nifi27]. An example of a SWCNT and a MWCNT is shown in Figure 5.

(A)

Figure 5: Typesof CNT: (A) SWCNTand(B) MWCNT [24].



3. Synthesis of CNTs

CNTs can be synthesized by three methods, namely, arc dischesge,ablation and
chemical vapour deposition (CVD). Nevertheless, intensive researckgsranfor more
economical methods of producing CNTs. The subsequent sections will discuss these

methods.

3.1. Arc discharge method

In this technique, an eleat arc is generated between two graphite electrodes (Figure 6).
The temperature rises to about 3000 °C to create a plasma. This vaporizes the graphite at
the anode and, if metal nanopatrticles are present, CNTs deposit on the ¢a8hodEhe

high temperature used in this method requires an inert atmosphere to prevent oxidation of

the graphite electrodes plus metal catalyst prd2&ht

Anode

Cathode

Figure 6: Schematic diagram of adischarge.

Some examples where altscharge methods have been used for the synthesis of CNTs
include MWCNTSs of betweeni 30 cylinders which were synthesized by lijifi@ in 1991

in the process of synthesising fullerenes. Also, Ebbesen and Ap@areported the large

scale synthesis of MWCNTSs with diameters ranging betwe2@ 8m by arc discharge.
Similarly, SWCNTs have also been synthesized by using arc discharge. For instance,

lijima and Ichihashi26], as well as Bethunet al [3]], reported almost at the same time



the maiden synthesis of SWCNTs by arc discharge. The major disadvantages of arc
discharge are low yields and high levels of impurities such as soot and metal catalyst
residues which eventually require cleaning. Als@s an energy intensive method and this

is not favourable. Nevertheless, it has the advantage that it forms highly crystalline CNTs
[32]. Consequdty, as illustrated in Table 1, arc discharge is used commercially for the
synthesis of SWCNTSs.

3.2. Laser ablation method

The laser ablation method requires the use of a laser to ablate a graphite target filled with
metal powder catalyst into vapo83]. The commonly used metal catalysts are cobalt and
nickel. Vaporisation of the graphite target forms CNTs that are deposited on a cooled

collector as illustrated in Figure 7.

Furnace 1200 °C
Cooled collector
Laser beam
Target

Figure 7: Schematic illustration of laser ablation.

The high tempeture in the furnace anneals the product making it highly crystalline, hence,
the method is efficient for the synthesis of high quality SWCNTs. Ekktndl. [34]
reported the large scale synthesis of SWCMashis method. An importd limitation and

characteristic to this method is the high amount of energy required for synthesis.



Table I Methods of synthesis of CNTs in the market from different commercial

suppliers.

Carbon nanotube suppliei Type of CNT Method of synthesis
Ad-nano technologies MWCNTSs CVD
CarbonNanomaterial SWCNTs CCvVD
Technologies Co, Ltd. MWCNTSs CCVD

SWCNTs CCVD
Cheaptube.com DWCNTs CCvVD
MWCNTs CCVD
Cnano Technology MWCNT CVD
Southwest SWCNTs CCVvD
Nanotechnologies, Inc. MWCNTs CCVD)
SWCNTSs Ve
Nanolab DWCNTs CVD
MWCNTs
Carbon Solution, Inc. SWCNTs Arc discharge
Reinste.com SWCNTs Arc discharge
SWCNTs Arc discharge
Nanolab DWCNTs CVvD
MWCNTSs CVvD
Nanocv DWCNTs CCVD
y MWCNTSs CCVD
CCVD
. . SWCNTs )
Sigma Aldrich MWCNTs Arc discharge
Vacuum relege MWCNTs PECVD

" CVD (chemical vapour deposition), CCVD (catalytic CVD), PECVD (plasma
enhanced CVD)

This poses a challenge for its application in lasgale production. Furthermore, this
method, as well as arc discharge, requires solid graphite, which is not chaapyget to
be evaporated to form CNTs. Moreover, the challenge is how to obtain a sufficiently large

graphite target for large scale production of CNTSs.



3.3. Chemical vapour deposition (CVD)

Chemical vapour deposition (CVD), also known as catalytwoua deposition, involves

the decomposition of hydrocarbons in the presence of a catalyst. Depending on the
conditions used, the method can produce SWCNTs, MWCNTS, plus other shaped carbon
nanomaterials (SCNMs), such as, carbon spheres and carbon remoffbrtemperature
range between 30Q@000 °C is often used to decompose the carbon sd@&e The

cabon source can either be in a solid, liquid or gaseous phase. The decomposition of
precursors and growth of CNTs takes place in the hot zone of the furnace. The carbon
source is introduced into the furnace by controlled gas flow or as an aerosol.aAplex

of a CVD setup is illustrated in Figure 8. The CNT growth is controlled by many factors
which may include: temperature of the reaction, composition and flow rate of carrier gas,
type of catalyst nanopatrticles, and the kind of carbon source. Tinetdis of the CNTs
depend on the size of the catalyst nanoparticles, therefore, catalyst deposition techniques
should be done carefully to achieve the desired sizes of CNTs. Other morphologies of the
CNTs, such as surface roughness and alignment of MWCbHrs be altered by using
different type of CVD, e.g. plasmassisted CVD provides vertically aligned MWCNTs
[36].

The advantage of CVD as a method for synthesis of CNTs is its simplicity, energy
efficiency, capability to scale up, and high yi¢RV]. Transition metals, such as Fe, Co

and Ni, are commonly used as catalysts. However, other metals, such as Sc, TMV, Cr,

Y, Zr, Nb, Mo, Hf, Ta, W, Re or a combination, can also be (i88d The synthesis of

CNTs through the CVD method can be achieved by using either a setal oatalyst
supported on a substrate or by introducing the catalyst as an organometallic compound
which vaporizes in the hot zone. The latter approach is also known as floating catalysis,

which provides nansize particles.



Figure 8 CVD set up atthe University of KwaZuleNatal, Nanochemistry
Laboratory.

4. Organometallic compounds as CVD catalyst for CNTs synthesis

One of the most commonly used organometallic floating catalysts is ferr¢88nand
Fe(COy [40]. Other organometallic compounds that have also been investigated as
catalysts for the synthesis of CNTs include ruthenogétie cobaltocene and nickelocene
[42]. MWCNTs were successfully synthesised with cobaltocene and nickelocene. Metal
nanoparticles are formed after the decomposition of the organometallic compound and
reduction of the metdl43]. Apart from ferrocene, its derivatives can also be used as a
source of metal nanoparticles. These ferrocenyl derivatives can be symthesizeh a

way to serve as a source of active metal nanoparticles (catalyst), additional carbon source
or even as a heteroatom source for @iping. There are various methods that can be
used to synthesise ferrocenyl derivatives. However, the cunmdnhare greener approach

involves use of mechanochemical method.

Mechanochemical synthesis involves a reaction that is activated-twmneting or milling

of powdered materials. The reaction usually occurs under sdheentonditions with the
precur®rs in either the solid, liquid or vapour stfdd]. The principles of green chemistry

are usually applied in these reactions whereby the use of toxic flammable solvents that
usually pollute the environment are eliminated. This method increases the yield and can
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also affect e selectivity during synthesjd5]. In comparison with synthesis in a solvent,

the solventfree synthesis takes a short reaction time and it is also relatively easy to isolate
the final productd46]. Such synthesis reactions have been used by different groups to
synthesize ferrocenyl derivatives with water as only byproduct formed. For example,
Ombakaetal. [45] usedthis mechanochemicalpproactio synthesizel, 1 -ferrocenyldia
crylonitriles by grinding 1,Xferrocenylcarboxylaldehyde with phenylacetonitriles. The
ferrocenyl derivatives were obtained within a short reaction time and water was the only
by-prodwct. Imrie etal. [47] alsosynthesized, 1 -ferrocenyldiimineandferrocenylacryle

nitriles with good yields when 1, -ferrocenylcarboxylaldehydes with aromatic amines
were ground together. These ferrocenyl derivatives can be used as a source of heteroatoms
as a dopant (e.gnitrogen) during the synthesis of dopelNTs as stated earlier. The
common dopedNTs include nitrogedoped CNTs (NCNTs) and boromtoped CNTs (B
CNTSs).

5. Boron and nitrogen-doping of CNTs

CNTs are known to possess remarkable electronic, magrk&onal, chemical and
mechanical properties. Although the properties of CNTs are tremendous, there are still
some areas where their performance can be improved. This has prompted researchers to
think of ways of modifying CNTs, to enhance these propettiesuit other applications

[48]. This can be achieved by structural modification of CNTs to obtain defined
morphologis and controlled properties. For example, electronic properties of CNTs are
controlled by delocalization of electrons; therefore any form of chemical modification can
affect this property.  Structural modification can be achieved either by surface
functionalization or substitution of carbon atoms by a foreign atom otherwise known as

doping.

Doping is the deliberate replacement of <carb

as nitrogen or boron. Any atom whose charge and size is adequate cantbd insethe
CNT lattice. Boron and nitrogen are the most popular dopants due to their position in the

periodic table just next to carbon. However, other atoms such as lif@@mand
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phosphorou$50,51] have also been used. Doping CNTs with heteroatomsecanteved

in two ways, namely, postindin siti-doping. Postoping involves the use of thermal
treatment on CNTs to force the dopant atoms into the carbon Iggte On the other
hand,in situdoping involves the mixing together of the carbon source, catalyst, and dopant
during synthesis. For instance, Jiai@l. [53] postdoped CNTs with boron by heating a
mixture of boron powder and MWCNTs and obtainedCBITs with cone shaped
morphologies similar to the ones in Figure 9 (B). keal.[54] also used postynthesis to

dope MWCNTs with boron and nitgen. Thermal treatment of MWCNTs with boron
powder in the presence of Ar/Nkas used. NElgas was used to etch the CNTs to induce
defects by the formation of GN\and GHy groups and the vacancies formed after etching
are filled by substitution with bon. For nitrogerdoping, thermal treatment was
performed without the boron source. Yaeigal. [55 synthesised BENTs byin situ-

doping with a mixture of benzene, triphenylborane and ferrocendCNBs condining
percentages ranging betweei2.24% by weight were synthesized in this work. Nxumalo

et al.[56] usedin siti-doping to synthesize4€NTs by using ferroceneaniline, or a mixture

of ferrocene and aniline, as the catalyst as well as the nitrogen source, and apart from
toluene it was also an additional source of carbon. Higher doping wadeckgor
ferroceneaniline compared with the mixtures of ferrocene and aniline. When a dopant is
inserted into the carbon network of CNTs, the symmetry, structure and properties are
altered[57]. For example, structural changes are observed when boron or nitrogen is
inserted in the CNT lattice. Whereas pristine CNTs are known to be hollow, insertion of
heeroatoms such as boron and nitrogen introduces cone structures and bamboo
compartments, respectively (Figure 9).
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Figure 90 TEM images of (A) nitrogedoped CNTs with bamboo compartments
with very thin wall and (B) borowoped CNTs with cone shaped

struduresthat were synthesized in this study.

Borondopi ng makes CNTs to be wavy and Kkinky
jointso. A d d iettal [67h suggksy that boredoping mereases the tube
length as a consequence of it acting as surfactant, inhibiting closure of the tubes and
promoting continued growths8]. The inhibition of tube closure was also shown from
density functional theory (DFT) calculations by Hashatal [59], who reported that
borondoping favours formation of heptagons. On the other hand nittdgeing favours

the formation of pentagons which promote tulosware[60].

Boron has one electron less than carbon; hence, it acts as an acceptor when inserted into the
carba network of CNTs. This way, boron induces emptying of electronic states below the
Fermi energy of pristine CNTs making themtype conductors. On the other hand,
nitrogenrrdoping brings an extra electron to the carbon network which makes the wall of the
tube more reactive and, also makes the CNIgpa conductors by raising the Fermi
energy[61]. Insertion of nitrogen into the carbon network leads to the formation of two
types of CN bonds, i.e. one whereby nitrogémduces sharp localised state above the
Fermi level owing to the extra electrons. This is usually in the form of quaternary or
pyrrolic N-doping (Figure 10), which introduces donor states or makes CNypen
conductor. Alternatively, pyridinic type-Noping in which nitrogen is coordinated by two
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carbon atoms and induces localised states below the Fermi level, thereby introducing
metallic (ptype) behaviour depending on the level of doping obtdi62d

pyridinic
398.6 eV

pyridinic oxide ~typeg, of ‘

402-405 eV
quarternary
401 3 oV 400.5 eV

pyrrolic

Figure 10 Types of nitrogen species that can be incorporated into the graphitic
carbon network and the -May photoelectron spectroscopy (XPS)

binding energies for each typ&3].

Doping CNTs with boron or nitrogen enhances the properties of CNTs to suit their
application, such as eleal properties. In the next section, some of these applications are

discussed.

6. Application of CNTs

The nanescale dimension of CNTSs, their mechanical strengjtlemical stabilityand high
conductivitymake them unique materials with a range of psomgy applications. CNTs are
being used as fillers in plastics to increase stiffness, strength and tou@bhesthe
suitability for ue as fillers is controlled by the diameter, aspect ratio, alignment, dispersion
and interfacial interaction of CNTs with the polymer matrix. Likewise, their high
conductivity makes them suitable for use as conductive fillers in polymers. For instance,
Chou et al.[64] reported a high conductivity df0000 S rit for a composite with a 10%
loading percolation threshold and attributed this to the conductive pathway introduced by
CNTs.
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CNTs are also applied in coatings and films, for example, paints containing MWCNTSs are
used as protective coats on shigls. This protects ships against attachment of algae and
barnacleg4]. Additionally, CNT films are being useab anticorrosion coating on metals

[1]. In such coatings CNTs enhance stiffness, strength, and provide an electric pathway for
cathodicprotection. CNT films are also being proposed as alternatives to transparent
conductive oxides, such as, indium tin oxide (IT69]. Alternative replacements for ITO

have been compelled by the increased demand for displays, toueh aoi photovoltaic

cells, which have made the price of indium very expensive. CNT films are becoming the
best alternative owing to the ease of synthesis, flexibility and final deposition on the
substrates by cosgiffective techniques like spray paintira;yd slot and die, amongst many

others.

CNTs have also been applied in microelectronics as transjgjorSWCNTSs are attractive

for transistors due to their low scattering effect and, also, compatibility with field effect
transistors (FET). CNThin film transistors are used to drive organic light emitting diode
(OLED) displays. For instance, McCathy al [66] reported vertical FET with sufficient
current to drive OLEDs at low voltage. In their findings, FET enabled emission -of red
greenblue light through a transparent CNT network. Similarly, itlso anticipated that
metallic CNTs with low defect density and contact resistance could replace copper in
microelectronics interconnect. This is possible because of the low scattering effect, high

current carrying capacity and migration resistaiige

CNTs have found application in energy storage. For example, MWCNTSs are being used in
lithium ion batteries for mobile phones and notebookputerd67]. In fuel cells, the use

of CNTs as catalyst supports has been reported to reduce the amount of platinum catalyst
used when compared to carbon bl§6E]. For example, Le Gofét al.[68] reported the

use of MWCNTs as supports for the Pt catalyst and reported a 60% platinum reduction

compared with carbon black as the support.
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CNTs in biotechnology are being used as sensors due to their high surface area and
compatibility with biomolecules such as DNA and proteins. For example,ebtar [69]
reported CNT FET that were functioning as selective detectors for DiNAobilization

and hybridization. Moreover, CNTs are also used as gas sensors and toxin detectors in
food industrieg[1]. Esseret al [70] reported the use of CNbBased devices to detect
ethylene gasas a fruit ripening determinant. CNTs are also being investigated for
application in drug delivery. This is more so because the drug binding onto CNTs and
release can be controlled by varying the [dH Liu et al.[71] reported more loading of

drugs on CNTs asompared with conventional drug delivery systems. In their work, 60%

of the anticancer drug doxorubicin was loaded on SWCNTs compared wih % in
liposomes, the conventional drug delivery system. Drug release was fast and efficient in
acidic media bt more research is required to prevent accumulation of the CNTs in the
body.

CNTs are also used in solar cells, for example, CNTs are being proposed for use in a hybrid
p-n junction with silicon[72]. The basis of this is the superior optoelectronic property of
CNTs and well established silicon technology. Tiiims of CNTs can be deposited on Si
wafers by simple and cosffective deposition techniques. This is envisaged to reduce the
cost of silicon pn junctions due to the reduced size of silicon used. Moreover, high
temperatures used in Simpjunction manfacturing are avoided in these devices as it is
carbon nanotubes that are deposited and not another silicof78jpe Junget al [74]
reported a SWCNTs/Si hybrid solar cell with high efficiency. A thin film etype
SWCNTs was deposited ontype Si wafers, to form a-p junction with high power
conversion (. .11%). I n organic solar cells (
recombination and improve charge carrier mobili4]. Interfacial donocacceptor
structure in bulk heterojurion OSCs maximizes the opportunity for exciton dissociation
[54]. However, the efficiency of these devices is still low due to a lack of dedicated
pathways for charge carriers to the electrodes as they usuallywadwapping mechanism

through disordered orga& material§ 75]. The retarded carrier transport can be addressed
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by incorporation of one dimensional nanomaterials such as CNTsnwiitle semi
conducting materialg/6,77]. More details on OSCs are discussed in the next section.

7. Organic solar cells

The development of inexpensive renewable energy sources has ®draulat of research
amongst both industrialists and academic scientists for low cost photovoltaic d@@ces
OSCs could provide the best alternative method for a cheap, and easy way of obtaining
energy from solar radiatiof¥9]. Scharber and Saricift¢80] identified the follownhg as

the advantages of OSCs: low mass, flexible/stretchable modulesiraasparent and
aesthetically appealing, significantly lower manufacturing costs, continuous manufacturing
processes using state of the art printing, and short energy payback tilmdow
environmental impact during manufacture and operations. Additionally, the organic
materials (OMs) used for making OSCs have properties such as the band gap that can be
manipulated chemically by using easy and cheap processing techfgdpiesSimilarly,

these OMs have the ability to transport electric current and absorb light in the ultraviolet
visible region of the sal spectrum due to $pybridization of carbon atomi82]. Also,
organic semconductors are known to have a relatively strongomdt®on coefficient
usualcy'[831 0

Although OMs for solar cells have attractive properties as outlined above, they also have

some limitations. For example, organic s@onductors have relatively small diffusion

lengths for photayenerated excitons. The diffusiomlgt h i s 410 nm in amo
disordered OMs([84,85]. Photegenerated excitons aremportant in solar energy

conversion processes, though, a strong electric field is required to dissociate them into free
charge carrier$82]. However, photoinduced generated excitons anganic materials

have high binding energies which are likely to favour geminate recombination.
Further mor e, these OMs are known to have a

solar harvesting abilities to a greater extent.
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For optimum utilizatiorof OMs in solar cells, different device designs have emerged in an

attempt to maximize the power conversartput. The first generation devices were made

up of a single organic layer sandwiched between two metal elecfi@f]esThese devices
showed good rectification, and thi'samdas attr
orbitals respectively87]. In addition, the Schottkigarrier was established by theype

organic layer and the rted electrode of lower work function to produce a rectifying
behaviour of the diodg88]. Low efficiencies in the order of o 10 % were reported

for these devices.

Single layer devices were improved with the introduction of the bilayer concept, whereby
n-type and ptype organic semiconductor layers were sandwiched between two metal
electrodes. The interface betweerapd ntype aganic semiconductors creates additional
exciton dissociation sites for the generation of free charges, and this resulted in significant
improvement of the efficiencief82]. For exampleTang[78] reported a bilayer OSC,
composed of a phthalocyanindype layer hole conductor and a perylene derivatitype

layer electron conductor and reported an efficiency of 1.0%. A breakthrough in OMs for
solar cells was reported with tdescovery of fullerenes ggas electron acceptors, and also,
improved properties of conjugated polym@ss]. A polymerfullerene bilayer was made
[84], and also, the bulk heterojunction concept was introd{@@d In both cases photo
excited electrons from the polymer were transferred to the more electronegagiive C
Transfer of electrons from-fype hole conductors to electron receivingype fullerene
electron conductors led to the formatioihdonoracceptor interfacef®1] which enhanced

the generation of free charge carriers.

The bulk heterojunction concept was developed by intermixing polymer donors with
fullerene acceptorfb4]. To date, this concept has proved to be the design, as it has
solved problems associated with the short diffusion length of excitons. Similarly, excitons
dissociating into free charge carriers have been improved as observed from the effective
qguenching of the excitonic photoluminescence of theyrpet [79]. Nevertheless, the

efficiencies of these devices still remain low due to retarded movement ofgdrecated
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charge arriers by hopping through disordered and amorphous OMs. In this study, this
problem was addressed by incorporating eithepBN-CNTs in the photoactive layer to

enhance charge transfer, and collection at the electrodes.

Future application of polymerased OSCs in energy harvesting can be enhanced if they
satisfy the following conditions; (i) Low barghp to increase light absorption (ii) proper
energy level match between LUMO of the donor molecules and acceptor to overcome
exciton binding energy (iiipalanced change carrier mobility for efficient charge transport

(iv) optimized energy difference between HOMO of the donor polymer and LUMO of
acceptor to maximize VOC. These properties are lacking in most of the 2nd generation
thiophenebased polymers Ireg used in OSCs [92]. It has to be noted that thiophased
polymers are 2nd generation polymers and are less efficient than the recently proposed 3nd
generation cgolymers such as polythief(8,4-b)-thiopheneco-benzodithiophene
copolymer (PTB7) whic has a bagiap of 1.6 eV. PTB7 is made of alternating electron

rich benzodiophene (BDT) unit and electron deficient thienothiophene (TT) [93]. These
co-polymers have broad light absorption spectrum ranging from 550 nm to 750 nm [94]
and have swxdteenrdeidn "BDT units-" tebackinmad!| @i t Ine
distance between polymer backbone, leading to high charge mobility [93]. Additionally,
charge separation rate in PTB7 is 2.7 times faster compared to the rate of annealed
P3HT:PCBM film [95. Density functional theory calculation of neonformational and
electronic properties of PTB7 revealed they have torsional potential almost independent of
chain length. This is due to electronic delocalization, hydrogen bonding and absence of
adjacentside chain to inteconjugation unit [96]. Finally, side chain on the ester and
benzodithiophene enables good solubility in organic solvent and suitable miscibility with

fullerene acceptors [94].
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8. Aim and objectives of this research
The general aim fothis research was to incorporate doj&dTs (boron and nitrogen
doped CNTSs) in the photoactive layer of bulk heterojunction OSCs to act as charge

extractors and carrier pathways.

The specific objectives were to:

i. Synthesize a novel ferrocene derivatwith heteroatoms, such as nitrogen, that could
be used as a catalyst and a nitrogen source in the synthesGNTH

ii. Determine the best conditions necessary for the synthesis of-@dbEslin terms of
the carbon source and temperature that cantge highest yield and largest amount
of doping.

iii. Synthesize, characterise and determine the effect of the boron concentration on the
physicochemical properties ofBNTS.

iv. Synthesize composites of dop€#Ts and poly(shexylthiophene) by usp
different methods to determine which method yields a composite with the best
interaction between the polymer and doj@dTs, and also to investigate the effect
of the synthesis method on the efficiency of the OSCs.

v. Use bororn and nitrogerdoped CNTsas part of the photoactive layer in OSCs and

compare the two dopants on cell efficiency.

9. Overview of thesis

The thesis consists of nine chapters. Chapter One provides the introduction and
background to the study. The subsequent chapters (Chaptetorttight) provide the
findings of the research. These chapters are written in paper format and each has an
abstract, introduction, experimental work, results and discussion, and a conclusion. Topics
covered include the synthesis of- Bnd NCNTs as wdl as other SCNMs, their
characterization, and the application efd® N-CNTSs in solar energy harvesting with intent

to generate electricity. The last chapter (Chapter Nine) provides a summary of the work

carried out and discusses possible future work.
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Chapter One (Introduction)
This chapter introduces this thesis by giving the general background information on the
research and also lays the foundation on the findings reported in this thesis. The research

aim and objectives and the outline of this teeske also given in this chapter.

Chapter Two (Paper One)[97]

This chapter contain a literature review on how CNTs have been incorporated in the
photoactive layer of organic solar cells. The chapter highlights the sources of energy in the
world today andhe advantages of using solar energy as an energy source. It also reviews
photoexcitation in OSCs and free charge carrier generation with incorporation of CNTSs.
Effects of introducing CNTs containing a dopant, such as boron or nitrogen, on charge
transferin OSCs are also discussed. Additionally, techniques for the fabrication of OSCs,
which include composite processing and film deposition techniques, are highlighted.
Finally, examples of case studies of different types of CNTs in OSCs are mentioned.

Chapter Three (Paper Two)[98]

In this chapter the crystal structure of errbcene derivative with nitrogen containing
moieties,namely4-{(pyridin-4-yl)methylidene]amino}phenylferrocene  ([Fefds)(Ci~
Hi13N2)]), is reported. The aim was to synthesize a ferrocene derivative with heteroatoms
which could be used as a catalyst agb as a source dopant for the synthesis of doped
CNTs. This ferrocene derivative was synthesised by using the principles of green
chemistry. From this we were able to present the first report on the synthesis of this novel
compound by means of a sohtdree mechanochemical synthesis method.

Chapter Four (Paper Three)[60]

In this chapter we report the sya#lis and characterization of nitroggoped SCNMs by

using different synthetic conditions. The novel compound synthesized in Chapter Three
was used as the catalyst and also as the nitrogen and carbon source for the synthesis of N
SCNMs. Two additional ¢hon sources, acetonitrile and toluene were also evaluated at

three different reaction temperatures: 800, 850 and 900 °C. The main aim of this chapter
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was to determine the optimum conditions that would give the highest yieldC)T$ with

high nitrogerdoping. We also report on the types of SCNMs synthesized from the
different carbon sources and reaction temperatures. The best synthesis conditions for the
highest yield of NCNTs and high nitrogedoping for this work was reported. We also
report for he first time synthesis of NCNTs by using a noveatalyst4-{(pyridin-4-
yl)methylidene]amino}phenylferrocene ([Fefds)(Ci17H13N2)]).

Chapter Five (Paper Four)[58]

In this chapter we evaluated the effect of the boron concentration on the physicochemical
properties of BCNTs. We report the synthesis ofBNTs by means of the CVD floating
catalyst method with ferrocene as the catalyst, triphenylborane aerthre dource as well

as an extra source of carbon, and toluene as the carbon source. The amount of boron doped
to the CNTs was determined by inductively coupled plasptecal emission spectroscopy.

The effect of the wt.% of the borarontaining precursoon the amount of boredoped

was also determined. Different characterization techniques, such as electron microscopy,
Raman spectroscopy, thermogravimetric analysis, inverse gas chromatography, vibrating
sample magnetometer and conductivity measurenvesnts used to determine the effect of
borondoping on the physicochemical properties e€ERTs. In this paper, we report for

the first time, the characterization of surface properties-€@MNg's by use of inverse gas
chromatography and how they were affdctey boron concentration. Also, the
ferromagnetic properties of-BNTs determined from a vibrating sample magnetometer are

reportedfor thefirst time.

Chapter Six (Paper Five)

In this chapter the effects of the nanocomposites synthesis methods orotibolpaic
properties of OSCs were evaluated. These nanocomposites were composed ef poly(3
hexylthiophene) and dopedNTs. The two methods compared wersitu polymerization

of 3-hexylthiophene monomers on the walls of CNTs and direct solution miXiry o
polymer and NCNTs in a suitable solvent. The nanocomposites that were synthesized

were then used as the photoactive layers of OSCs and their photovoltaic properties were
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determined by using a standard solar simulator operating at atmosphere (Adhp1160

mW cmi?. To date most of the nanocomposites involving polymers and CNTs used in the
photoactive layer of OSCs are synthesized by using direct solution mixing. The aim was to
determine the method that would provide good interaction betwe@NT$ and the
polymer thereby improving the dispersion ofOWTs in the polymer matrix and charge
transfer processes. This would eventually result in good photovoltaic properties. Hence, a
comparison of the performance of nanocomposites synthesized by udfagendi

techniques in the photoactive layer of OSCs is reported for the first time.

Chapter Seven(Paper Six)

In this chapter we explore the effects on the performance on OSCs induced by
incorporating either Bor N-CNTs in the photoactive. The dop€&iTs were mixed with

the donoracceptor components of the OSC to form the photoactive layer. Previous reports
of incorporation of CNTs in the photoactive layer of OSCs have resulted in a positive effect
while others have yielded a negative effect. Very feports, if any, are available on why

the presence of CNTs in the photoactive layer of OSCs results in either a positive or a
negative effect on the performance. Therefore, the aim of this chapter was to determine the
reasons why the presence of doj@dTs in the photoactive layer of OSCs either produced

a positive or a negative effect on performance. These effects were determined by the use of
X-ray photoelectron spectroscopy, atomic force microscopy and transient absorption
spectroscopy. Hence, in tidkapter we report how presence of eithenBN-CNTs in the
photoactive layer affects the performance of OSC devices. Additionally, this is the first
report on the recombination of free charge carriers in OSCs w@hBs or NCNTs in the

photoactive Iger of OSC investigation by transient absorbance spectroscopy.

Chapter Eight (Paper Seven)

In this chapter we investigated Br N-CNTs as a charge extracting and transporting layer

in the bulk heterojunction of an organic solar cell. To understancid®f B- or N-CNTs

in the photoactive layer of OSCs, different designs of devices were made. In these designs

the position of the layer with-BNTs and NCNTswas changed and placed next to either
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the hole or electron collecting electrodes. The posibibthese films was determined from
the Hall coefficients of dope@NTs, which for BCNTs was positive and for 8NTs
negative. From these findings the best device design that improved the performance of the

OSC was reported.

Chapter Nine (Conclusionand Future Work)
This chapter gives the overall conclusion and summary of the thesis by putting together the
major findings of each chapter. It also has future work emanating from the findings of this

research work.

10. Conclusion

In this chapter we ported on the history and types of CNTEhe methods that are used in

the synthesis of CNTs were discussed. Doping of CNTs with either boron or nitrogen, and
their effects on the structure of CNTs, were also highlighted. Potential application of
CNTs, especially in OSC where CNTs are part of the photoactive layer, was explored

further. Finally, the aim, objectives and overview of this thesis were outlined.
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SUMMARY

Carbon nanotubes (CNTs) have unique propertics, such as their electrical conductivity, that enable them to be combined with
conducting polymers to form composites for use in organic solar cells (OSCs). Itis envisaged that the improved composite has
a higher efticiency of green energy and will reduce the cost of these cells. The use of such altemative energy sources also
drastically reduces overuse of fossil fuels and consequently limits environmental degradation. This review compares rescarch
and performance between conventional silicon solar cells and OSCs. It also discusses OSC photoexcitation and charge camier
generation with the incorporation of CNTs, physicochemical properties of the composites and other factors that affect the
efficiencics of OSCs. In addition, properties of CNTs that favour their dispersion in polymer matrices as acceptors and charge
carriers to the clectrodes are covered. The effects of CNTs containing dopants, such as nitrogen and boron, on charge transfer
are discussed. Also, the fabrication techniques of OSCs that include CNT/polymer composite processing and the methods of
film deposition on the substrate are described. Finally, the case studies of OSCs containing polymers with single-walled
CNTs, double-walled CNTs or multi-walled CNTs are evaluated. Copyright © 2014 John Wiley & Sons, Lid.
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Summary

Carbon nanotubes (CNTs) have unique properties$y as their electrical conductivity, and

thus can be combined with conducting polymers to form composites for use in photovoltaic
(PV) cells. It is envisaged that the improved composite has a higher efficiency of green
energy and will reduce the cost o¥ Rells. The use of alternative energy sources such as
PV also drastically reduces overuse of fossil fuels and consequently limits environmental
degradation. This review compares research and performance between conventional silicon
solar cells (SSCs) dnorganic solar cells (OSCs). It also discusses OSC xaitation

and charge carrier generation with the incorporation of CNTs, physicochemical properties
of the composites and other factors that affect the efficiencies of OSCs. In addition,
properties of CNTs that favour their dispersion in polymer matrices as acceptors and charge
carriers to the electrodes are covered. The effects of CNTs containing dopants, such as
nitrogen and boron, on charge transfer are discussed. Also, covered in this asview
fabrication techniques that include CNT/polymer composite processing and the methods of
film deposition on the substrate are described. Finally case studies of OSCs containing
polymers with singlavalled CNTs, doublevalled CNTs and mukwalled CNTsare
evaluated.

Keywords carbon nanotubes; conducting polymers; renewable green energy;

CNT/polymer composites; photovoltaic cells.
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1. Introduction

Renewable energy accounts for approximately 16% of the primary energy sources used
globally, whilst therest is from less favourable options such as fossil fuels and nuclear
power [1]. The primary factors in sourcing new and alternative sources of energy are
ensuring positive and strong social economic developraed the provision of abundant

and reliable energy for domestic, industrial and various other economic sectors, and also, to
harness enough energy to meet the demand of the growing pop{Zhtic@lobally, there

is an intense interest and focus on the development of technologies that can use renewable
sources of energy such as biomgg4], geothermal5,6], sola [7], wind [8,9] and hydre
power[10,11]. Some of the reasons for this can be attributed to the concerns surrounding
energy security, the environment, sustainability, the drive for affordable energy services
and the need to increase accessibility to ecoralimiviable energy options, especially

where they lack in developing countrigs.

The usage of fossil fuels leads to environmentdlupon through release of greenhouse
gaseg12], land degradation during exploration and mining. This in turn has been linked to
acid rain, depletion of the ozone layer, harsh and sometimes unpredictable climatic
conditions, the occurrence and spread of tropical diseases, anguaihlems that not only
adversely affect humans but also animals and plants. These appalling conditions can
destroy fragile ecosystems, especially marine and aquati¢2]ife Despite these severe
disadvantages of using fossil fuels, the implementation of renewable energy technology
remains a challenge. This is mainly due to the intermittent nature of some renewable
energy sources angeographically constricted environments (e.g. relatively lower solar
insolation at higher latitudes or impossibility of hydroelectric generation in arid and semi
arid regions). Moreover, in developing nations, heavy investments in infrastructure
developnent are a challenge and there is a fair amount of uncertainty and financial risk
factors associated with renewable technologies and other immediate pridr&jés
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Implementation of renewable energy technologies and utilization of renewable energy have
several advantages including reliability and localizationerdification of energy supply,
energy security, new wealth creation opportunities and a significantly smaller negative
impact on the environment. In addition, harnessing renewable energy at the local level will
negate the vulnerabilities due to distgdlitical upheavals, encountered in fossil fuel
producing regions. Furthermore, increased energy security through alternative greener
sources would be advantageous, especially when supplies of varicusnearable fuels
dwindle and as demand increaseB.he oOnor mé to circumvent t
explorations and potentially more dangerous extractions operations, which push up the cost
of energy. This makes investment in renewable energy technologies a better and more

timely option.

Renewable tdmologies have zero emission of pollutants and utilize relatively smaller
amounts of water, thus d&#ressing overburdened water resources. Moreover, they offer
sustainable options for decentralization of energy supplies, and thereby provide new
opportunties in rural development and boost various agricultural activifig8].
Interestingly, most investments on reneveabhergy are on materials and workmanship to
build and maintain facilities, rather than more energy input. This also means that since
most of the resources are spent locally there is a potentially huge foreign exchange savings
which could be extremely beficial especially in developing nations which are often cash

strapped13].

Amongst all of the various options available as renewable sources of energy, solar energy
has some key advantages, especially when considering developing nations within Africa.
Africa has some of the highest solasolationreceiving regions on the planet due to its
location in the tropics where incoming solar radiation mostly strikes the ground at an angle
of 90° almost throughout the yddd]. Solar energy is free and clean; it does not produce
waste, it is ecologically acceptable and is directly convertible to other forms of energy.
These advantages far outweigh the pradaodf mild chemical waste that accompanies the

manufacture of solar energy conversion technologies.
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1.1 Solar energy

The earth receives 120,000 TW every hour from the sun and the estimated global energy
requirement per year is approximately 13 T¥5]. Therefore, harnessing 0.01% of the
energy the earth reises from the sun every hour will meet and surpass the annual global
requirement, and at the same time leave enough room for further growth and development
to meet future needs. The technologies available for harnessing solar energy can be
broadly categased into two main areas. These are: concentrating solar gageand
solarphotovoltaic (SPV). In its simplest form, concentrating solar power focuses thermal
energy from the sun into heat transfer fluid by using mirrors. The heat generated is
recovered to produce steam, which eventually is used to drive turbines and generate
electricity. On the other hand, in SPV, electromagnetic energy is converted directly to
electricity. Photons from the sun excite electrons in donor molecules, and these electrons

are transferred to electrodes to generate electricity.

In developing coumies, SPV technologies are the most attractive and elegant options
available to provide energy. This is especially true for Africa, where the population is
scattered over vast regions and where different groupings have divergent and dynamic
electricity neds within various rural areas. In addition, the provision and maintenance of
conventional electricity grids would be extremely challenging due to environmental,

economic, technical, or a combination of some or all of these factors.

1.2 Inorganic versusorganic solar cells (OSCs)

Currently, silicorbased cells have dominated commercial solar cell devices with
approximately 90% of the global market share. Several factors account for this trend
including both technical (e.g. silicon processing is a manck reliable technology) and
economic (widespread commercially available technologies for silicon device manufacture)
reasons. However, in terms of efficiencies, current research efforts have demonstrated that
multi-junction concentrator devices have @lkefficiencies of about 30%, followed by
crystalline silicon (~25%])17], singlejunction (~20.3%]18§], thin film technology (~15%)

[19] and eventually emerging photovoltaic (PV) devices, which includesdgsitized and
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organic solar cells (OSCs) with efficiencies of less than 08 This is well illustrated
in Figure 1,which shows efficiencies of different types of solar cells and their timelines on

best researcfL3].

Silicon solar cells (SSCs), either crystalline (mamngstalline [20-22], polycrystalline
[23,24]) or amorphoudq25,26], are generally expensive to manufacture and require a
significart investnent in labour and facilitiesThe main component, solgrade silicon, is
producedvia several chemical steps and a detailed description of the process is beyond the
scope of this review. However, a brief and basic procedure involves the oedofctaw

quartz with carbon to produce metallurgical silicon, which is relatively cheap to produce,
but this is an energy intensive process. The metallurgical silicon is then refined by
converting the silicon to chlorosilanes (using HCI) and these asequently transformed,

by using a CVD process, into electronic or s@eade silicon (i.e. the weknown Siemens
process).However,it should be noted that the cost of manufacturing for amorphous silicon
(specifically by CVD) is relatively cheap compdrto Its crystalline counterpartdhere

are other recent techniques that use plasma, or direct metallypgicalsses, but these
current technologies are energy intensive, and can have detrimental effects on the
environmen{27-29]. These main drawbacks limit the implementation of silbased PV
manufacturing within developing economies (many tropical countries, including South
Africa). In the light of tlese challenges and circumstances, OSC technologies are

favourable.

In general, OSCs can be described simply as PV devices made from polymers, small
organic molecules, or a combination of both with or without some kind of nanomaterial
incorporated into theoverall device. Mostly, these devices are based on polymeric
materials and can thus be assembled by usingkmeivn polymer processing techniques.

This means they are relatively simple to fabricate into various shapes and sizes (Figure 2 )
[30], easily adapted and designed for niche applications, and can be assembled on various

substrates and produced ceffectively [31]].
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Figure 2. Organic solar cell casted on a flexible substrate. It can be stretched, rolled

or even curved in any direction [30].

The basic architecture of an orgabigsed solar cell includes an active layer sandwiched
between two transpoldyers that conduct holes or electrons, and two electrodes that encase
the whole structure, for harnessing the power generated. The active layer generates
electronhole pairs when excited by light, and at the interface between the transport layers
and the active layer, the electréwle pairs are separated and these charge carriers are

eventually collected by the electrodes and used to power the system of [32R6t

With silicon-based solar cells, separation of charge carriers occurs acrosgiagiion and

this is enhanced by doping the material on either side of the junction. A similar scenario is
encountered with other inorgari@ased solar cells @. CdTe, GaAs, CulnGaSe, etc.).
With PV devices, ideally photon absorption excites an electron to the conduction band,
which leads to the production of electrbale pairs commonly known as excitons

(electrostatically charged carriers). Excitons areadtarized by a coulombic for¢a7).

o 1)
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where q is the charge, r is the distance between charjyeshe dielectric constant amd

is the pernttivity in the free state.

1.3 Photo-excitation and carrier generation in OSCs

With OSCs,the mechaism that leads to the separation of the eledtr@e pair is a more
complex process and is still an area under intensive investigation, but one of the key factors
concerning their functionality is the heterojunction. The mechanism that leads to the
geneation of excitons, separation, and final production of a useful photocurrent has been
discussed recently in the literatuf#7,3233]. The research findings reported so far
indicate that photons, with the requisite energy, excite electrons within the donor molecule
from the highest occupied molecular orbital (HOM®O the lowest unoccupied molecular
orbital (LUMO). This produces excitons, polaron pairs, radical ion pairs, or more generally
a charge transfer complex, which can be envisaged to be analogous to the-btdetpmir

in inorganic PV materials. The ptoexcited charge transfer complex must then move (by
either migration or diffusion) to the doracceptor (DA) interface. The transfer of energy

via charge transfer complexes may involve one or more transformations within the donor
molecule and similayl there may be several energetic transition state complexes involving
the donor, acceptor or combination of both at th& IDterface. The energy levels, HOMO

and LUMO, within the donor are slightly higher than those of the acceptor. This is
necessaryd facilitate transfer of energy to the acceptor and reduce recombination within
the donor. Thermal, radiative or electronic losses are possible near or aAthedface,

but the generation of photocurrent occurs when the charge transfer complexesepéwa
electron and hole charge carriers, with electrons in the acceptor material and holes in the
donor and, eventually, they are collected at the elect{@®33,36].

1.3.1 Calculating efficiencies in OSCs

PV properties for OSCs arsilicon solar cells$SC$ are governed by determination of the
currentvoltage of the cell This is achieved by calculating either the power conservation
efficiency (PCE) or the external quantum efficiency (EQE) of the cell. EQE is the ratio of
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collected charge carrier (electrons) per incident phf88h PCE of a cell is the efficiency

of the cell under illumination of a standard light source or the percentage of solar energy
exposed to a cell that is converted to electrical energy or electricity. A high PCE
percentage trandks to high output of that cell and this can be improved by the
development of new materials (e.g. conducting polymers with low band gap) or device
architecture (singlgunction, tendon cell and bulk heterojunctidBB]. PCE is calculated

from

s (2)

where \b¢ is the open circuit voltagesd is the short circuit current, s the incident light
power and FF is the fill factor. The fill factor measures the quality sdlar cell as a
power source. It is the ratio between thaximum power delivered to an external circuit

and the potential power of that cell andlefined

& & — 3)

where \phay iS the maximum electromotive force in an electric circuit apg is the

maximum rate of electrondlv in an electric circuit
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A graphical relationship betweenyy, Isc, Vmax and lax is shown in Figure 3.
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Figure 3: Relationship between 34, Isc, Iwax and Myax in the dark and under

illumination. The shaded area is used to determipg\And lax [39].

1.3.2 Physicochemical factors that affect the efficiency of OSCs

OSCs have low PCE and are sHoréd when compared to SSCs, and this limits their
practical applicatiof31]. The short lifetime is due to chemical and physical degradation of
the active layers and electrodes. Chemical degradation involves chemical changes within
the organic materials or on the dledes due to the presence of oxygen and moisture (see
Figure 4) [40]. Physical degradation is usually caused by charge accumulation,
morphological changes or diffusion of metal into the active |f3#r Electrodes degrade

by oxidation, delaminating, édoping and interfacial organometallic chemistry. Active
layers degradevia photochemical reactions, thermsbhemical reactions, mphological
changes and inclusion of impuritig4l]. Degradation can also occur due to low photo
stability of the active layeelectrode interface and this can be minimizeddbpositing a

thin film of electron extraction layer and hole extraction layer between the active layer and
the electrode$4?]. It has been reported that an active layer with chergiealtive side
groups is more susceptible to degradation than one without. Jorgeraddi34] were able
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to show that degradation due to oxidation usually occurs at the side gitawp$CE with

OSCs can also be due to efficiency loss that occurs in the first few hours of exposure to the
atmosphere known as budim [41]. This crucial loss in functionajitcan be ascribed to
photochemical reactions in the active layer and the development of trap states within the
band gag41]. Performance also reduces because other mechamick, include, trap

mediated recombination, reduced hole mobility and buddof charge in various trap
states.
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Figure 4: Degradation of the active layer due to the presence of oxygen and water, as
well as diffusion of metal electrode particles itite active layer. Oxygen

and water enter the device the during fabrication process [40].

One of the main limiting factors in achieving high PCE in OSCs is the recombination
mechanisms that occur at theADinterface. Some of the methods developed tamae
recombination include improving device morpholddghg], using modified DA materials
[44], manipulation of electrode materigk5] and even enhancing optical absorptjdf.

Zhanget al [47] have reported a significant reduction in recombination losses by doping
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the active layer poly(Bexylthiophene) (P3HT)/ (6,6)phen§k;i-butyric-acid methyl ester
(PCBM) with %2 spin galvinoxyl radicals at the-B interface, which increases the PCE of
the device by ~340%.

Another factor that affects the efficiencies of OSCs is the band gap of the conjugated
polymers. When the band gap of the seonducting conjugated polymes large only a

small portion of the incident solar energy is absorbed. For example, a polymer with band
gap of ca. 2.0 eV can only absorb 25% of the solar energy. Reduction of the band gap to
ca. 1.2 eV enhances absorption to between 70 and[88%@&s shown in Figure 5. For
maximum absorption, a smaller band gap is favourable. Of interest is to make use of low
energy band gap materials with a value afidgap energy  of 1.5 eV or less so that

absorption will occur at 600 nm or greater in the neutral F3&e
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Figure 5. The solar spectrum together with the absorption spectra of various
polymers showmg the limitation of absorption due to the band gap size.
The blue line shows the absorption of a polymer with a band gap of ca.
2 eV and the red of ca. 1.2 eV. The black line represent AM 1.5

illuminations [48].
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Efficiencies of OSCs can be improved ibgorporation of carbon nanotubes (CNTS) in the
bulk heterojunction BHJ). For example, Somani and -emrkers [49] reported
improvement of cell performance by many fold by incorporation of dewhleed CNTs
(DWCNTSs) to P3HT. CNTs can be a goodterl at the interface because they have high
affinity for electrons and also transport electrons to the electrodes unlike fullerenes, which
are only good electron accept¢&d]. CNTs havealso found use as transparent electrodes
for hole collection owing to their high work function, replacing indium tin oxide (ITO).
However, this is a topic of another review and we recommend the reader to ref@sénces
55]. Arena and cavorkers[56] reported that efficiency conversion of hybrid cells based
on a conjugated polymer and doped silicon increased by 0.49% upon dispersion of CNTs in
the conjugated polymer layer. Efficiencies of OSCs can be enhanced further by using
CNTs with heteroatom dopants such as boron or nitrogen. Doping of CNTs with nitrogen
or boron to form NCNTs or BCNTSs introduces defects that changes structural, chemical
and electronic propertieg57]. Lee and cavorkers [58] reported a high efficiency of
5.29% by incorporating dCNTs in OSC. The cell had an efficiency of 4.68% before

incorporation of NCNTs

2. Incorporation of carbon nanotubes in organic solar cells

Inclusion of conducting nanostructures like CNTs in the BHJ enhaiiege separation

and improves transfer of charge carriers to the electrodes before they recombine. CNTs can
combi ne weledrdns df toejugated polymers to formARtype solar cell59].

Here, the CNTs do not only act as electron acesgiat also improve the dissociation of
excitons by providing an enhanced electric field at the CNT/polymer interface, which
suppresses recombination of phgenerated charges. CNTs in the BHJ of a polymer
matrix result in high electron mobility, whichkeeeds that of any other seoonductor

[60]. Likewise, hole transport is also enhanced because of induced crystallinity of P30T or
other conducting polymers. Highly ordered supralecular organization of éhconducting

polymer ensures higher hole mobilitia inter-chain transport6Q].
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Carbon nanotubes are dispersed in a solution of donor polymer before betogagpith on

the substrate. The substrate is llgua transparent electrode consisting of a transparent
conductive oxide (TCO) of which indium tin oxide (ITO) is an exanjBig. Firstly, a

hole conducting layer of poly(3dthylenedioxylthiophine):poly(styrenesulfonte)
(PEDOT:PSS) is deposited, which helps in selective hole injection to the ITO electrode as
illustrated in Figure 6. An active layer consistingtled donoracceptor is then deposited.
Conjugated polymers, like P3HT or P30T, are used as the donor components because of
their ability to form semcrystalline films when cast on a substrig€], while fullerenes or

CNTs can be the acceptor. Thermal annealing at a temperature above the polymer glass
transition temperature allows the alignmheof the polymer chains, thereby improving
charge transfer. The top electrode is vacuum evaporated and is usually a metal of lower
work-function (as compared to ITO), such as calcium or aluminium, and sometimes with an

ultra-thin lithium fluoride undettayer[61].

Figure 6. A schematic diagram showing the sandwiched active layer between the
electrodes in OSCs with CNTs as acceptors within the active layer. Inset:
high magnification of the active layer showing how polymer wraps onto
CNTs [30.

Sometimes, a third component like a dye is incorporated in the active layer to improve the

PV properties of a cell.Bhattacharyyeet al. [62] used the dye N1-pyrenyl)maleimide

45



(PM) in the SWCNT/P3OT composite to form a cell ITO/P3®WNCTs+PM/Al that
improved the cell efficiency by two orders of magnitude. The group attributed this increase

to efficient charge carrier transfer as illustrated in Figure 7.

-2.85 eV LUMO

-3.1 eV
P30T

-4.5eV SWCNT

hy — Dye

-5.23 eV
HOMO

Figure 7 Movement of charge carriers between the energy levels of the donor
polymer and dye with the eventual transfer of an electron to the SWCNT.
Since the work function of the SWCNT is slighlower than the LUMO

of the dye the transfer of an electron is easy [62].

Doping CNTs with boron or nitrogen selectively enhances charge mobility, dispersibility in
the polymer matrix and also tunes the work funcfi@®]. For effectivecharge transfer, the
work function of the CNTs should be close to the HOMO and LUMO of the donor and
receiver respectively64]. B-doping reduces the Ferfavel energy of the CNTs and at the
same time increases the work functj6s]. Upon Bdoping, the work function increases to
5.2 eV from 4.6 eV of pristine CNTSs, which is very close to the HOMO of P3HT (5.1 eV)
donor[64]. This makes it very easy to inject a hole to thR€MT for eventual transfer to

the electrode. However, doping CNTs with electron rich nitrogen increases thiel&eel
energy and reduces the work function in comparison to pristine Q&8s For NCNTs

the work function is 4.4 eV which is very close to the LUMO of the receiver PCBM (4.2
eV) in OSCs. An electron can easily move from LUMO of RC#® N-CNTs because of
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the short distance between the LUMO of PCBM and work function-GNY's (~0.2 eV),
electrons are then to be transferred to the electrode. At the same time, use of-ather B
N-doped CNTs in the bulk heterojunction of a polymerrmahakes charge recombination
almost impossible. Mismatch of energies between the HOMO of the donor-@NiTs|

the LUMO of the receiver and-BNTs makes it hard for dissociated charges to recombine
as the hole is received by®NTs and electrons by-BNTs [58]. B-doped or Ndoped
CNTs improve the short circuit curreniisd) and PCE of a cell and also help in the
alignment of CNTs in the polymer matrix because of local polarities induced on the walls
of CNTs and because the defects caused by the hem®oatonverts them from
nonconducting to conducting materigd®,65].

2.1 Advantageous properties of carbon nanotubes for organic solaells

CNTs are synthesized in a number of different ways depending on the resources available
and research objective. However, most methods are a variation on either the arc discharge
[39], laser ablatiorfi66] or chemical vapour deposition (CVD) methi&y-69]. The CVD

method is thanost preferred technique since it is easy to implement andgui®,71].

The synthesis technique has a direct impact on the final properties of the CNTs. The arc
discharge and laser ablation techniques favour simglled CNTs SWCNTSs) or highly
graphitic multiwalled CNTs (MWCNTs). CVD methods usually produce MWCNTSs;
however, SWCNTs and DWCNTs can be grown.

When CNTs are incorporated into a polymer matrix, the resulting nanocomposites have
significantly different physicathemtcal properties than the original polymer material. The
importance of the physicahemical properties of CNTs in the polymer matrix and the

significance of incorporating CNTs in OSCs are discussed in the next section.

2.2 Physicochemical properties of CN's
CNTs are good conductors of electricity, and their conductivity is 1000 times that of copper

[70], and thus, when incorporated into a polymer matrix such as that for OSCs, they can

47



provide an excellent and robust network for the transfer of cltamgiers to the electrodes

by providing a percolating paflv2]. Semiconducting CNTs also generate excitons upon
absorption in the near infrared region of the electromagnetic spefI@m This has the
potential to increase the number of excitons generated within a device and results in a
greater number of disintegrations to electrons and holes when incorporated in OSCs. CNTs
have a high aspect ratio (>1000:1), and therefore, very littegisired to form composites

with physicochemical properties that are very different from those of the parent polymer
[73]. They hae outstanding mechanical propertig4l], a high surface area to volume

ratio [79], and relatively small diameters, which have made these materials very useful as
additives to make high strength composité§|.

2.2.1 Electronic properties of CNTs

Singlewall CNTs can either have metallic or seconducting properties depending on the
orientation of the graphene sheets which are rolled to makedhedual tube[77]. In a
perfectly aligned SW®Orhitals in theniedividual istenembered r | ap o
rings. This overlap provides a dehlized space for the movement of electrons and the
SWCNTSs are deemed conductors. The conductivity can change t@eoicting when

the alignment of the sime mber ed rings i s dorbgat averlapeis , and
changed. The direction of ttggraphene sheet plane and nanotube diameter are obtained

from a pair of integers (n, m) that denote the nanotube fyBe In the arm-chair
configuration the integers are equal (n = m), and inZigeagorientation oneof the

integers is equal to 0 (m or n = 0), and when the tube is descrilsbdasthe integers are

nonzero and noe q u a | (n I -tgpe.tubes #&e metdiia while all other
orientations are semiconductifg9]. At high temperatures, the electrical conductivity of
SWCNTs can be described by sestassical models used with graphite, while at low
temperature, they reveal 2D quantum transport feat{88s However, it is very difficult

to predict the electrical properties of MWCNTSs because rolling up of the graphene layers

can differ from one layer to the other and their more complex structure increases the

possbility of defects, which can alter the electronic properties.
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In terms of electrical properties, some recent reviews have highlighted the limitations
encountered when incorporating SWCNT structures into Q8C84]. Nevertheless, the

key consideration is the inhomogeneity of a sample of SWCNTs. Typically, after
synthesizing and purifying SWCNTSs, the samples contain a mixture of semiconducting and
highly condicting tubes. Thus, some of the tubes may enhance charge carrier transfer to
the electrodes, and some may act as sites for recombination of charge carriers. These
limitations may be overcome in the near future, with improvements in the synthesis of

SWCNTs to control chirality or in separation methods.

When CNTs, multvalled or singlewalled, are incorporated into a polymer matrix, the
resulting nanocomposites can have electrical properties that differ from their parent
materials. This depends on whetliee loading or weight percent of CNTs is above or
below the percolation threshold. Conductivity increases drastically when the amount of
CNTs is at or above the percolation threshold. Bauhofer and K¢88chave reviewed
percolation thresholds for CNT/polymer composites. The percolation threshold is known
to be influenced by dispersion, aspect ratio, purity and alignment of the [BHTsAlso, it

has been suggested that it is easier for-disppersed CNTs to form an electrical path
owing to homogeneous dispersifBb]. Higher electrical conductivity leads to increased
photocurrents which improve overall efficiency of the cell dej&.

The electrical properties of SWCNTs and MWCNTs t&ntuned to a certain extent,
whereby the HOMO and LUMO match the donor and acceptor polymers appropriately, and
thus, these materials can be incorporated into the OSC architecture as electron or hole

carriers within the donor or acceptor polymer matixas transparent electrod&s).

2.2.2Mechanical properties of CNTs

Carbon nanotubes are madesgf carboncarbon londs, and these continuous networks

within a tubular shape make them some of the strongest and most resilient materials known
to exist. CNTs have a theoretical Youngo6s

tensile strength of these materials hasnbmeasured to be upwards of 100s of gigapascals.
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To offer some perspective on such numbers, CNTs are often compared to steel, with simple
descriptors stating they are 100 times stronger than steel but weigh six timg&8/83ss

91]. In addition, CNTs are also very flexible and can bend over 90° several times without
breaking[92]. They undergo permanent structural changes at high pressures (>1.5 GPa),
but below these values deformation is usually totally eldS@}. Also in the radial
direction, CNTs have a much | ower ndileungos
strength in the radial direction is lower with values of ~1 GPa. The mechanical strength of
CNTs increases the strength of the CNT/polymer comppag89-91,9394], and can be

of interest to OSC§72]. The transfer of the mechanical properties of the CNTs to the
polymer matrix or the change in mechanical propeft@ms those of the parent materials to

the new composite offers new possibilities in the design and implementation of solar cells
in general. The use of lighter and stronger materials means thatdartpgearea PV
systems can be assembled on structtiras cannot support the weight of some inorganic
systems. In addition, the flexibility would allow for greater options in design and
implementation, for example, OSCs on a bridge column or any other highly curved surface.
However, in order to achieve @dlent mechanical properties with polymer/CNT
nanocomposites, the CNTs need to be functionalized in order to debundle them and to

facilitate dispersion in a solution or polymer matrix.

2.2.3Thermal properties of CNTs

Among the carbonaceous materiald\ TS are more stable to oxidation than activated
carbon or amorphous carbon at high temperatdree thermal behaviour is different in
SWCNTs and MWCNTs. SWCNTs are more thermally stable than MWCNTSs thiage
have more defined structure and less deformaf{i®fls The thermoconductivity of CNTs

in the axial direction is higher while in the radial direction, it is an insulator. The estimat
thermoconductivity at room temperature is 7000 WK [95]. This is comparable with
that of diamond, therefore, inclusion of CNTs in the polymer matrix forms a thermally
conductive percolating network enhanciigrmal conductivityf96]. For OSCs, this can

improve thermal conductivity, and hence, it may reduce thermal degradation problems.
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2.2.4Chemical properties of CNTs

Generally, CNTs are chemically inert, but the curvature on the surface of the tubes
enhances their reactivity compared to a flat gesghsheef97]. Mi smat ch- bet wee
orbital in the CNT walls brings about reactivity enhancements. CNTsswitl diameters

are more reactive than ones with bigger diam€t@rs. The slight reactivity of CNTs

allows surbce modification, and this is accomplished by acid oxidation to introduce
oxygencontaining group functionalities on the wall surfag@8 which increases solubility

in polar solvents and also increases their compatibility with some polymeric m§@8ges

Further modiication is possible through covalent chemistry and examples include
fluorination, ozonolysis or acrylatiof¥8]. These modifications of CNTs are known as

functionalization and are discussed in the next section.

2.3 Functionalization of CNTs

Raw CNTs are not usually used to make CNT/polymer composites without treatment to
eliminate impurities like amorphous carbon, metal particles and graphitic nanoparticles, all
of which interfere with the desired properties or end peofP9]. These impurities can be
removed by gaphase oxidation[10Q, acid treatmenf101], annealing and thermal
treatmen{102103, ultrasonicatiorj99], magnetic separatidd®9], microfiltration[102, or

a combination of two or more of the aforementioned methb@i4§.

As previously mentioned, incorporation of CNTs in a conjugated polymer has potential use
in OSC fabrication as it improves mechanidhlermal and electrical properties of the
polymer[62]. However, for improved interfacial bonding anddalispersion of the CNTs

in a conjugated polymer or solvent, surface modification is required. Surface modification
can either be covalent or naovalent[105. Table 1 shows how these two types of

functionalizationareachieved.

51



Table 1: Surface functionalization of CNTSs.

Damaging
Typeof Methodof
_ o _ o Reagents effect on | References
functionalization functionalization
CNTs
sonication followed by _ [106
o o dianhydride monomer yes
in situ polymerization
Non-covalent surfactant aided sodium dodecyl (107,108
no
modification sulfonate
wrapping polyvinylpyrrolidone no [109
solution treatment conc HSO;HNO, yes [110111]
(usually acid
oxidation) 31
ases, e.g. $5, NHs,
Covalent ball milling J J : yes [112113
CO, COC}
No/Ar microwave
plasma treatment plasma treatment to no [114
introduce N on the wall

2.3.1Non-covalent functionalization

Non-covalent modification involves physicatisorption of the polymer chain on the walls

of the CNTs through i ndeeroncasttuctuwenof GNiTs ahdntlee d e | o
d e | o c adlectrorecdstructure of conjugated polymer chdit@d. Interaction between

t h eelectronic systems of the polymer chains and the CNT walls breaks the van der Waals

forces between individual CNTs. Typically, CNTs aggregate into bundles owing to the

dispersion forces between individual tubes, and the higlcasatio means the bundles can
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be very difficult to brealup; hence, the use of ultrasound probe techniques during
processing. The interaction between the polymer chain and individual CNTs modifies the
conformation of the polymer and can lead to heliwehpping around the CNT. Nen
covalent functionalization does not interfere with the conjugated system of the CNTs and

therefore the desired properties are reta[iéd.

2.3.2 Covalent functionalization

Covalent functionasiation or a chemical modification introduces functional groups
covalently bonded to the backbone structure of the CNTs and contributes to better
dispersion of CNTs within the polymer matrix. It also improves the chemical affinity of
CNTs, which assists ithe processing of the CNT/polymer composite, and improves the
mechanical and electrical properties of the compo§it#y. However, covalent
functionalization can alter the electronic properties of CNTs in afawwurable maner

and this can have an unfavourable effect on the final OSCs.

3. Assembling solar cells

The processing of A& with CNTs involves a number of steps including, processing of the
conjugated polymer/CNT composites and deposition of these composites suitalde
substrate.

3.1 Processing conjugated polymer/CNT composites

Good dispersion and adhesion of CNTs with the polymer matrix plays an important role in
incorporating the excellent properties of CNTs in the polymer m§8@k. There are
several methods of processing CNT/polymer composites, which include solution mixing,
melt blending andn situ polymerization. Effective utilization of CNTa1icomposite
applications depends on their ability to disperse individually and homogenously within the
polymer matrix. Interfacial interaction between the CNTs and the polymer matrix, results
in efficient load transfer. It also affects the alignmentnafividual tubes in the polymer
matrix [115. Well-aligned tubes are reported to interact well with the polymer matrix

which, enhances conductivity and increase mechanical strength of the corffd®ite
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3.1.1 Solution processing

The general procedure involves dispersion of CNTs in a suitable solvent by energetic
agitation, followed by mixing of polymer and nanotubes in solution by mechanical
agitation. The solvent is then allowed to evaporatgeurtontrolled conditions and the
CNT/polymer composite is left behirj@6]. Energetic agitation can be brought about by
shear intensive mechanicstirring, magnetic stirring or ultrasonicati¢hl5. Prolonged

use of highpowered ultrasonication can introduce defects on the nanotube walls and reduce
their sizes, which affects their propertigg6]. Bhattacharyyaet al. [62] processed a
poly(3-octylthiophene) (P30OT)/SWCNT composite by solution processing. The CNTs
were dispersed in chloroform by higlowered ultrasonication, the P3OT solution in
chloroform was added to this dispersion and the mixture was then sohicafthe
chloroform solution was left to evaporate. Geng and Zdrig] similary prepared a

composite P3HT with SWCNTSs by solution processing.

Nogueira and covorkers[118 prepared a composite of SWCNTs and thiophene by using
soluion processing. However, in their case, they first dried the oxidized SWCNTs
followed by refluxing them with 3 M nitric acid to introduce carboxylic acid groups.
Thionyl chloride was then added and the mixture stirred to introduce acyl chloride groups.
Thereatfter, 2(2hienyl)ethanol was added to form an ester named SWUONDP. The
product was dispersed in toluene, the polymer P30T was added, the mixture stirred and the

toluene evaporated leaving the composite which they characterised.

3.1.2 Melt processing

This method involves heating the polymer above its melting point to form a viscous liquid
and introducing the CNTs by shear mixing. The method is good for insoluble polymers
that are impossible to prepare by solution processings thhe most caopatible method

with current industrial practices such as injection moulding, blow moulding, extrusion and
internal mixing. In particular, this technique is very useful when dealing with

thermoplastic polymers which soften when hedtetld. Socheret al [120 used melt
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mixing to incorporate MWCNTSs and carbon black together as a fillers in polyamide 12.
The aim was to study the synergistic interaction effect of the two conductivity fillers. They
reported higher volume conductivities for samples with the two fillers together gifthnau

synergistic effect was reported at the percolation threshold.

3.1.3In situ processing

The method involves dispersion of CNTs in a monomer solution. Polymerization takes
place to form the polymer/CNT composite and is usually good for polymersarhatot
soluble or are thermally unstablén situ polymerization can prepare composites that are
covalently or norcovalently bound to the nanotubg6]. Because of the small size of
monomer molecules, the homogeneity of the resulting composite adducts is much higher
than solution mixing of polymer and CNTs. It also allows preparation of composites with a
high CNT weight fractior{115. The advantage of this method is the high reactivity of
monomers that makes it efficient and controllable and enables designable tailored

processing.

Koizhaiganova et al [121] synthesized a P3HT/DWCNT composite bg situ
polymeization to enable interfacial bonding and proper dispersion of the CNTs in the
polymer matrix. They reported impressive conductivity values and recommended the use
of the composite as a PV cell material. The same group had earlier reported the synthesis
of PSOT/DWCNTSs byn situ polymerization[122], and reported that the inner walls of the
DWCNTSs retained their intrinsicrpperties while the outer walls were involved in the
formation of the composite with the polymer. This explains why the composites are
popular in solar cells. Kinat al.[123 synthesized MWCNT/P3HT composites inysitu
polymerization. They reported that the MWCNTs provide good conductivity even at low
loading. Impressive conductivities and mobility values of the corteosake it suitable

for use in PV materials.
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3.2 Film deposition techniques

CNT/polymer composite processing is followed by deposition or coating onto a suitable
substrate in order to fabricate OSCs. Deposition techniques involve depositing a thin film
of material on a substrate or previously deposited layers. The key issue is to have control
on the layer thickness to a few tens of nanometres. The following are some of the methods
used to deposit the organic films on the substrates.

3.2.1 Spin coatingmethod

This involves dosing CNT/polymer composite on the substrate that rotates, distributing the
composite homogeneously on the surface due to centrifugal forces. The substrate spins
until the composite dries up, and the final thickness is controlleftelopiency of spin,
composition and properties of the material as well as the drying conditions-cdsiing
parameters are interdependent on each other; for example, an increase in spin frequency
results in a lower film thickness, higher drying rate aigher shear ratgl24]. Nagateet

al. [129 used spin coating to prepare a BHJ OSC witlplemer interdigitized electrodes.
Vairavan and cavorkers[126 used spin coating to deposit the active layer of Pely[2
methoxy5-(2-ethylhexyloxy}1,4-phenylenevinylene], CdTe and CdS hybrid on a
substrate, and the PCE of the device increased by 0.05%. &iragh[127] used spin
coating of P3HT, functionalized SWCNTs and PCBM composite on a substrate at ambient

conditions and formed a cell with a photoefficiency of ~1.8%.

3.2.2Knife-coating and slotdie coating method

These techniques involveontinuous deposition of a wet layer along the length of web
without contact with the coating head and the web. Coating is a result of feeding the
CNT/polymer composite suspension to a meniscus that stands between the coating head
and the web (Figure 8)Coat thickness control is superior to printing. Krifeating is

very similar to doctor blading, and laboratory results show that it can be transferred quite
readily to roltto-roll knife coating[128. An ink reservoir before the knife in the knife
coating process serves as a supply to the meniscus with new ink; as the web passes by it

gradually deposits.
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In the case of sladlie coating, thesuspension is supplied to the meniseissa slot and a
pump. With this method it is also possible to coat stripes of ade&hed width along the

web direction and hence, it one of the only flonming techniques that inherently allows

for 1D pattermng. This aspect has enabled the very convincing demonstration -dieslot
coating for the manufacture of polymer solar cells. It is possible to control and adjust the
coat layer by controlling the speed of the web or the CNT/polymer suspension supply.
Wengeler and cavorkers [124 investigated knife and slotdie coating to process a
polymer nanoparticle composite for hybrid polymer solar cells. They reported that knife
coated solar cells showed efficiencies comparable to-cg@ted, which demonstrates

scalability since knifecoating is compatible with the retb-roll technique.

Ink supply _'L

Meniscus

(A) Knife coating (B) Slot die coating

Figure 8 lllustration of knifecoating (A) and sletlie coating (B). The coat is

deposited on the web as it passes [128].

3.2.3Inject printing and spray -coating method

With these types of wetlm techniques, a coat is formed witltocontact between the
substrate and the printing head. CNT/polymer composite suspension droplets are ejected
into the free space that exists between the nozzle and substrate. The coat thickness can be
controlled by printing multiple layers or adding raocomposite suspension to one spot
[128. Girotto et al [129 used both spray and spin coating to compare composite

performance. They demonstrated that spray coating is an excellent alternative to spin
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coating. Petfet al [13( reported spray coating as a higfinoughput coating technique that

is scalable and adaptable for OPV manufang. They argued that, to ensure uniform
coating of the organic layer, the wettability, surface tension and boiling point of the solvent
require optimization. Kang and -weorkers[131] used a spray coating process to deposit

electron and holeselective layers in an inverted OSC.

3.2.4Dip coating technique

Materials to use for dip coating are dissolved in an appropriate solvent such as toluene,
chloromethane or chlorobenzef82. The substrate is soaked upright by allowing full
coverage by the solution. Then the substrate is removed slowly from the solution and the
liquid allowed to flow by gravity. A natural drying process follows and the film co#tt@n

underside is erased.

3.2.5Other printing techniques
Other techniques include gravure printifi3134], flexographic printing135, screen
printing [136 and rotary screeprinting [128]. They involve transferring the motif to a

substrate by physical contact between the object carrying the motif and the substrate.

4. Casestudies

There are several examples in the open literature where authors have investigated the use of
CNTs in OSCs. Case studies where CNT/polymer are briefly highlighted, and some
important developments in the field, based on SWCNTs, DWCNTs or MWCNTs as
exampes, are discussed in the subsequent section

4.1 Singlewalled carbon nanotubes

A composite consisting of a polycarbonate polymer and a 5 wt.% loading of SWCNTs was
found to increase the conductivity by four orders of magnitude compared with the pristine
polymer[137]. SWCNTscombinedwith poly(2-methoxyt5-(2-ethoxylhexyloxy)1,4-
henylenevinylene) in the ratio 1:1 and with 8\6f 0.4 V and dcof 1* m A cmit achieved

a FF of 43%[13g. A SWCNT composite with P30T was synthesized to determine the
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effect of the SWCNT loading. A 15% loading was found to be the most favourable
because the hole mobility increased 500 times compared with pristine R3@T Acid
functionalized SWCNTs were found to enhance the conjugation length of P3HT thereby
improving the absorption capacity. A device fabricated from these materials had a photo
conversion of ~1.8%127]. SWCNTs when combined with P3HIFPS formed a device

with increased photoresponse. This could be attributed to enhanced exciton dissociation
and charge carrier separatipb4(. Acid-treated SWCNTs covalently combined with
aminothiophene through amide bonds to form a SW@DNHTh composite showing an
efficiency of 1.78%, while pristine SWCNTs had an efficiency of 1.48% and (brop
without SWCNT had an efficiency of 19441]. Integrdion of SWCNTs by simple and
direct thermocompression in a polyethylene polymer formed a composite with good optical
transparency and conductivit¥4?. When SWCNTs form a composite with P3HT, charge
carriers were found to be lodiged in the polymer matrix owing to the improved
interfacial electron transf¢i43.

4.2 Double-walled carbon narotubes

Doublewalled CNT/P30T composite conductivities were compared with CNT loadings
betweenl and 20%ad determine the suitability of the composite as a photoactive material.
The conductivity increased with CNT loading, and 20% was reported to have the highest
conductivity of 1.52 x 18 S cm*. The high conductivity of the composite makes it
suitable foruse as a photoactive layer in a PV ¢&R2. Inclusion of DWCNTSs in the
active layer consisting of P3HT/@D increasedhe performance of the cell owing to

increased charge transport and reduced recombir&®n

4.3 Multiwalled carbon nanotubes

A composite of MWCNTs and doped polyaniline (PANI) in its imeraldine salt
MWCNT/PANI-ES was synthesized ly situ polymerization. The conductivity increased

by 50 70% compared to pristine PANI. The increase was attributed to the presence of
carboxylic acid groups on the wall of MWCNT which improved dispergibdd]. To
determine the best MWCNToading in the polymer matrix for efficient conductivity, a
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composite of PANI and MWCNTSs was synthesized by oxidativ&tu polymerization. A

2 wt.% loading of acidunctionalised MWCNT gave the highest conductivjd4y.
Polymercomposite®f poly(3,4dihexyloxythiopheneandpoly(3,4dimethyloxythiophene
co-3,4-dihexyloxythiophene) with MWCNTS, conjugated by low energy band gap, were
synthesized. A high conductivity of 16 S ¢nwas attainedat 30% loading[38].
Sulfonated PANI forms a watasoluble and conducting composite with MWCNTSs that
were surface functionalized with phenylamine groupsirbysitu polymerization. The
conductivity increasedy two orders of magnitude compared with pristine MWCNTs
[146]. A composite of pristine MWCNTs and polyf(Rethoxy5-( 2etheylhexyloxy)1,4-
phenylene] was formed by solution mixirf@47]. Photoluminescence quenching and
increased absorbance, were some of the attributes of the composite formed. The electrical
conductivity threshold of this composite was noted at 0.5% MWCNT loading; however,
higher loading than thisofmed a dense network of nanotubes that acted as a nanomeric
heatsink. Additionalexamplesaregivenin Table2.

5. Conclusion

From the discussion CNT/polymer composites have been shown to possess improved
mechanical, conduction and electrical progartihan the original polymer from which they
were made. CNTs have also been found to enhance OSC efficiency due to improved
dissociation of excitons and electron transfer to the electrodes. However, these efficiencies
are still very low when compared 85Cs and more research is required to improve on the
same. The research should focus more on the synthesis of copolymers, whose absorption
will cover a wider range of the solar spectrum, and with improved environmental stability,
which is another challergin OSCs. Further research is also required on synthesis of
CNTs, especially SWCNTs, to ensure metallic and smnductor is synthesized as
different products. When the product is a mixture of metallic and-sentductors, post
synthesis separation dhfficult. In addition, whena mixture of the two is used to form a
composite for OSCs, metallic type is reported to short circuit lowering efficiency. Easier

and more efficient methods of synthesizing DWCNTSs also need to be explored.
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Table 2: Examples of CNT/polymer composites in OSCs.
Additional Position Jsc/
Type of | CNT treatment /| CNT CNT . o Voc/ o
) o ) Polymerused composite | within the mA FF d/ 9 llumination Ref.
CNT used | functionalization loading dopant N ) mV )
additives device cm
oly(3-hexylthio-
Oxidation nix of Poly( y )
MWCNT 2.0 wt% phenel,3-diyl) N/A Graphene | Activelayer | 670 4.7 0.32 | 1.05 | 100 mW cn? | [38]
H,SO, & HNO3)
(P3HT)
Alkyl amide side )
i Poly(3-hexylthio- ) AM 1.5 G,95
MWCNT | chains 0.2 wt% N/A PCBM Active layer | 560 1479 | 0.52 | 4.39 ) [87]
) phené (P3HT) mwW cmi
(octyldecylamine)
carboxylated ang poly(3-hexylthio- ] 0.51 AM 1.5 G,95
SWCNT 0.4 wt% N/A C60 Active layer | 386 2.72 0.57 5 (88
sulfonated phene)P3HT) 2 mwW cm
Covalent regioregular Poly(3
] o ) ) ] 0.009 0.18 | AM 1.5, 150
SWCNT | functionalization with| 5.0 wt% octylthiophene) N/A N/A Active layer | 750 . NR 4 W [118
2-(2-thienyl)ethanol (P30T)
Oxidation nix of Poly(3-hexylthio- ) AM 1.5 G,95
MWCNT 1.0wt% B PCBM Activelayer | 570 11.47 | 613 | 4.1 ) [64]
H,SO, & HNO3) phene)(P3HT) mW cmi
Oxidation (mx of Poly(3-hexylthi- ) AM 1.5 G,95
MWCNT 1.0wt% N PCBM Active layer | 550 1041 | 63.8 | 3.7 ) [64]
H,SO,; & HNO3) opheng (P3HT) mW cni
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Oxidation (mx of poly 3-hexylthiophene ] AM 1.5 G,95
MWCNT 1.0 wt% N/A PCBM Active layer | 580 8.52 65.3 | 3.2 5 [64]
H,SO, & HNOg) (P3HT) mwW cm
poly(3-hexylthio-
Oxidation (mix of phene) (P3HT) inden{ B-, & ) AM 15 G,95
MWCNT 0.2 wt% | PCBM Active layer | 560 9.29 575 |3 5 [64]
H,SO, & HNOg) T Cc60 b | N- mwW cm
(ICBA)
poly(2-methoxy5-
Oxidation nix of ( 2ethylhexyloxy) 1 ) AM 15 G,
MWCNT N/A ) N InP Active layer | 790 11.9 65 6.11 (59
H,SO, & HNO3) 4-phenylenevinylene) 100 mWw crif
(MEHPPV)
poly(3-octylthio- electron
SWCNT | N/A 1:1 N/A N/A 400 0.001 | 43 NR [138
phene) (P30T) donor layer
acid treatment, an( .
) ) poly(3-hexylthio- ) AM 1.5, 100
SWCNT | then dispersed witll 1.0 wt% N/A N/A Active layer | 750 0.5 NR | NR , [139
phene) (P3HT) mwW cni
SDS
Oxidation (nix of poly(3-hexylthio- )
SWCNT N/A N/A PCBM Active layer | 520 5.53 0.49 | 1.8 | 80mW cn?? [127
H,SO, & HNO3) phene) (P3HT)
Amidation with 2 poly(3-hexylthio- photoactive AM 1.5, 100
SWCNT . . 0.5 wt% N/A PCBM 550 5.6 0.58 | 1.78 ) [147]
aminothiophene phene) (P3HT) layer mWeni
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regioregular poly (3

Oxidation nix of ) ) AM 1.5 G,100
MWCNT 0.01 wt% | hexylthiophene) (k| N/A PCBM Active layer | 520 11.33 | 54.6 | 3.47 ) [144
H,SO, & HNOg) mwW CM
P3HT)
Non-covalent )
) L . Separate layer in thi
SWCNT | functionalization with| N/A devi N/A N/A Donorlayer | 580 8.36 694 | 3.36 | AM15G [148
evice
the polyner
poly(3-
. Separate
SWCNT | N/A 0.75wt% | hexylthiophene) N/A N/A | 509.6 | 8.2 246 | 352 | AM15G [149
ayer
(P3HT) Y
oly(3
N/A (CNTs were paiy( . )
SWCNT ] ) 3.0 wt% hexylthiophene) N/A N/A Active layer | 1040 | 1.99 NR | 0.72 | AM15 [15Q9
semiconducting)
(P3HT)
Oxidation nix of poly(3,4ethylene polystyrenes ) 100 mW cn¥,
MWCNT 0.04 wt% ) . N/A ) | Active layer | 560 9.03 47.4 | 2.39 [157]
H,SO,; & HNO3) dioxythiophene) ulfonic acid AM15G
2,7-Bis-( 3 ,- 3 NjNjN
didodecyt
DWCNT | 37% HClI treatment | 1.0 wt% [ 2, 2Nj, 5Nj, 2/ NA PCBM Active layer | 530 2.37 0.37 | 0.43 | 100 mW cnf, | [152
erthiopher5-yl)fl -

uoren9-one (QTF12)
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DopedCNTs in polymer composites could be better conductors than pristine CNTs
when used in OSCs and thus, should be intensively investigatedrastigudata on

these is limited.
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Experimental

Crystal data

IF"(C.J [S)(CITIIIJNI)I
M, = 36623
Monaclinic, £2,
a=107200 (3) A
b=7.4015(2) A

c= 208517 (6) A

B =93.044 (1)

Daia collection

Bruker SMART APEXII CCD
diffractometer

Absorption correction: multi-scan
(SADARBS: Bruker, 2008)
Toin = 0.627, Tiae = 0914

Refinement

RIF? > 20(F)] = 0.022
wR(F?) = 0.061
S=1.02

7976 reflections

451 parameters

V= 165212 (8) A*
Z=4

Mo Ke radiation
=092 mm™!
T=113K

0.56 x 045 x 0.10 mm

36615 measured reflections
7976 independent reflections
7617 reflections with 1> 2a(f)
R = 0021

H-atom parameters constrained

Apman =035 A7

Apmin = =026¢ A

Absolute structure: Flack (1983).
3568 Fricdel pairs
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Abstract

The asymmetric unit of the title compound, [FekG)(CiH1aNJ)], contains two
independent molecules whose conformations differ, especially in -{ieyddin-4-
yl)methylidene]amino}phenyl unit where one is flipped by almost °180The
cyclopentadienyl rings fo the ferrocene unit also exhibit different staggered
conformations: in one molecule the conformation is staggered by 9.43 (2) and in the
other by 24.46 (1) from an ideal eclipsed geomeffe plane of the benzene ring is
tilted away from the ferroceneaup in both molecules, with dihedral angles of 6.97 (1)
and 10.30 (2) The benzene ring is also slightly twisted from the plane of the pyridine
ring, with dihedral angles of 5.98 (2) and 6.51 (2) in the two molecules.

1. Related literature.
For relaed compounds, sedNlyamoriet al. (2012); Nyamori and Moodley (2011kor
the synthesis, sedRajputet al (2006).

2. Comment

As part of investigation of the title compound (Big. 1) as a catalyst for synthesis of
nitrogen doped shaped carbon naaterials we have determined its crystal structure.

The compound crystallized with two independent molecules in the asymmetric unit
(Fig. 2).
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Fig. 2: The asymmetric unit of the title compound with displacement ellipsoids

drawn at the 50% probability level.

In each molecule, the ferrocenyl moiety is linked to phenyl with imine and pyridine
groups. The conformations of the two moleculese different especially in the
staggering angles of each ones cyclopentadienyl ring and also in the @yridin
ylmethylene) aniline moietiesThe two cyclopentadienyl rings of the ferrocene moiety
also exhibit different staggered geometries where intlbaeonformation is skewed by
9.43 (2) ° and in the other by 24.46 (1)This differs from the value of 15.9 ° observed
by Nyamori and Moodley, (2011) and 2.17 (2) ° by Nyanstral, (2012) in related
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structures. The phenyl group is tilted away frothe ferrocene group in one of the
molecules by a dihedral angle of 6.97 (1) ° and by a dihedral angle of 10.30 (2) ° in the
other molecule.The phenyl ring is also slightly twisted from the plane of the pyyld

ring by a dihedral angle of 5.98 (2) °ane and by 6.51 (2) ° in the other molecule.

3. Experimental

The title compound was prepared by a modification of the reported method (Biajput
al., 2006). Into a Pyrex tube fitted with a ground glass joirfiedrocenylaniline (130
mg, 0.47 mmol) andysidine-4-carboxyaldehyde (76 mg, 0.71 mmol) were add€de
compounds were thoroughly groundhe mixture turned into a red solid which was
subjected to columohromatography using a mixture of hexane: dichloromethane in the
ratio 8:2. (162 mg, 94%) m.[@99 201°C. IR (ATR crml) 3430, 3043, 2954, 2876,
1621, 1582, 1465, 1336, 1168, 1083, 1032, 889, 845, 741, 643, 549, 524 ,14D1
(CDCI3) =8.80 (M, dd, J = 4.5 and 1.5 pyH), 8.54H1s, CHN), 7.80 (&, dd, J =4.5
and 1.5 pyH), 7.54, dd, J = 6.7 and 18rH), 4.69 (H, t, J = 1.8 C5H4), 4.32 2 t,

J = 1.8 C5H4), 4.06 (&, s, C5H4).013C (CDCI3) = 151.2, 148.5, 143.5,8.8, 127.2,
122.9, 121.6, 96.5, 85.4, 77.1, 69.4, 66.42(%) 277.1 (23.9%) 367.2 (100%) Found:
M+, 367.2 for C22H18FeN2, requirds 366.2367.

4. Refinement

Carbonbound Hatoms were placed in calculated position8d [@ = 1.0Q for methine

H atoms and @5v for aromatic

H atoms;Uiso (H) = 1.2J¢(C) and were included in the refinement in the riding model

approximation.

5. Computing details

Data collectionAPEX2 (Bruker, 2008); cell refinemenS8AINT-Plus (Bruker, 2008);
data reductionSAINT-Plus and XPREP (Bruker, 2008); program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine structure:
SHELXL97 (Sheldrick, 2008); molecular graphic©ORTER3 (Farrugia, 2012);
software used to prepare material for publicatmGX (Farugia, 2012).
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6. Crystal data

[Fe(GsHs)(C17H13N2)] Mr = 366.23
Monoclinic, P21 Hall symbol: P 2yb
a=10.7200 (3y b=7.4015 (2v
c=20.8517 (6y b=193.044 (1Y

V = 1652.12 (83 Z=4

F(000) = 760 Dx = 1.472 Mg m°
Mo K Uadiation, 2=0.7107%

7. Cell parameters from 36615 reflections
d=1.928.3° £=0.92 mm*
T=173K Plate, rel 0.56 x 0.45 x 0.1 mm

8. Data collection

Bruker SMART APEXII CCD diffractometer
Graphite monochromateri andy scans
Absorption correction: mukscan

(SADABS; Bruker, 2008)

Tmin = 0.627, Tmax= 0.914

36615 measured reflections

7976 independent reflaons

7617 reflections with > 20(1)

Rint = 0.021

dmax = 28.3°dmin = 1.9°
h= 17T14Y14

k= 1T9Y9

l= 1T27Y27

9. Refinement
Refinement orF?
Leastsquares matrix: full
R[F? > 20(F%)] = 0.022
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wR(F%) = 0.061

S=1.02

7976 reflections

451 parameters

1 restrant

Primary atom site location: structudirevariant direct methods
Secondary atom site location: differerioarier map
Hydrogen site location: inferred from neighbouring sites
H-atom parameters constrained

w = 1/[6P(Fo?) + (0.038P)? + 0.2134)

whereP = (F? + 2F2)/3

( g)max = 0.004

@ max =0.35 e

mmin = vb.26 e

10. Special details

10.1. Geometry

All estimated standard deviations.q4.d.'$ (except the e.s.d. in the dihedral angle
between two |.s. planes) are estimated usieguh covariance matrixThe cell e.s.d.'s

are taken into account individually in the estimation of e.s.d.'s in distances, angles and
torsion angles; correlations between e.s.d.'s in cell parameters are only used when they
are defined by crystal symmetryAn approximate (isotropic) treatment of cell e.s.d.'s is

used for estimating e.s.d.'s involving |.s. planes.

10.2. Refinement

Refinement of? againstall reflections. The weightedR-factorwR and goodness of fit
S are based oiff?, conventionalR-factors R are based offf, with F set to zero for
negativeF?. The threshold expression &f > §(F?) is used only for calculating-
factors(gt)etc and is not relevant to the choice of reflections for refinemBractors
based orF? are statistically abut twice as large as those basedForand R- factors
based orall data will be even largerFractional atomic coordinates and isotropic or

equivalent isotropic displacement parameters (A2)
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Abstract

Nitrogendoped carbon nanotubes -@MNTs) were synthesized by pyrolysis df
{[(pyridin -4-yl)methylidene]amino}phenyl)ferrocene in a solution of either acetonitrile

or toluene as arbon source. This was achieved by testing three different growth
temperatures (800, 850 and 900 °C), and the 850 °C was found to be the most
favourable condition for NCNT growth. At the lower temperature of 800 °C,
amorphous carbon was mainly formeditehat the higher temperature of 900 °C, the
yield of carbon spheres (CSs) increased. Apart from the variation in temperature, the
formation of other shaped carbon nanomaterials (SCNMs) was found to be carbon
source dependent. Acetonitrile was found todpce mainly NCNTs wi t h &édbambo
morphology while toluene formed a mixture of pristine CNTs ar@NN's in the ratio

of 1:1. NCNTs and other SCNMs synthesized were characterized by means of TEM,
SEM, Raman spectroscopy, TGA and elemental analysis.

Keywords: chemical vapour deposition; nitrogedoped carbon nanotube; carbon

sphere; acetonitrile; toluene; shaped carbon nanomaterials
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1. Introduction

The introduction of heteroatoms into the backbone of carbon nanotubes (CNTs) changes
their structural,chemical and electrical properti¢s]. Doping CNTs with nitrogen
creates superficial defects that alters the chemical properties of CNTs and creates a path
to reactivity and applicatiorf2]. Some of the potential applications ofOWTs include

lithium storage[3,4], biosensord5,6], fuel cells[7,8], drug delivery[9], catalytic

support{10], field emissiori4,11] and electronic devicd42], among others.

Heteroatom doping was first reported by Stépbtal [13]. They doped CNTs with
nitrogen and boron by means of the arc discharge method. Currently, nitogeg

is accomplished by eithém-situ or exsitu [14] methods whereby in the latter the walls

of CNTs are functionalized with nitrogarontaining groups by use of molecules such
as NH[15] subsequent to CNT synthesis. Anothseful example oéx-situ technique
which does not involve a simple molecule but a complex has been illustrated by
Schilling and Bror{16], where they functionalised muitralled CNTs with the aid of a
nitrogerrcontaining complex, iron tetrartt@xyphenylporphyrin chloride (FeETMMP

CIl). On the other hand, nitrog@&oping usingin-situ synthesis has been reported by
means of arc dischard#7], laser ablatioi18] and chemical vapour deposition (CVD)
[19] techniques. In general, the CVD method is preferred since it is more economical,
relatively easier to produce and seafethe synthesis of i&CNTs. In thisapproach, the
carbon source also provides the nitrogen sof#@8] however, the catalyst can also act

as a sarce of nitroger{9,21]. Additional examples include the use of nitrogen source
that is completely separat®i the carbon source and the catd28].

N-CNTs can be identified by the characteri st
the presence of nitrogen, whiafitroduces defects and pentagon rings in the graphene

network that results in a positive curvature of the tubular 1§¥pr The distance

between each bamboo compartment has been found to be directly proportional to the
amount of nitrogesdoping with a smaller size compartment signifying a higher
nitrogendoping level[23]. Organometallic complexes, especially ferrocene and its
derivatives, have been used as both catalysts and as carbon sources for the synthesis of

CNTs and other shaped carbon nanomaterials (SCINME) The use of ferrocene and
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acetonitrile has also been investigated [25], howevehignpaper we report on the use

of anorganometallicomplex,(4-{[(pyridin -4-yl)methylidene]amino}phenyl)ferrocene,
[Fe(GsHs)(C17H13N2)], which is a novel ferrocenyl derivative as a catalyst for the
synthesis of NCNTs. It does not only act as the sourmf active metal iron
nanoparticle but also as nitrogen and carbon source in a solution of acetonitrile or
toluene. This paper also explores the variation of growth temperature and how it affects
the yield, type of SCNMs formed and level of nitroggoping.

2. Experimental

All the chemicals used were of analytical grade and were used as received unless stated
otherwise. The catalyst precursors were synthesized as previously reported: 4
nitrophenylferrocene[26] and 4ferrocenylaniline by catalytic reduction of- 4
nitrophenylferrocene as reported by Atat al [27]. In brief, 2 g of 4
nitrophenylferrocene was dissolved in 100 mL of methanol and 2.62 g of zinc powder
was slowly added to the mixture while stirrin@hen 4 mL of formic acid was added
drop-wise and thereafter the mixture heated to 70 °C. The reaction was monitored by
thin layer chromatographyT(C) and the reaction product was isolated with a yield of
85%. (4-{[(Pyridin-4-yl)methylidene]amino}pherlyferrocenewas prepared as reported
earlier by our group28] under solventree conditions. Briefly, this involved mixing 4
ferrocenylaniline (130 mg, 0.47 mmol) and pyridiivearboxyaldehyde (76 mg, 0.71
mmol) in a Pyrex tube fitted with a ground glass joint (Scheme 1). The solid mixture
was thoraighly ground leading to a melt, which solidified once it was left to stand
under vacuum. The red solid was then subjected to column chromatography using a
solvent mixture of hexane:dichloromethane in the ratio of 8:2. The pure product was

isolated and dfained as red crystals.

An amount of 2.5 wt.% of ([(pyridin -4-yl)methylidene]amino}phenyl)ferrocengas

used as a catalyst in the CVD floating catalyst method to synthesNTS. The
setup of the reactor used was based on a previously reported [@$igA quartz tube
(inner diameter 27 mm and length 850 mm) used agdhetor vessel, was placed
inside a muffle/tube furnace (model no. TSH12/50/610, Elite Thermal Systems Ltd)

fitted with a main zone temperature controller (Eurotherm 2416). The temperature was
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controlled and set to the desired maximum reaction tempergys,) thatis 800, 850

or 900 eC. The pur gi mpopargon @/v)setat afiow ratgof g a s
100 mL/min. When the desired temperaturg,(lTwas attained, a solution of 2.5 wt.%
catalyst and the carbon source was injected at a rate of 0.8 mLithinhe aid of a

New Era Inc. syringe pump (model no. NE 300). The carbonaceous materials obtained
from the uniform hot zone were collected and weighedhe products were
characterized by means of transmission electron microscopy ({EML, JEM 101p
scanning electron microscopy (SENGarl Zeiss Ultra Plug)Raman spectroscopy
(DeltaNu Advantage 53 Raman spectromeferthermogravimetric analysidA
Instrument Q series™ Thermal analyser DSC/TGA (Q60ahd elemental analysis

(CHNS),
_ 0
NH, +
o~
H

4-ferrocenylaniline pyridine-4-carboxyal dehyde

;

O

(4-{ [(pyridin-4-yl)methyli dene]amino} phenyl)f errocene

(¢
:

Schemel: Solventfree synthesiof (4-{[(pyridin -4-yl)methylidene]amino}

phenyl)ferrocene.

3. Results and discussion
The catalyst, (4[(pyridin-4-yl)methylidene]amino}phenyl)ferrocenewas easily
synthesized under solvefiee conditons to obtain an excellent yieldg@2 mg, 94%)

and characterized as before [28]. The catalyst was further utilizeddtution of either
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toluene or acetonitrile as the carbon soumsynthesize shapeazhrbon nanomaterials
(SCNMs) by means of the floag catalyst CVD method. Apart from the catalyst,
acetonitrile was also used as an additional nitrogen source and the results obtained are

shown in Table 1.

Table 1: Productsnobtainedoy pyrolysisof4-{[(pyridine-4-yl)methylidene]
amino}phenyl}ferrocene (2.5 wt.%) in a solidn of toluene or

acetonitrile.

Tempera Carbon Yi e Composoitthheon Avg. Avg.

( AC) source (mgproduct * (nm) O.D.
( nm)

800 Toluen 176 40%;60 %c 10. 1¢60. 1
Aceton 100 60%;40 %c 31.3(50. 6

850 Tobuene 30050%,;45@S5%c 15.6:68. 3
Aceton 178 85%;15 %c 54. 2:60. 7

900 Toluen 570 2%W;98®S 25. 3¢73.7
Aceton 240 20%;80%S 65. 6¢76. 4

*The composition of the products is based on acceptable counting presadking
electron micrographs, at least 50 images were used in eachrntheger 20 SCNMs
were counted per sampld. - carbon nanotubes; Acamorphous carbon; GSarbon
spheres; Avg. I.D- average inner diameter; Avg. O.Daverage outer diamete

From the results, three types of SCNMs were formed, i.e. CNTs, amorphous carbon
(Ac), and carbon spheres (CS). These results are in agreement with the findings of
Nxumalo et al. [30] who reported formation of similar products by pyrolysis of
ferrocenylaniline or a mixture of ferrocene and aniline in different proportions by using
toluene as the carbon source at 900 °Coweler, in their case they also obtained
carbon fibres. Itis evident that the resultant products and their distribution is dependent
not only on the catalyst and carbon source used, but also on the choice of reaction
conditions such as reaction temperatTuax), reaction time, gas flow rate and
pressure[31]. Figure 1 shows the TEM images ofrgpresentative samples of the
SCNMsobtained.
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' \s ,1 < ‘L \ 2000 nm
Figure 1. TEM images of SCNMs synthesized from a solution of (A) acetonitrile
at 850 °C, (B) acetonitrile at 800 °C and (C) toluene at 850 °C.

The TEM images in Figure 1 sa&amlwo otoh ad h atpheed
compartments which usually signifies nitrogdoping. Bamboo compartments arise

due to formation of pentagonal rings in the graphene network, which induces positive
curvature in the graphene layg]. Inclusion of nitrogeror oxygen in the carbon

graphene network is relatively easy. This is more so due to similarities in their
hybridisation and bond length, i.e. C=C, C=0 and C=N being 1.38 A, 1.36 A and 1.34

A respectively. However, the C=N bond length is shorter tharoff@tC and hence it

distorts the order in the graphene matrix by introducing pentagons which cause strain in

the structurg32]. These distortions créad by the nitrogen atoms cause defects and are
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seen to be more concentrated in the inner layer than other layers and hence the bamboo

morphology is more pronounced inside the t{88.

3.1 Effect of carbon source

The effect of the carbon source on the size of individual bamboo compartments, wall
thickness and general morphology of CNTs wasstigated. This was accomplished

by comparing the typef CNTs formed when a solution atetonitrile or toluene was
used as the carbon sourdéigure 2 shows some TEM images o0 Ts grown from a

solution of either acetonitrile or toluene.

Figure 22 TEM images of NCNTs synthesized at 850 °C from a solution of (A)
acetonitrile and (B) toluene. The red lines and arrows on the images

indicate the individual bamboo compartments.

The sizes of each bamboo compartment were different and this hastaelagonship

to the amount of nitrogen from the nitrogen source:CMI's synthesized from a
solution of acetonitrile formed shorter bamboo compartments compared with the ones
formed from a solution of toluene. A possible explanation could be thatnitaygen

atoms are incorporated into the structure since apart from the ferrocenyl derivative
which contains nitrogen, the acetonitrile solvent also introduces additional nitrogen
which would also be involved in the doping process. These findings coitbuthase

of Nxumaloet al[30], who observed a decrease in bamboo compartment size and more
individual compartments in eldube, which was an indication of the increased extent
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of nitrogerdoping. Chenet al.[8] also reported a positive correlation between higher
nitrogen content in the carbon source and higher nitrdo@mg in the NCNTSs.

In addition to the bamboo compartment size, the af acetonitrile formed ICNTs

with bigger internal diameters and smaller wall thicknesses. The increased internal
diameter and reduced wall thickness could be due to the level of nitdogamy. Our
findings concur with those dbnescuet al [34] who reported an increase in internal N

CNT diameter and decrease in wall thickness with increased nitcmyeng.

Some of the CNTs synthesised in a solution of toluene lacked basthgmures,
indicating that effective nitrogedoping did not readily take place in the graphene
network. The number of /LNTs (with bamboo structures) and pristine CNTs were in
the ratio 1:1. This was determined by counting tubes in at least 50 imidgés.and
co-workers [31] made a similar observation when they synthesiz&N®s in a
solution of toluene in 5% benzylamine. This suggests that nittdgeimg
significantly depends on both the choice of carbon source and cd@Byst It was

noted that NCNTs synthesized from a solution of acetonitrile were well aligned (Figure
3A). On the other hand the pristine CNTs (as determined by lack of bamboo structures)
synthesisedrdbm a solution of toluene were observed to have kinks, were wavy and not
aligned (Figure 3B). A possible reason could be that products derived from the latter
approach were not only less ordered, but also intermingled with a mixture of pristine
CNTs and NCNTs, and hence distorting the alignment of the t(iB#s

3.2 Effect of growth temperature
Varying the growth temperature was found to have an effect on the level of nitrogen

doping, yield and the graphitic nature or crystallinity eENTSs.
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Figure 3: SEM images of CNTs synthesized at 850 °C from a solution of (A)
acetonitrile and (B) talene showing the former to be well aligned and

the latter to be wavy.

3.2.1 The nitrogen-doping percentage

Elemental analysi®y carbon, hydrogen, nitrogen and sulpfGHNS) analyserwas

used to study the relationship between growth temperature angemittoping. Figure

4 show a CHNS spectrum for the sample grown at°88and the extracted resultst

was observed that the nitrogdoping percentage increased from zero to 2.21%-in N
CNTs synthesized in a solution of toluene as the growth tempenatueased from 800

to 850°C. When a solution of acetonitrile was used a similar, but more effective,
doping trend was observed, that is, the nitredeping percentage increased from
3.96% to 17.57% in the same temperature range. However, a diffezadt was
observed when the growth temperature was increased to 900 °C when acetonitrile was
used as a carbon source. The doping percentage decreased to 3.47%. A possible
explanation of this reduction could be that as the growth temperature was raif€d to 9
°C, elemental nitrogen that is usually incorporated into the graphene structure did not
react but escaped through the exhaust system and this was evident from the water trap
showing more vigorous bubbling. Our findings concur with Tahgl. [35], who
reported that the level of nitroge&loping decreased by half when the temperature was
increased from 800 to 900 °C. The highest nitredeping was noted at 850 °C in a
solutionof acetonitrile indicating a direct relationship between nitred@ping, growth

temperature and amount of nitrogen in the carbon sources. Furthermore, in terms of the
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extent of nitrogerdoping, the elemental analysis at 850 °C, strongly correlates veth t
TEM observations (Figure 2) and results discussed above.
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Figure 4: CHNS spectra of NCNTs synthesized from a solution of acetonitrile at 850

°C and the extracted results.

3.2.2N-CNT yield and general morphology

Generally the yield of NCNTs increased with growth temperature for both acetonitrile
and toluene. A solution of toluene gave a higher yield (176, 300, and 570 mg)
compared with acetonitrile (100, 178, and 240 mg) at 800, 850 and 900 °C respectively
(Table 1). It was also evident that ttype of SCNMs formed changed with growth
temperature. At 800 °C a lot of Ac formed but the amount decreased as the growth
temperature increased to 900 °C. However, the percentage of CS increased with growth
temperature. A possible reason could be duggglomeration of catalyst nanoparticles
into bigger particles at higher temperatures (note catalyst concentration was keep
constant) and hence favouring the growth of other nanomaterials other tharf3BNTs
Seahet al [37] also observed a similar trend at high temperature, however and in
addition, higher catalyst/carbon ratio would also lead to catalyst particles agglomerating
at a higher rate, becoming toada and thus resulting in unfavourable conditions for
CNT growth.
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The morphology of the MCNTs such as the outer diameter (O.D.) was observed to
change with growth temperature. The O.D. of the tubes was observed to increase with
increase in growth tempesure for acetonitrile (Table 1). However, when using a
solution of toluene it was only possible to compare samples at temperatures of 800 and
850 °C and the trend was similar. A possible explanation for the increase in outer
diameter with increase inr®erature could be due to agglomeration and increase in
catalysts particle sizes which favour formation of CNTs with large outer diameters. N
CNTs synthesised with a solution of acetonitrile at 850 °C had larger outer diameters
(60.79 nm) compared with ¢dse grown from a solution of toluene (55.3 nm). In
contrast, at 800 °C {CNTs from toluene had bigger outer diameters than in acetonitrile
(60.19 nm compared to 50.64 nm respectively). As for the internal diameter (I-D.), N
CNTs synthesized from acetailgé were larger compared with ones grown from
toluene. The opposite was observed for the wall thickness@NNs synthesized from
toluene that showed thicker walls compared with those grown from acetonitrile as the

carbon source.

3.2.3 Graphitic nature /crystallinity

Raman spectroscopy was used to study the effect of growth temperature on the graphitic
nature of NCNTs. Two major peaks were observéie Gband (between 1560 and

1599 cm') which originates from the Ramangnode and the and (betweei347

and 1363 ci) which is the disordeinduced band. The intensities of theb&nd and
D-band were observed to differ and evidence can be seen fropiltheatio (Figureb).

This ratio is an indicator of the graphitic nature of th€ NTs or degreef disorder,

and was observed to increase from 800 to 850 °C for tubes synthesised with acetonitrile.
Nitrogendoping in NCNTSs increased as the growth temperature rose from 800 to 850
°C which implies a higher level of disorder, and this agrees withrékelts from
elemental analysis and the TEM observations. In contrast,pthe ratio of tubes
synthesized from toluene decreased between 800 and 850 °C, which is an indication of

the formation of more graphitic tubes.
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Figure 5. Raman chart comparindp/lc ratio at the different growth

temperatures.

However, Table 1 shows a reduction of Ac product as the growth temperature increases
and this could also be a possible reason for the increase in the graphitic nature of the
product at higher temperatureGenerally, the NCNTs synthesised in a solution of
acetonitrile were found to be more disorderly at all growth temperatures and this is
possibly due to the level of nitrogeloping.

Thermogravimetric analysis was used to investigate the thermal sgtaidilECNMs
synthesized at different growth temperatures in a solution of acetonitrile or toluene.
Figure6 shows the thermogramsSCNMs synthesized from a solution of toluene were
thermally more stable compared with those grown from acetonitrile asroedfiby
observing the initial decomposition temperature. A possible explanation is that toluene
provided more pristine CNTs, which are more structured with fewer defects, while
acetonitrile mainly formed NCNTSs, which is iAline with our elemental analysresults,

TEM observations, and Raman analysis:CNTs synthesized at a temperature of 850
°C which had the highest level of nitrogdaping, showed the least thermal stability.
The decomposition temperature increased from 481 °C to 600 °C 4ONT$

synthesized from acetonitrile at growth temperatures of 850 and 900 °C respectively
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Figure 6: Thermogravimetric analysis of SCNMs at different growth

temperatures (°C) in a solution of either toluene or acetonitrile.

This shows that the thermal stitlgiincreased as the growth temperature increased from

850 to 900 °C which supports the decrease in the level of nitd@@ng.

4. Conclusion

N-CNTs were synthesized by pyrolysis of-{{§yridine-4-yl)methylidene]amine
phenyl)ferrocene in a solutiasf either toluene or acetonitrile. Acetonitrile formed N
CNTs with mainly bamboo morphology indicative of nitrogdoping. The NCNTs

were found to be generally less thermally stable and less graphitic. Also the thermal
stability decreases as the lewal nitrogendoping increases. A solution of toluene
formed a mixture of nitrogedoped and pristine CNTs. In general, the growth

temperature was found to affect the yield, type of SCNMs formed and level of nitrogen
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doping. Hence, this study has showmtthhe SCNMs synthesised depend on the

conditions of sythesis and the precursors used.
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Abstract

Borondoped carbon nanotubes-B\Ts) were synthesized using chemical vapour
deposition (CVD) floating catalyst method. Toluene was used as the carbon source,
triphenylborane as boron as well as the carbon source whitedae was used as the
catalyst. The amount of triphenylborane used was varied in a solution of toluene and
ferrocene. Ferrocene was kept constant at 2.5 wt.% while, a maximum temperature of
900 °C was used for the synthesis of the shaped carbon nanalRai@CNMSs).
SCNMs obtained were characterized by the use of transmission electron microscope
(TEM), scanning electron microscope (SEM), high resoluéil@etron microscopy,
electron dispersive &y spectroscopy (EDX)Raman spectroscopy, inductively
coupled plasmaptical emission spectroscopy (I€FES), vibrating sample
magnetometer (VSM), nitrogen adsorption at 77 K, and inverse gas chromatography.
TEM and SEM analysis confirmed -GNCINsMsanodbt ai
c a r manafibres (BCNF). EDX and ICROES results showed that boron was
successively incorporated into the carbon hexagonal network of CNTs and its
concentration was dependent on the amount of triphenylborane used. From the VSM
results, the boron doping within the CNTs introduéedlomagnetic properties, and as

the percentage of boron increased the magneéctiedy and squareness changed. In
addition, boron doping changed the conductivity and the surface energy among other

physicochemical properties ofBNTS.

Keywords: boron-doped carbon nanotubes; carbon nanofibres; physiochemical prop

erties;chemicalvapourdepositionferrocene
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1. Introduction

Doping carbon nanotubes is a process of introducing foreign atoms into the carbon
backbone structure to deliberately fine éutheir physicochemical properties. Doping

of carbon nanotubes (CNTs) with heteroatoms such as boron or nitrogen alters their
chemical[1], electrical[2], mechanica[3] and physical propertiggl]. In addition, it

also increases the number of defects on the wallseoCNTs; breaking inertness and
enhancing reactivity{5]. Mousavi and Moradiarj6] reported increased electrical
conductivity of CNTs with increased nitrogear borondopant concendition. The
increase in borcxdoping has been found to enhance crystallipdfyand improve field
emission properties when comedr to pristine and nitrogetioped CNTs[8].
Enhanced properties after doping CNTs with boron has resulted in the application of
these materials in; hydrogen stord@, oxygen reduction reactiond.(], transparent

conducting film[2], secondry batterie$11] and field emitter$12] among others.

Borondoping of CNTs can be achieved through either; -postdirectsynthesis. In
postsynthesis doping, already synthesized CNTs are mixed with the -Hopamt,
normally at high temperature, inducing sulsgign of carbon with the borofil3].
However, this has a disadvantage of introducing undesirabtedalgicts such as nano

rods that formduring this high temperature procddgl]. On the other hand, direct
synthesis borowoping can be achieved by heating a mixturéaondopant, carbon
source and the catalyst. Examples of boron sources in-dimetttesis doping include
boron trioxide[15], boron fluoride[16], organoborane$7,17-19] or diborane[20].

This process can be achieved by the arc dige{21,22], laser ablatiorf13,23] and
chemical vapour deposition (CVID16,24] methods. Organoboranes are more popular
with the CVD method because they do not only supply boron but can also be an
additional source of carbon. CVD is the most preferred synthesis method because it is
economical, possible to scale up and easier to fime woping levels by simply
controlling various physical parameters such as temperature and pressure while also the

chemical aspect such as concentration of the dopant in the precursors [ijxture

It is also possible, with the CVD method, to synthesize preferred dimensions and the

level or concentration of boron within the bordoped CNTs (BCNTs). For example
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Lyu et al. [7] synthesized doublwalled CNTs with boron concentration ranging
between 0.8 to 3.1 atomic % (at.%) by catalytic decomposition ofhyetrafuran,
triisopropylborane over FBIo/MgO catalyst. Alternatively, BEENTs were synthesized

by CVD using benzene, triphenylborane and ferrocene as catalyst with boron content

ranging between-2.24%[10].

In this paper we report for the first time effect of boron concentration in4B8IBs on

the surface energy properties of these materials. To the best of our knowledge the
influence of borordoping on the surface energy of@BNTs has not been reported.
Inverse gas chromatography (IGC) is a very versatile and reliable technique for
determination of surface characteristics of a material since they can be compared and
quantified. From these results energetic properties of sasnplaces and functional
groups attached can be determined. CNTs can be used as fillers with other compounds
such as polymers, or as components in other types of nanocomposites. Surface energy
properties can be linked to various physiclaémical properéis that can provide some
insights into which compounds (gases, liquids, or solids) can interact with CNTs to

ensure their unique properties can be well utilised.

2. Experimental

2.1 Materials and synthesis of BCNTs

All the chemicals used in this stydvere of analytical grade and were used as received
unless stated otherwise. Both triphenylborane (98%) and ferrocene (98%) were
purchased from Sigma Aldrich Co. (St Louis, USA) and toluene (97%) from BDH
chemicals (Poole England). For all samples fmne catalyst weight percent (%0.

was constant i.e. at 2.5 #4.while, triphenylborane concentration was varied 1.0, 2.5
and 5.0 wt.%. Toluene as a carbon source was added to make 100 wt.%. The total
mass of the mixture was 10 grams and was place®thralL plastic syringe. Reactor
setup used was based on a previously reported dgaign In brief, a quartz tube
(inner diameter 27 mm and length 850 mm) was usetthe reactor vessel. This was
placed inside a tube furnace (model no. TSH12/50/610, Elite Thermal Systems Ltd.)
fitted with a main zone furnace controller (Eurotherm 2416). The furnace was heated to

a maximum temperature jAx) of 900 °C, and a mixturef toluene, triphenylborane
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and ferrocene was injected at a flow rate of 0.8 mL mising a syringe pump (New

Era Inc. syringe pump, model no. NE 300). The carrier gas used was a mixture of 10%
hydrogen in argon (v/v) and was set at a flow rate of 100mm. The product was
obtained from the part of quartz tube reactor that was in the hot zone of tube furnace,
weighed, before being characterised. Iron catalyst nanoparticles and amorphous
carbons were purified from @&ynthesized products by refluxingth 6M HNOs;. 200

mg of assynthesized products was mixed with 50 mL 6M HNi®a round bottomed

flask. The mixture was stirred at 80 °C for 12 hours; vacuum filtered, washed with
distilled water several times until the pH of the filtrate was seven dhniexd in a

vacuum at 100 °C for 12 hours.

2.2 Characterizations

The carbon products obtained were characterised using several instruments. Initial
analysis on the surface morphology was conducted using a field emission scanning
microscopy (Carl Zeiss ltda Plus). Samples were pressed onto double sided carbon
tape mounted on aluminium stubs, placed within the microscope and then analysed
using an accelerating voltage of 10 kV. Images were captured using the Zeiss ultra plus
FEGSEM software. Furtherrattural and morphological characterizations were done
using a JEOL transmission electron microscopy (JEOL, JEM 1010) and a high
resolution transmission electron microscopy (HBM) (JEOL, JEM 2100) using
accelerating voltages of 100 and 200 kV respegtiveBefore TEM or HRTEM
analysis, samples were dispersed in ethanol using a bath sonicator and then were drop
dried on carbon coated copper grids. On the TEM, images were captured using
Megaview 3 camera and then analysed using iTEM software. On tREEINR Gatan

digital micrograph software was used for imaging while electron dispersikay X
spectroscopy (EDX) which was coupled to the instrument (INCA 4.15 by Oxford

instrument) was used for qualitative elemental analysis.

Raman spectroscopy on therlman products was done using a DeltaNu Advantage
532™ Raman spectrometer. The excitation source was a Nd: YAG solid state crystal
class 3b diode laser at 532 nm excitation wavelength. NuUpsaftware was used to

capture generated spectra. Thermognatric analysis (TGA) was done using TA
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Instrument Q series™ Thermal analyser DSC/TGA (Q600). The carbon products
obtained were heated at a rate of 10 °Cmising an air flow rate of 50 mL mifnand
the data was captured and analysed using the $thument universal analysis 2000

software.

The boron content and its percentage or concentration in the carbon products were
determined using inductively coupled plasopical emission spectroscopy (ICHES)

on a Perkin Elmer Optima 5300 DV. 10 mgBACNTs samples were digested in
piranha solution (a mixture of conc sulphuric acid and 30% v/v hydrogen peroxide in
the ratio 3:1). The WinLab 32 software was used to analyse the data.

Magnetic properties were determined usagibrating sample magnetater (VSM)

and the data was analysed by the VSM system software. Conductivity was calculated
from resistivity obtained by four probe resistivity measurements (Scientific equipment
and service, India). Samples were prepared by dispersing 30 mg of cavdantp in

10 mL of ethanol using bath sonication for 30 minutes. The dispersion was vacuum
filtered with a hitch funnel to form a thin film of about 0.15 mm (= 0.01) on the filter
paper. The film thickness was determined using micrometre screw gauggef] the
samples were fixed on the four probes then inserted in proportideglatderivative

(PID) controlled oven. The controller minimizes the temperature error by adjusting
upward or downward in case of over shoot. Temperature was variedeheta@m
temperature and 118 at 3° interval each time recording change in voltage while

current was kept constant.

Textural characteristics were determined using Micrometrics TriStar Il surface area and
porosity while the data was captured and analysadguTriStar Il 3020 Version 2
Software. Samples were weighed (200 mg) and vacuum degassed for 12 hours before
determining surface area and pore size/volume. IGC surface energy analyzer (SEA)
was used to determine surface energy properties of the samfpbesit 30 mg of the
sample was packed in IGC salinized glass column 300 mm length and 4 mm internal

diameter. The column was filled with salinized glass wool on both ends of the sample
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until it was well packed Cirrusontrol software was used for anas/sontrol andCirrus

Plus software was used for data analysis.

3. Results and discussion

3.1 Effect of boron on morphology and composition of products

Fig. 1 shows the TEM images of the products synthesized at 900 °C. Two types of
shaped carbon nanaterials (SCNMs) were observed and these were mainly carbon
nanotubes (BCNTs) and carbon nanofibres-@NFs) (Fig 1A). From Fig. 1B, image

was of MWCNTs and had cofshaped structures on the internal surfaces and this were

a qualitative indicator thatdoondoping was achieved. This is also reported in
literature where the NTs have cones and the centre of the tube was nallaw las

in pristine MWCNTS[26,27]. The product was also observed to be wavy and kinky,
formed fiel bowd joints and had thick wall s.
doped CNTs(NCNTs) which have fbambd¢28o0Hashimetuct ur es
al. [29] reported that bored opi ng of CNTs favours for mat
(responsible for waviness and kinkiness) and other funttion like Y-junctions.

Formation of BCNFs was found to increase as the wt.% of triphsorgne (boron

source) was increased (Table 1). This could be due to the fact that, at higher boron
concentration and the 900 °C temperature used in this study, catalyst agglomeration is
enhanced hence favouring the formation of other SCNMs rather thaa [@8]T Under

similar temperature conditions (900 °C), we have previously reported the synthesis of
nitrogerrdoped CNTs (NCNTSs) by use of toluene as the carbon source and a ferrocene
derivative, (4{[(pyridin-4-yl)methylidene]amino}phenyl)ferrocene as a catalyst and

nitrogen source. In this case a mixture 6CNTs and carbon spheres were formed

[28]. From the weight ofthe products we also noted that yield increased by using high

wt.% of boronprecursoTablel).
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Fig. 1. TEM images of (A) products obtained®@NTs with very small diameter
and BCNF with have large diameter. (B) High magnification e€BITs

showingconeshaped compartment, thick walls and kinks

FESEM image, Fig. 2 shows the surface morphology of SCNMs synthesized and the
wavy and kinky morphology within the samples in the image. Samples were composed
of B-CNTs and BCNF.

Formation of BCNTs am B-CNFs observed in this study (Figsathd 2) concur with
results of Jianget al [31] who postdoped CNTs with boron by heating a mixture of
CNTs and boron powder at high temperatures apdrted that, apart from formation of
B-CNTs with cone shaped compartments, some nanotubes changed to solid nanofibres.
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Fig. 2 FESEM image of the synthesized CNTs an€CBFs with wavy and

kinky structure.

The composition and distribution of the prottuwas determined by counting not less
than 50 TEM images and over 200 carbon nanotubes and fibres, then reported as an
averagdq32]. Also, the innerand outerdiameer of BCNTs as well as, outeliameter

of B-CNFs were determined with similar approach from several TEM images.

Table ' Composition of the products obtained at 900 °C.

Wt.% boron Yield Composition

precursor (mgQ) (T =BCNTs, F = BCNF)
1.0 200 85% T,15% F

2.5 340 75% T, 25% F

5.0 660 60% T, 40% F

The innefr and outerdiameters of BCNTs as well as, outaeliameter of BCNF were
determined from TEM images. It was observed that the outer diameter of QN 8

and BCNFs decreased as t.% of boron precursor was increased (Fig. 3).
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Fig. 32 Change ofCNTsinnerdiameter (ID)and CNTs outerdiameter (OD of
B-CNTs while ODF is the outerdiameter of BCNF. This was
determined from a minimum of 50 TEM images amgborted as an

average.

Reduction of the outer diameters could be due to interaction of boron with the catalyst

to generate smaller nanoparticles. Boron has poor solubility with iron catalyst
nanoparticle at high temperatures therefore, it is segregatdte surface of the catalyst

[33]. This reduces the amount of carbon dissolving in the catalyst and eventually,
precipitated to form BCNTs. Our findings on reduction of outer diameter e€EBTS

from 73.8 nm to 38.5 nm ( Fata.[17] ®horepogede e wi t |
a decrease from 77 nm to 47 nm by increasing boron precursor from 5.0 to 10.0 wt.%.

The length of BCNTs synthesised was estimated to be betwéént 4l from TEM

images. This long length could be due to boron acting as surf@8@rthat inhibit

closure of theubes and promote continued tube growth. Has#iml [29) used DFT

calculations to provehat boron doping favours formation of heptagons which also

inhibits tube closure as opposed to pentagons which favour closure. Our previous work

has shown that nitrogesioping within CNTs, does promote tube closure and this is

because the nitrogen hetetwah f or msh afpbeedldl st ructures whi ¢
pentagon as well as, nitrogen occupying edges of the tubes as opposed to hexagon or
heptagon$29].
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3.2. Determination of % boron concentration in the samples

We attempted to determine the concentration of boron using EDX; Fig. 4 represents the
spectrums andable 2values obtained by this characterization technique. No boron
was detected in samples prepanath 1.0 wt.% boron precursor using this method, the
possible reason could be concentration of boron was below detection limits of this

instrument.

y v ' " v 0 05 1 15
0.2 03 0.4 0.5 06 Full Scale 19610 cts Cursor: 1.334 (550 ct
Full Scale 312388 cts Cursor: 0.000

Fig. 4 Boron concentration as determined by EDX, (ACBITs synthesized
from 2.5 wt.% and (B) from B.wt.% triphenylborane (boron containing
precursor).

Table 2: Values of Boron concentrations obtained form EDX for 2.5% and 5.0%

wt. % triphenylborane.

WESOT o ments weight % atomic %
triphenylborane
. boron 2.3 2.7
: carbon 92 96
- boron 3.3 3.9
' carbon 87 94

EDX was attached to HREM, at high magnification different sections of the same
tube were analysed while, at low magnification different sections of the samples were
analysed. From EDX analysis we noted boron was heterogeneousty alofiee tubes
(from one tube t@nother and also in different sections of the same tube) and followed

no regular pattern. Hashiet al.[29] experimentally mapped boratoping on samples
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synthesized by aerosol assisted CVD with triethylborane as boron source using electron

|l oss spectroscopy and reported oinsanly. bor on
Varied borordoping in different sections of the sample was also reported by Nichollas

et al.[27] and thus our results, and those from the literature, show that EDX could not

be used as a quantitative technique for determining\teeall level of boron within the

samples. However, quantification of boron concentration in the samples was done by

use of ICPOES. Table8 gives the results obtained.

Boron concentration was between i®46%, which was dependant on the wt.% of
boron precursor used. From the quantitative data obtained byOE® we observed

that the % boron concentration increased as the wt.% of boron precursor increased; and
it was possible to tune the amount of boedwped by varying e amount

triphenylborane used.

Table 3: Boron concentration as determined by 1{OES

Boron precursor Boron concentration

(wt.%) (%)
1.0 0.4
2.5 1.2
5.0 2.5

3.3. Effect of % boron concentration on graphitic nature and thermal stability of
the samples

Raman spectroscopy wasadl to investigate the changes in the graphitic structure of the
B-CNTs with boron concentration in the products. Two major peaks were identified,
the Gband between 1500600 cn* and the Bband between 1300400 cn*. The D

band is associated with sttural disorder along the graphene sheet that makes up the
walls of the tubes, while the -@and is due to € stretching mode as a result of
tangential vibration of carbons within the walls of the nanotube. Talblighlights

results from Raman spectropgoanalysis.
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Table 4: Raman shift of for BCNTSs with boron concentration.

Boron D-band G-band D-Band Ip/lg
concentratior{% ) (cm) (cm) (cm™)

0.4 1352 1556 1601 0.52
1.2 1358 1559 1600 0.72
2.5 1356 1564 1600 0.77

It was observed that the-kand shifted to longer wavelength as the boron concentration
increased. Shift of the -Band to higher wavelength was attributed to substitution of
carbon from its network by bordB4]. In all the samples Eband was observed (Table

4 and Fig. 5), D-band is double resonance Raman feature induced by disorder and
defects by insertion of some boron atoms between graphitic carbon layers especially
where it i S c o movedn tjBéh theedpeakareawete ebsdrved tb
broaden (Fig. 5) with increadeboron concentration and this is also reported in
literature[34]. Increased peak sizes with boron concentration could be due to increased

defects and also, high concentratidiBeCNF as observed in TEM images.

700 -
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0 \~
-100L250 1450 1650
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Fig. 5: Raman D and G peaks for the sample. Appearance of @-peak was

also observed.

Ratio of intensity of Gband and Eband (b/ls ratio) was calculated from the integrated
intensity of the Raman peaks between 1300 cm’ and 15001600 cnt. An
increase of d/lg was observed from sample with 0.4% to%.®oron concentration
(Table3) this could be due to increased amount é€BFs and defects as the diameter
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reduces due decreased number of walls. Several researchers have reported increased
Io/lg ratio, as a measure of disorder level, as dopant conttentmnacrease$12,17,2§].

The small change ol ratio in samps with 1.2% 2.5% boron concentration relates

well with their decrease in outer diameter, which was also minimal and both samples
had high amount of EENFs which are less graphitic. Schusgeal. [36] used XPS to
compare graphitic nature of CNT and CNF and reported that CNF are less graphitic.
This supports our observation that samples with high amount@NBs had more

disorders and less graphi{iTables3 and4).

Thermal stability and purity of the samples were analysed using thermogravimetric
analysis, a widely used methodtireliterature for the analysis of CNT82,37,38], and

the results are shown in Fig. 6 A and B. We observed that the sample with 0.4% boron
concentration asynthesized was the ast thermally stable but also had the highest
amount of residual mass. This high residual mass could be due to iron catalyst
nanoparticles encapsulated inside th€BTs. After acid purification the iron catalyst
nanoparticles were removed and the resichass decreased but thermal stability also
decreased. Fig. 6B derivative %.weight loss shows clearly that sample with 2.5% boron

concentratiorwasa mixture.

3.4. Variation of textural properties of B-CNTs and B-CNF with % boron
concentration in the sanple
The effect of percentage boron content on the textual characteristics ofdbge8
SCNMs; surface area and porosity, was calculated using the BET and -Bayredt
Helanda (BJH) equations respectively. Tabkummarizes the results obtained which
shows the sample with 0.4 % boron concentration had the highessiBEaLe area
which can be attributed to the fact that the sample had the least amouGiINFB(see
Table5). Fig. 7 presents the pore size distributions (small and large pores) for the
various samples. Small pores are due to inner channelsCHTB while large pores

are as a result of entanglement of CNI3g.
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Fig. 6. Thermogravimetric analysis of NTs and BCNFs (A) showing amount

of residue remaining on the purified samples was very little and (B) their
derivative % weight loss.

We observed the sample with 0.4 % boron concentration had high contribution of both
small pores (110 nm) and large pores (D nm). High contribution of small pores

supports our earlier observation in the TEM that this sample had high amount of tubes
with open ends.

Also, this contribution of both small and large pores (Fig. 7) increaseaunt of
nitrogen gas adsorption on the samples making this sample to have the highest BET
surface area and porosity. Small pores in samples with 1.2% and 2.5% boron
concentration are an indication of reduced number-@MN\'s and increased-8NFs,

reducel entanglement and thereby reducing large pores.
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Table 5: Summary of textual characteristics ofMBNVCNTS.

Boron concentration Surface area Pore volume Pore size

(%) (m?/g) (cm/g) (hm)
0.4 102.507 0.228 10.926
1.2 63.8421 0.1414 13.279
2.5 81.3456 0.1430 10.515
=)
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pore diameter (nm)

Fig. 7. Pore size distributian

We observed a good trend of BET surface area and pore sizes for samples with 1.2%
and 2.5% boron concentration in relation to OD, ID and ODF as the amourCNFB
increased the BET surface area dased as well as the outer diameter. Adsorption
isotherms (Fig. 8) show that the 0.4% and 1.2% boron concentration samples had type
IV isotherm with a defined hysteresis loop. In contrast the 2.5% boron concentration
sample had a small and almostdé#éfined hysteresis loop. The differences can be
linked to the BCNF content increase with increased doping. Tessomial [36]

reported similar obseations for commercial carbon nanostructures with carbon fibres.
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Fig. 8 B-MWCNTs isotherm plots for 0.4%, 1.2% and 2.5% boron

concentration

3.5. Effect of % boron concentration on conductivity of BCNTs
The conductivity of the materials was cdlted from their resistivity as determined by
four probe method. Resistivity Y by four probe method was calculated as follows

. Y

NEN © (1)

where h is the film thickness ardis the distance betwede probes. This equation is

used mainly when the film thickness (h) is smaller than the distance between the probes
(6). In our case h was 0.15 (x0.01) mm whdiewas 0.2 cm Conductivity () was
calculated from resistivity] ( P » ) of the samples and it was observed that
conductivity increased with temperature and also with % boron concentration. Samples
with 2.5%, 1.2% and 0.4% boron concentration showed a minimuh886, 0.549 and

0 . 2 6'6m™ Wespectively (Fig. 9). This observatiomeois with finding of Kim et al.

[39], who reported increased conductivity of CNTs by increasing the amount of

substitutionbboron.
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Fig: 9. Conductivity of BCNTs against 1/T. Conductiigs increases as % B

boron concentration and temperature increases.

Boron-doping increases hole type charge carriers in the carbon network which intern
increased conductivitjl2], however, increased bora@oping has been reported to act

as scattering centres which reduces current fl@g|. Janaet al [40] reported
theoetical calculations showing predictions thatB@notubes are low barghp semi
conductors irrespective of diameter or chirality. Hence, we could assume the increase
conductivity is due to change of chirality where boron incorporation favours formation
of zigzagCNTs. Also the localization of boron atthe tjfi and fAel b[@¥ o j oi nt
reduces the scattering effect. We also observed that conductivity increased with
temperature, which could indicatieat BCNTs samples were seioonducting. Serni
conducting behaviour in CNTs is normally seen in zigzagchirality which in this

case was induced by bordoping[41,42]. We also observed conductivity to increase
with % B-CNFs in the sample, which had helitite morphology. High conductivity

for the sample with 2.5% boron concentration could be due to camtnbof B-CNFs

[43]. Generally, conductivity is expected to decrease as the diameterCOT
redued due to decreased mean free charge carrie44tliFig. 3) but, in our case it

was increasing which we attribute to the presence-GNEs in the sample which were

composed of walls parallel to the axisreasing mean carrier path.
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3.6. Effect %boron concentration on magnetic properties of BCNTs

Magnetic properties; coercivity gjf magnetic remanent (i, saturation magnetization

(Ms) and squareness (Talig of B-CNTs were determined by VSM. Ferrogmetic
properties were observed in all the samples with 0.4%ymathesised showing the
highest hysteresis loop, coercivity and squaren&hs. possible reason for this could be
due to iron (known to be highly ferromagnetic) catalyst nanoparticles trapgdd the
B-CNTs (Fig. 1) and this was also supported by thermogravimetric analysis seen in Fig.
6.

Table 6: Magnetic properties as determined by VSM

Boron o Magnetic Saturation
. Coercivity o
concentration ©) remanent [MR] | magnetizatiojMS] | Squarenes
(%) (emug™) (emug™)
0.471 as
. 264 0.13%4 2.49 0.074
synthesized
0.4 153 -0.143 4.67 0.0
1.2 227 0.070 1.46 0.048
2.5 254 0.061 1.06 0.057

It was also observed that coercivity and squareness increased with % boron
concentration (Tabl®). Hysteesis loop was observed in all samples but was very
weak for the sample with 0.4% boron concentration which was almost showing super
paramagnetic property however, the size and shape of the loop was dependent on the %

boron concentration (Fid.0).

Fig. 6 (thermogravimetric analysis) shows that some residue remained after thermal
degradation of the sample with 0.4% Bsymthesized, the other samples were showing
almost negligible amount. This was due to presence of some impurities that were likely

to be iron metal catalyst nanoparticles trapped inside tkiNBs and BCNFs.
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Fig.10: Magnetization of BCNTs showing hysteresis loops. 0.4% B as
synthesised had the highest loop (red) and 0.4% B (blue) lowest.

However; the ferromagnetic properties aveel cannot be wholly attributed to remnant

iron only, since samples with 0.4% and 2.5% B had almost the same amount of residue
(Fig. 6A) but, high coercivity and squareness values were observed for the sample with
high % B (Table3). Likodimoset al.[45] synthesized BCNTs without using metal
catalyst and reported sample with 1% bedaping with relatively high ferromagnetic
signal from a dc magnetization. Saturation magnetization of their samples was in the
range 0.10.08 emug™ in the temperature rangingZD0 K These values are lower

than what we observed in our samples at 300 K. Okanda and Oshiyama used DFT
calculations and reported ferromagnetic ordering in hexagonally bonded honeycombs

consisting of boron, nitrogen awcdrbon[46).

3.7. Effect of % boron concentration in B-CNTs on surface energy properties

Surface energy properties of -&GNTs were determined using inverse gas
chromatography using a surface energy analyzer (SEA), from surface measurement
systems, that was equipped with flamonization detector. Helium was the carrier gas
and methane reference gas. Dispersive component surface ehejgyas determined

from the retention timed( ) of volume of a series of normal alkanes Cgat a flow rate
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of 10 mLl\min and 5% surface coverage. All of the data was analysed using the Cirrus
Plus SEA data analysis software (Version 1.2.3Thel was calculated from a slope

of a straight line drawn fronY "Yab ¢ aganst the number of carbon atoms iralkanes

using the Doris and Grgy7] or Schultz[48] methods at maximum peak time. Where,

R is gas constant, T absolute column temperature and e ret retention volume of
nonpolar probes as well as polar probes and can be calculatethiz@auation;

w 0@ o ) (2)

where F is the flow ratertand t, are the retention and dead times measured with a
specific probe and a neadsorbing probe (such as methane) respectivelys Ehe
pressure at the flow meter, B the vapour pressure of pure water at the temperature of
the flow meter (Tewe), and T is the column temperatuf@9]. For j it was James
Martin correction factor of gas compressibility when the column inlgtai®d outlet

(Po) pressures are different given by equation

T
Q

¢ ©

The polar probes used to determine the acid/base propertie€NfTB surfaces were
acetone; acetonitrile, ethanol, ethyl acetate and dichloromethane. [ Theas
determined at 100 °C (10 hours run) for all of the samples usingficames; pentane,

hexane, heptane and octane.

There was no clear trend relating % boron concentration” witlat 0.4% was 39.64 mJ

m?, 1.2% was 191.10 mt? and 2.5% boron concentration was 157.81 mnd
However, ve observed that NTs and BCNFs in our samples had high surface
energies that compared well with values reported elsewhere fdopgd CNTH50].

The retention time of the various solvents can give some insight on the differences in
the distribution of surface groups on the samples. For instance, Ska#ér[51],

demonstrated that the differences in the retention time of a polar probe (pentanol) by
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oxidised CNTs and annealed CNTs was due to the types and amounts of polar groups
on the surfaces of the different types of CNTsabl€ 7 provides the results of the
retention time taken at the peak maximum, and the ratio of the retention time taken at
the centre of mass (COM) of the peak to the maximum retention time with tiEoteon

and polar probes. The ng@olar probes show sarvariation with the retention times,

as the carbon length decreases the retention time with each sample decreases, which is
an expected result and can be attributed to the smallersgossnal area of each probe

as the carbon chain length gets smalfeem octanel pentane) and thus there will be

less interaction between the shorter probes and the surface of the nanotubes when
compared with the longer probes. An interesting result is the large increase with the
retention time of the nepolar probes Wwen comparing 0.4% and 1.2% B samples and

then a subsequent decrease when comparing 1.2% and 2.5% B samples.

An increase in retention time is an indication that the surface chemistry of the nanotubes
changes from the 0.4% to the 1.2% B sample, in terinadsorption sites for the
probes. With the nepolar probes the interaction between the nanotube walls and the
probes will be due to van der Waals forces between the delocalized electrons along the
tube walls and the probes. Any disruption in the diatron of the delocalized
electrons will result in shorter retention times especially with the larger probes. Such a
disruption can be due to the distribution of the boron atom within the framework of the
nanotubes. As previously noted in the literatualifferent dopant levels will result in

the boron atoms in fairly isolated positions, and at higher dopant levels gaoB@ins
formed will be much closer togethgr0,27,39,42].

This change will result in different surface properties with the different % boron
concertration and hence the difference in the interactions between probes and samples.
It is interesting to note that Nicholl al. [27], observed that nanotube morphologies
change with the boron doping level. Thus, besides the change from ddyn@&T to

B-CNF morphology with the 2.5% boron concentration sample, there may be a change
with the CNT overall structure within the samples and hence a change in the retention
times with the nopolar probes.
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Table 7. The maximum retention time tak at the peak maximum, and the ratio of the
retention time taken at the centre of mass (COM) of the peak to the maximum retention

time of the various solvents used to probe the 3 samples

0.4% boron concentration| 1.2% boron concentratior] 2.5%boron concentration
Solvents Peak Max Peak Peak Max Peak Peak Max Peak
[min] Com/Max [min] Com/Max [min] Com/Max
Octane 0.570 1.062 16.389 2.118 8.949 2.570
Heptane 0.536 0.986 4.155 2.748 2.479 2.957
Hexane 0.495 0.975 1.188 2.313 0.935 2.106
Pentane 0.498 1.019 0.590 1.213 0.583 1.198
Acetone 0.507 1.086 0.953 3.108 2.223 2.997
Acetonitrile 0.503 1.384 0.978 3.167 1.688 2.766
Ethanol 0.518 1.156 1.198 4,127 2.767 2.698
Ethyl acetate 0.508 1.065 1.866 3.665 4.333 2.821
Dichloromethane 0.685 1.033 0.600 1.212 0.623 1.344

Specific free energy"O of adsorption for acidase specific interaction was used to
study surface polarity. Interaction with polar probes was high féurtational probes

e.g. acetonitrile, ethyl acetate and ethanol in all the samples showing the surfaces of B
CNTs and B-CNFs were covered by amphoteric functional groig®. These groups

were assumed to FeOH andi COOH groups introducedudng acid purification. In
addition, a large ratio of peak max/peak COM (Table 6) is indicative of a nanotube
surface with a significant number of polar moieties and a variety of polar gioiips

The ratios, from Table 6, for the polar probes acetone, acetonitrile, ethanol, and ethyl
acetate are larger than the rmolar probes and dichloromethane, which can be
indicative of a surface wh various polar groups. However, the Bfdbmains may also

play a role in acid base chemistry of these materials. Surface chemistry of the samples

were assed using the Gutmann acig) @hd base (K constant and in all the samples,
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the base constant values was observed to be higher than acid constamalues
showing the surfaces were more basic or contained donor groups. Although, with
borondoping Lewis acid property (acceptor) was introduced, its effect was
overshadowed by that of oggnated groups introduced during acid purification. These
groups have lone pair of electrons which bring about Lewis base properties and hence,

this was the main reason for the surfaces being basic.

The dispersive surface energy and the specific free gng s afpdiferent surface
coverage were also determined in order to assess surface heterogeneity of the samples.
Usually this can be influenced by different aspects, such as, surface functional groups,
surface topography, surface irregularities amgburities [53]. Figure 11(a) shows
dispersive surfacenergy distribution for the low and high (0.4 and 2.5%) B for surface
coverage between 0.@208 n/n,. (n is the no. of moles of solute adsorbed andthe

monolayer capacityat 100 °C.

From Figure 11 we observed that the increase in bedmping inthe samples changed
the nanotubes from surfaces with a narrow distribution to a wider distribution of
dispersive surface energy sites. This can be attributed to the increase dorB&ns

on the nanotube walls. The changes with the specific free erféggye 11 (a) and (b),
show that the increased doping results imore favourable interactions with the polar
probes, si nce t & ealuesiare @lk nedntiveé with the 2.5% baqr&h

concentration sample.
The polar probes ethanol, ethyl acetate, and acetonitrile had a much wider variation in

the values ofp G, with the 0.4% boron concentration sample, which indicates at the

lower doping level there are a wide variety of polar groups.
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Fig. 11 Dispersive surface energy component surface energy at different surface
coverage

However, ethanol is considg slightly acidic and acetonitrile is slightly basic, thus a
similar wide distribution indicates the presence of surface groups that can interact
favourably with both probes. With the 2.5% boron concentration sample the range of
values with the dichlomethane probe increased but decreased with all other probes.
This indicates the heterogeneity of the nanotube surface was altered by the doping
levels, and since dichloromethane has a relatively large acceptor number (3.9) and a low
donor number (0.0) thidoes highlight the dominance of the Bdbmains on the

surface properties of the nanotubes at higher doping levels.

4. Conclusion

B-CNTs with boron concentration 0.4%, 1.2% and 2.5% were successfully synthesized.
It was possible to vary boron conceton by use of different amount of
triphenylborane as the boron source. Physicochemical properties, composition and
yield of the products were found to be dependent on the amount of triphenylborane

used. Increased amounts of triphenylborane lead tglaheld of the products but
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percent of BCNFs increased. High % boron concentration was found to favour
formation of BCNFs. Properties such as conductivity, magnetic, specific surface area
and porosity and surface energy were observed to change wih boncentration.
Ferromagnetic properties which are as a result of bdoping should be explored
further to determine suitability of -BNTs as raw materials for applications such as

memory, detectors and sensors among other electronic devices.
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Chapter Six
Bulk heterojunction solar cell with nitrogen-doped carbon
nanotubes in the active layer:Effect of nanocomposite

synthesis technique on photovoltaic properés

Godfrey Keru, Patrick G. Ndungu, Genene T. Mola and Vincent O. Nyamori
School of Chemistry and Physics, University of KwaZNlatal, Private Bag X54001,
Durban, 4000, South Africa

" Corresponding autharVincent O. Nyamori, email nyamori@ukzn.ac.za

Abstract

Nanocomposites of poly{Bexylthiophene) [P3HT] and nitrogatoped carbon
nanotubes (NCNTs) have been synthesizdny two methods; specifically, direct
solution mixing andn situ polymerization. The nanocomposites were charactehyed
means oftransmission electron microscpp(TEM), scanning electron microscpp
(SEM), X-ray dispersive spectroscopy, bWis spectrphotometry photoluminescence
spectrphotometry (PL), Fourier transforminfrared spectroscopy (FTIR), Raman
spectroscopy, thermogravimetranalysis and dispersive surface energy analysis. The
nanocomposit®were used in the active layer of a bulk heterojunction organic solar cell
with composition ITO/PEDOT:PSS/P3HT:MCNTS:PCBM/LIF/Al. TEM and SEM
analysis showed that the polymer succeBsfulrapped the NCNTs. FTIR results

i ndi cat ed igmtoelr acti on within t hein sttanocomp
polymerization as opposed to samples mhbgledirect solution mixing. Dispersive
surface energies of the-BINTs and nanocomposites supported fact that polymer
coveredthe N-CNTs well. JV analysis show that good devices were formed from the
two nanocompositehowever, then situ polymerization nanocomposite shes\better

photovoltaic characteristics.

Keywords: polythiophene; nitrogedoped carbon nanotubes; nanocomposites;

photovoltaic properties
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1. Introduction

The electrical conductivity of a linear chain organic polymer (polyacetylene) was first
discovered by Shirikawat al. in 1977[1]. Later a number of other organic molecules
particularly polythophene groups emerged as alternative conducting polymers (CPs)
with potential applications in the area of ojfectronic devices. The advantages of
CPs over inorganic sensonductors in opt@lectronic applications include the ease of
processability, tueable properties of the molecules, flexibility and light weifjt

CPs consist of alternating single and double Bottte” -electrons in their double bonds
are mobil e duabitasfB]. &leceand peopertiesfof CPs can be tuned
during synthesis and they also have good magnetic and optical propdtigsf late

CPs have been considered as one of the best alternatives for the production of solar
cells. This realisation stems from the fact that solar cells fabricated by use of inorganic
materials can be expensive and also the prese$mt are utilised during their
manufacture can be extensively energy intengdye For CPs to function well in solar
cells they should pesss the following characteristicssoluble in common organic
solvents, can form a thin film on substrates, low bgad to @hance absorption,
partially miscible with electron acceptors, a good hole conductor and chemically stable
in ambient condition$3]. Polythiophenes not only have several of the characteristics
named above but also have efficient electronic conjugation as well as synthetic
versatility [3]. Polythiopheng are made by linking thiophene ringshich are
insoluble and then improving their solubility by introducing alkyl chains, hexyl and

octyl groups. Polythiophenes have been studied for various appleatich include
organic field effect transistof$], solar cell7], sensors and light emitting diode3.

Although CPs have unigyaoperties their applications in various fielai® hampered

by their poor environmental stability and mechanical strength. This problem can be
overcome by introducing different fillers within the €88 form nanocompositg9,10].
Among the different fillers available, carbon nanotubes (CNT) have attracted a lot of
interest due to their unique structural ottieal and mechanical propertigkl]. Further
enhancement of these unique properties can be achiewdaping CNTs with boron or
nitrogen to form boronand nitrogerdoped CNTs B-CNTs orN-CNTs). Nitrogen

doping creates defects on the walls of CNTs that improves the alfititye surfaces to
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undergo various covalent chemistries, provgd®d anchoring s for nanopatrticles,
introduces a variety of functional groups, and more importaittigiso improves the
electrical conductivity of CNT$12]. For example, Panchakar& al. [13] reported

higher electrical conductivitjor N-CNTs thanfor pristine CNTs. CN#N-CNTs in
polymer nanocomposites enhanteung snodulus,the tensile strength and electrical
conductivity[14]. Additionally,the incorporation of CNTean be an effective route to
synthesize low density, high performance thermoelectric materigl§].
Nanocomposite®f CNTs coatedwith CPs have found use in organic field emission
devices[16], light emitting diodeg[8,17], electronic devices and sens¢fs], and
organic solar cells (OSGL9]. However, effective utilization of CNTs in the polymer
nanocomposites strongly depends on the dispersion. For example, poorly dispersed
CNTs in the active layer of OSC can act as recombination sites and also can lead to

shortcircuiting [20].

OSGs have gained a lot oattentionin recent years due to the high expectation of
producing relatively cheap devices for converting solar energy directly to electricity
[10]. Some of the advantages of GS@er inorganic solar cells include levost
manufacturing, higlthroughput poduction and high flexibility, and therefore OS$€an

be cast on flexible substrates or on curved surfgtgs Although CNTs have many
advantages when well dispersed in the polymer matrix, the performance sfWit§C
CNTs in the active layer have continued to perform poorly when compared to
polymer/fullerene systesn e.g. poly(3hexylthiophine) (P3HT)and [6,6]phenylCe:-
butyric acid methyl ester (PCBM). This has been attributed to-shiouiting asa
result of a mixture of semiconducting and metallic CNZ§, and filamentary short
circuiting due to CNTs extending outside the active |§28f. Poor performance could
also be due to unbalanced charge mobititya device with CNTs, as one charge carrier
will be transferred very fast while the other is subjected topingpin disordered

organic material§23].
Junet d. [24] fabricated a solar cell with CNTs functionalised with alaghides in an

active layer of P3HT:PCBM.The efficiency of this device increased by 30% from 3.2

to 4.4% compared with a device without CNTs. They attributed this increase to wide
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band absorption, high charge carrier mobility and improved dispersion in the polymer
matrix. Kalitaet al.[25] used plasma oxygenrfunctionalized CNTSs in the active layer

of P3HT:PCBM and reportean 81.8% efficiency increase from 1.21 to 2.2% compared
with a device without CNTs.They attributed this increase to improved hole mobility

and increased surface area for excitissociation.

In this paper we compatbe effect of synthesis technique for nanocomposites on their
photovoltaic properties. The two techniques compared ar@dative in situ
polymerization and direct solution mixing of P3HT and@®NTs. We also repbon a
unique characterization technique whereby dispersive surface emagysed to
determine how effective the polymer wrapped/covered the walls©NNs. Finally,
the results on the use of hanocomposites in the active layer of organic solar 8€l)s (O

is presented and discussed.

2. Experimental

2.1. Materials

Chemicals used in this study were of analytical grade and were used as received unless
stated otherwise. Anhydrous ferric chloride (99%), HpleénytCsi-butyric acid

methyl ester (PCBW (98%), regioregular @y (3-hexylthiophene2,5-diely (99.0%)

and 3hexylthiophene (99%) were purchased from Sigma Aldrich (St Louis, USA)
while, chloroform (99%) vas sourced from an alternative supplier (Me€kemicals,

S.A). Indium tin oxide (ITO) coded glasses slide was purchased from Merck,
Germany Chloroformwas dried before being used.

2.2. Synthesis of nitrogerdoped CNTsand nanocomposites

N-CNTs were synthesised in our laboratory dghemical vapour deposition floating
catalyst method aseported elsewherg26]. Briefly, 2.5 wt.% of (4-{[ pyridinyl-4-
amingd methylidindphenyl} ferrocene catalyst was dissolved in acetonitrile solvent to
make 100 wt.% solution. This was followed by pyrolysis at 850 °C. The diude
CNTsobtainedwere purified byfirstly, calcining at 400 °Gn air to remove amorphous
carbon andthen refluxng with 6 M HNO;3 for 24 hours at 80C to remove any iron

residue used as catalyst durthg N-CNTs synthesis.
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The nanocomposites were syasized by the means oftwo techniques, namely
oxidative in situ polymerization and direct solution mixing. For oxidative situ
polymerization of shexythiophene monomers on the walls ofOWTs this was
achieved by use of a similar meth@dreportedby Karim[27]. In brief, 1 wt.% 6f the
weight of 3HT monomers) of NCNTs (6.8 mg) was weighed, 50 mL of dry chloroform
was added anthe mixture was placeoh a twonecked roundottomed flask with a
stirrer. The mixture was sonicated for 1 hour to dispénieeN-CNTs. Thereatfter,
0.648 g (4 mmolpf anhydrous ferric chloride in 50 mL of dry chloroform was added to
the above dispersion and further sonicated for 30 min. Then 673.2 mg (2 mmol) of 3
hexylthiophene monomers in 25 mL of dry chloroform solution was placed in a pressure
equalised funnelnd added dropwise to the above mixture with constant stirring.
Stirring continuedinderthe same conditiafor the next 24 hours. The nanocomposite
was precipitated with methanol; vacuum filtered, washed with methanoM (HCI,
deionised water, acete, and then eventually vacuum dried for 24 hours at room

temperature.

The drect solution mixing method to synthesize the nanocomposite was adapted from a
method reported by Leet al.[28]. In brief, P3HT was dissolved in dry chloroform to
make 20 mgnL™ solution, andlL wt.% of NCNT (of the weight of P3HT) were added

to the solution of P3HT in chloroform. The mixture was sonicated for 1 hour then
stirred for 12 hours in the dark to protect it from lighthis solution was spin coated

directly on ITO glass substrate.

The active layer for the solar cell device was prepared by mikiegN-CNTs/P3HT
nanocomposite with [6,6] phends;-butyric acid nethyl ester (PCBM) at a ratio of
1:0.8 by mass to make 20 mg." solution in chloroform The mixture was sonicated
for two hours before spinoating omo ITO coatedylasssubstrates.

2.3. Characterization of the nanocomposites
The morphology and strture of the nanocomposites was characteridsg
transmission electron microsgop(TEM), (JEOL JEM 1010) at 200 kV. The

nanocomposite samples were dispersed in ethanol by sonication before being deposited
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on carborcoated copper gridsA scanning electno microscop (Carl Zeiss ultra plus
field emission electron microscope (FEGSEM)) was used at 5 kV accelerating voltage.

Samples were placed on aluminiumakstby using carbon tape.

Raman specr of N-CNTs and the nanocompositesre recorded witra DeltaNu
Advantage 532ZM Raman spectrometer. The excitation source was a Nd:YAG solid
state crystal class 3b diode laser at 532 nm excitation wavelength. Ndsedftware

was used to capture generated spectra. Thermogravimetric analysis (TGA) was
performedwith a TA Instrumens Q serie§" thermal analyser DSC/TGA (Q600). The
P3HT, nanocomposites and@®NTs were heated at a rate of 10 °C thimderan air

flow rate of 50 mL mift and the data was captured and analysed using the TA

Instrument Universal Anagys 2000 software.

An inverse gas chromatographyGC) surface energy analyzer (SEA) was used to
determinethe surface energy properties ofGNTs and the nanocomposites. About 30
mg of the sample was packed in IGC salinized glass cob30 mm lengthand 4

mm internal diameter. The column was filled with salinized glass wool on both ends of
the sample until it was well packed. Cirrus control software was used to cirol
analysis and Cirru$lus software was used for data analysis. FEpectrawere
recordedwith KBr pelletson aPerkinElmer Spectrum 1FTIR spectrometer equipped
with spectrum Rx software. Photoluminescespectra were obtained withh Perkin
Elmer Spectro Fluorimeterequipped with FL Winlab software ain excitation
wavelengthof 298 nmin chloroform solution. UWis specta were recordedh a
chloroform solution with a Perkin Elmer Lamba 35 duabeam UV-Vis
spectrophotometeand data analysewith FL Winlab software. Samples for the
Photoluminescencand UV-Vis were preparedsing a modified method as reported by
Goutamet al [14] briefly, 10 mg of P3HT and nanocomposites were dissolved in dry
chloroform to make 100 mL solutions. Necessary equivalent dilutions were made using

micropipette to record spectra.
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2.4. Device preparation

Devices were prepared in amnt conditions on IT&@oated glass substrates with a
shunt resistance of 15 q. Hal f of the 1 TO
and HNQ in the ratio of 12:12:1 by volume, respectively, and then placed in deionised
water. Etching was neceasy to provide a nowonductive part to prevent short
circuiting and alspallow flow of electrons.The etched substrate was thereafter cleaned
by sonication for 10 minutes each with separate solution of detergent, distilled water,
acetone, and finally wh isopropanol. Thereafter, the substrate was dried at 56r°C

10 minutes. The holetransportayerPoly(3,4ethylenedioxythiophenejpoly(styre
nesulfonateYPEDOT:PSS) was spicoated on the clean substrate at 3000 rpm for 50
seconds, and then annedlfor 10 minutes at 120 °C. The active layer, a mixture of
P3HT/NCNTs:PCBM was sphtoated at 1500 rpm for 30 seconds, and then annealed
for 20 minutes at 120C. Before vacuum evaporation of the counter electrode, 0.6 nm
of lithium fluoride (LiF) wasalso vacuunevaporated on top to serve as a hole blocking
layer. A 60 nm counter electrode consisting of Al metal was thermally evaporated at
2.22 x 10’ mbar in an HHV Auto 306 vacuum evaporator equipped with INFICON
SQM-160 thin film deposition thickngs and rate monitor.  Curreubltage
characterization was determined by usargjandard solar simulator model # SS50AAA
(Pet Photoemission Tech. Inc.), with a Keithley 2420 source meter.

3. Results and discussions

Scheme Illlustrateshow the synthesisf the nanocomposites was achieved.inlsitu
polymerization technique monomers were polymerized directly on the surface of the N
CNTs. However, in the direct solution mixing, a solution €ENTs was mixed with a

solution of the polymer.

3.1. Morphology and structure of the nanocomposite

Figure 1 shows the structure d¢ie N-CNTs before and after formation of the
nanocomposites with poly{Bexylthiophene). From the TEM images it was observed
that the polymer coated the surface of theCNTs. From the bamboo structures
observed it can be deduced tHat tubular inner padonsistmainly of N-CNTsand the
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coated surface is conducting P3HT. The smooth swfaickhe NCNTs (Figure 1A)
became rough after they were covered by the polyRiguie B).

Scheme 1 Synthesis of the nanocomposites, (A)situ polymerization, and (B)

direct mixing.

FeCl, / CHcl, N-CNTs well covered by the

Stir 24 hr, filter polymer
dry

CHCI3, stir

CHz(CH2)40H3 1 hr

n

Dense polymer next to
N-CNTs

From Figure 2(A), the NCNTs appear as an entangled mat of tubular structatbs
smooth surfacesvhich are a characteristic of carbdmased nanotubesHowever, in
Figure 2(B) a few thick tubular structurasith rough surfaceand agglomerated mat

like structures were observed, and this is indicative of the polymer wrapping onto the
nanotubes to form a nanocomposite. EDX, which was coupled with FEG Sividqut
further evidence ofthe nanocomposite elemental compositiarhich consisted of
carbon, sulphur and oxygerOxygen observed in the nanocomposite could be due to
the introduction of oxygenated groups during acid purification and functionalization
N-CNTs The at.% of carbon increased with the formation of the nanocomposite as
compared to that in polymeiKarim[27] reported similar results when they synthesised

P3HT/MWCNTs nanocomposites bysitu polymerization.
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Figures 2 showthe morphology of the NCNTs and nanocomposite synthesizedrby
situ polymerization as observed in SEM.

Figure 1. TEM images of (A) purified NCNTs and (B) NCNT/P3HT
nanocomposite synthesized bk situ polymerization (inset

comparison of outer diameters).
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p B 3 B B8 K S

Figure 2. Morphology of (A) NCNTs and (B) nanoomposite of NCNTs/P3HT
synthesized bin situ polymerization
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Further evidence of the polymer wrapping th&€€NTs wasobtained by measuring the
outer diametexy of the NCNTs and nanocomposite from their TEM images, (inset
Figure 1) This was determed from not less than 50 TEM images and over 200 tubes
per sample. Thediameterswere observed to increase with formation of the
nanocompositesAn increase of 15.9% was observea good indication that the-N

CNTs were wrapped by the polymer.

Figure 3 further confirms formation of a nanocomposite whereby, the brown colour of
pristine P3HT changed to dark brown. Our observations concur with what is reported

elsewhere in the literatuf@9].

Figure 3. Colour of P3HTin chloroform solution (A) after formation of

nanocomposite and (B) pristine P3HT under white light.

3.2. Vibrational and spectral characteristics of P3HT and the nanocomposite
Interaction between P3HT and@NTs in the two nanocomposites was assessed
means of Raman spectroscopy.Figure 4 shows Raman vibration peaks of the
nanocompositesFor theN-CNTs (Figure 4 insetthe peak at 183 nm represents the
G-band which originates from the Ramag, Enode while the one at 8 cm™ is the
disorderinduced band.The b/Ig ratio for NCNTs was 1.55 which was an indication
of high disorder due to nitregrdoping. Both peaks wereonsequently absem the

nanocomposites
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Figure 4. Raman spectroscopy resultsmainocompositeqA) direct mixing and
(B) in situpolymerization (inset position of-band and Gand for N
CNTs).
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Theobservedeaks for bth nanocompositeserealmostin similar position and can be
assigned as follows; peak at 7029 cm’ is the GS-C ring deformation for thiophene
rings while thatt around 119&m* is the GC symmetric stretching and-& bending
vibrations. The pealnithe range of 1373377cm” is the GC stretch deformation in
organic thiophene rings while that around 143%4cm” is the symmetric € stretch
deformations in alkyl chain and8@0-1850 cm™ is the asymmetric € stretching
deformation for of thioph®e ring[30].

FTIR spectroscopy results for P3HT and P3HTNTs nanocomposites synthesized
by both techniques are presentedrigure 5 P3HT show apeals at 2925and 2844
cm’ assigned to @ stretching vibratios, thepeak & 1645 cni' is assigned tthe aryl
substitited C=C of the thiophene ring, thmeak at 1440 cthis attributed tothe
vibratioral stretch ofthe thiophene ring and peaketween 90&%70cm™ are due to the
C-H outof-plane deformation of thiopheaqQ].
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Figure 5. FTIR absorption frequencidsr P3HT and nanocomposités P3HT,

(b) in sity, (c) N-CNTs and (dHirect mixing.
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The nanocomposites synthesized by direct solution mixing dewestall thepeaksas

for P3HT which wa an indication of poor interaction between the polymer and N
CNTs. However, for the nanocomposite synthesizeuh Isytu polymerization the €+
stretch vibration peakhiftedslightly to higher wavenumbers from 2925 to 2929cm

A slight shift to longe wavenumbers can be attributed to-CH i nt er act-i on

CNTs and P3HT31]. Additionally, the peak at 1440 ¢hwas not observed for this
nanocomposite which was an indication that stretching vibration of thiophene ring was

interfered withand ats, e v i d'enicret erf a ¢ t-CNTIs antihethiopkeaen

rings of P3HT[31].

UV-visible absorptionspectraof pristine P3HT and the nanocomposites in chloroform
solution are presented irFigure 6 A.

observedat442nmn i ndi c at i econjugafion®]x The absorptioa peak

N
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for P3HT that we observed compared well with values reportedeifiterature[27].
From the figure it was noted that@NTs did not make significant contribution to the

spectra but a small red shift sva n ot ga.dof 445 nmeforthe nanocomposites

synthesized with both techniquesS| i g ht

i ncreased conjugation

r e gy cantoe attribudtd an o
| enr gtihn toefr ate@MNIsopno |wyi nhehr

as a result of increased organizataf the polymer chains on the nanotube surfdgg

Figure 6. (A) Uv-Vis absorption spectygdB) photoluminescence emissidar
P3HT and P3HT/NCNTs nanocompositeg1 chloroform solution.
Inset in B isenlargedphotoluminescencspectrumof a mixture of
P3HT/N-CNTs:PCBM showing almost complete quenching of P3HT

emission.
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Photoluminescence (Plspectraof P3HT and the nanocomposites are showRigure
6 B. The emssion peak of P3HTwas observedat 581 nm and ttse of the

nanocompositesvere slightly red shifted to 585 nm, but the intensitytb& emission
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peak for P3HT was higher than that of nanocomposites. This was attributed to
guenching as a result of chargansfer between XCNTs and P3HT reducing electron

hole recombination. Quenching was high for the nanocomposite synthesizeditoy

pol ymeri zati on. T RhRi si nctaenr abcet | e bted weemnt drl
CNTs surfaces enhancindpe charge trasfer process. Addition of PCBM to the

mixture almost completelyugnclesPL emission of P3HT. This is andication ofthe

high capacity of PCBM to acceptectronfrom the donor polymer.Kuila et al [31]]
attributed P-L 0goeechrt thgpolymerbagdtCMEsaniroducing
additionaldeactivatiorpaths forthe excited electrons.

3.3. Thermal stability of the nanocomposites

The TGA thermograms forNTs and the nhanocomposites are presenté&igimre 7.

Both nanocomposites exhibit a tvetep weight loss process and this could suggest that
they are mixture. The hitial decomposition temperature for the nanocomposites is

lower than for NCNTs and indicates that they are less thermally stable.

Figure 7. Thermogravimetric analysief N-CNTs, P3HTand P3HT/NCNTs
nanocomposites
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The nanocompositrmed by in situ polymerizationis the least thermbl stable. The
possible reason for this could be due to high reactivity of monomers polymerizing and
thus, forming more polymer on the surface 6€ENTs. The high amount of residue for

in situ polymerizaton nanocomposite could be due to some remnant ferric oxide

initiator remainingentrappeds the nanocomposigven aftewashng.

3.4. Surface energy analysis of nanocomposites

The dfectiveness ofthe wrapping/covering of NCNTs with the polymer was
determined by comparing dispersigemponents ofurface energy of the-S8NTs and

the nanocomposite by using inverse gas chromatography equipped witHame
ionization detector.The dspersive component of surface enefyy) can be a useful
tool to examine surfaces of a solid whereby changesirface properties can easily be
detected. Thg was obtained from the retention timg) (bf a given volume of a series

of normal alkane§C5i C9) at a flow rate of 10 mimin™ and 0.05 surface werage.
Thel was calculated frorthe slope of a straight line drawn from RTIg\Against the
number of carbon atoms ithe n-alkanesby usingthe Doris and Gray method at peak
maximum time[33]. R isthe gas constant, T is the absolute column temperature and
Vy is the net retention volume of nqolar probes as well as polar probes and can be

calculated fom equation

© oa 6 — — (1)

where; F is the flow ratertand f; are the retention and dead times measured with a
specific probe and a neadsorbing probe (such as methane) respectivlys the
pressure at the flow meter, 8 the vapour pressure of pure water at the temperature of
the flow meter (Tewe), and T is the column temperatuf@4]. For j it was James
Martin correction factor of gas compressibility when the column inlgtgid outlet

(Po) pressures are different given thne equation

E 0. —— (2)
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The polar probes acetone, acetonitrile, ethyl acetate and dichloromethane were used to
determine the acid/base properties eCNTs andthe nanocomposites surfaces. The

[ was determined at 100 °C ftine N-CNTs and the nanocompos#iéy using five
alkanes namelypentane, hexane, heptane, octane and nonane. Ilatdsents the data

on thel , the acid and base constants determined from the interactions with the polar
probes, and the acid base rati@he[ of N-CNTs was higher than that of the
nanocomposite madby the direct mixing method and lower than those samples
synthesisedy in situ polymerization. The differences can be attributed to the slight

difference in the final morphology of titianocomposites

Table 1: [ , acidbase constants determined from interaction with polar probes.

Specific (Acidbase) Free Energy

Surface Acid Base Acid - [kJ Mol]
Sample Energy | Constant| Constant| Bascity .
(mJ m2) - Ka -Kb Ratio Acetone Aggto Ethyl Dichloro
nitrile | acetate| -methane
N-CNTs 49.02 0.0275 0.4975 0.0552 6.75 11.8 5.20 8.14
In Situ
Nanc 56.53 0.0622 0.5738 0.1084 111 15.7 7.74 8.49
composite
Direct
mixing
Nano 46.68 0.3031 0.4446 0.6819 26.3 26.4 24.5 7.35
composite

When comparing the two nanocomposites only, the direct mixing method reduces the
dispersive component of the surface energy by either effectively wrapping CNT
bundles, leaving fewer exposed CNT tips, or through a combination of both factors.
Thein situ methodhas a slightly larger dispersive compon#r@énthe NCNTs due to

the polymerization process and the combination of giwand effectively ddundling

the NCNTs This allows for a greater amount of individual-8€NTs to be wrapped by

the polymerand al®, allow for greater exposure of surface groups at the tips of the N
CNTs. Thepeci fi c f rfeot adsomton foryacidms® specific interaction
was high for bifunctional acetonitrile for both {CNTs and the nanocomposites
showing the surfaces are covered by donor godCNTs have extra electrons due to
thelone pairofe | ect rons on nitr ogen -alecodonsPMBiehT cont ¢

make them donor groupd.-he Gutmann acid (K) and base (K constard wereused to
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determinethe surface chemistry of the samples., ¥alues were higher for both-N
CNTs and nanocompos#ie¢han K showing that the surfaces were covered by donor

groups.

3.5. Photovoltaic properties

Several organic solar cells were fabricat®dusing a bulk heterojunction design in
which the photoactive layer was composea dilend ofdonor and acceptanolecules.
Figure 8 showsa schematic diagram of the OSC device structure employed in this
investigation. The electrical properties of the devices were studied by measuring the
currentvoltage (dV) characteristics from each diode in the samplEhe important
parameters of the cell are derived from the diode equation which often describ&s the J
characteristics of a diode. The fill factor (FF), which determines the quality of the
device, and the power conversion efficiency (P@#&)ch provide thalevice output are
defined as

00 @

06 00— (5)

where; §iax and Muax are current density and voltage at maximum power paipisJ

short circuit current density, 3¢ is open circuit vahge and R is incident light power

[35].

Figure 8. Diagram ofthe OSC showinghearrangements dhethin layers.
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Characterization of the cellnder light illumination was performelly using a solar
simulator operating at AM 1.5, 100 m#n®. The photoactive layers tifie devices
were fabricated from the two different nanocompositstained by in situ
polymerization and direct solution mixindzigure9 shows the measureeMJcurves of

the devices produced under the two types of photoactive layées parameters of the
solar cells derived from the data indicate that the devices prepared bitu
polymerization generally out performed thofbricated by direct solution mixing.
According to the summary given in Talde¢he ¢, FF and PCE of the devices based on
the nanocomposite synthesizedibysitu polymerization are higher thahose by direct
mixing method.

The higher Jc suggests thabetter charge transport properties are exhibited in the
photoactive layer prepared Iy situ polymerization. In other words, the medium has
better carrier mobility of charge carriers which increases device performémdact,

the SEM images of the twactive layers givem Figure 10partially explain difference

in the devices performance3he measured parameters of the cells are summarized in
Table4.

Figure 9. J-V curves of the devices from the two nanocomposites

LUMO

(-37ev)  N-CNTs

I
(-4.2eV)

HOMO
(-6.1eV)

J(mA/cm?)

in situ polymerization

Direct mixing

Volts

152



Table 2. Measured cell pameters

Method of Voc Jsc FF Efficiency
synthesis (volts) (mA cm®) (%)
Direct

mixing 0.61 5.084 29.26 0.51
Insitu 0.48 7.731 41.63 1.66
polymerization

Reference device

(P3HT:PCBM) 0.55 6.97 54.4 2.09

However, the open circuit voltage of the Ofepared by direct solution mixing is
higher than the former by nearly 135 mV, but, it is very close to the valuggabf\the
reference cell. This is an indication for the existence of high-radiative
recombination of the free charge carriers in thedium formed byin situ
polymerization. Despite the higher solar cell performance ofithsitu polymerization

it suffers from high charge recombination process which limits the potential ability of
the medium for higher power conversion.helTscanninglectron microscopy (SEM)
images were taken from various samples to investigate the morphologies of the active

layers.

Figure 10. SEM images of theatl morphology showing PCNTs (A) not well
dispersed inthe direct mixingnanocompositand (B) well dipersed

for thein situ polymerizatiornanocomposite

EHT = 2000KV Mag= 1500 KX
| Prode= 470pA WO = 7.1 mm =

SonalAsintens DT 2000k = Sgnal A= InLens

IProbe = 470pA WD = 7.1 mm

Figure 10 shows the surface morphologies captured from samples coated with the
solutions of the active layer prepared both by direct solution mikirgy e 10A) andin
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situ polymerization Figure10B). The SEM images clearly showed that the dispersion

of the NCNTs in the polymer matrix was not good for the composite formed by direct
solution mixing. This composite favours CNT agglomeration and entanglement that

form various CNT clusteréFigure D A). On the other hand,opd dispersion of N

CNTswas observedbr the compositgreparedoy in situ polymerization(Figure 10B)

which can beascribed to the fact that tineonomersverepolymerized on the surfacd

the N-CNT s and thisimnméin dbctisoamd tlefeby Wdcreaset ub e s
agglomeration. Furthermore, good dispersion meant there was a continuous percolation
path forfree charge carriemnd eventual collection at the electrotiesrebyimproving

cell performance

The high PCE and Fffom devices prepared by situ polymerizationcan be attributed

to the small size of monomer molecules makitige composite adduct more
homogeneous compar&dth the one prepared by mixing solutions of polymer and N
CNTs[5]. Leeet al. [28] reported an efficiency of 3.8%r a composites of NCNTs
and P3HT prepared by direct mixinglThe hgh efficiency of their device compared
with ours could be duw preparation conditio® The nanocompogtin this work was
prepared undermmbient conditionswhereas theirs was prepared in Bmert gas
atmosphere. Javier and Werfi8g] used direct mixing to prepare a nanocomposite of
pristine multi-wall CNTs MWCNTSs) and P3HT in ambig conditions. Their device
recorded lower sk and FF than what we observed in our device from nanocomposites
by direct solution mixing. We attributee high kc and FF of our device to improved
chargetransferby N-CNTs. Wuet al.[36] mixed pristine MWCNTswith P3HT and

reported a high efficiency of 3.47fér devices prepared an inertgasatmosphere.

From the above examples ittsbenoted that most of the nanocomposites used in solar
cells are more often prepared by direct solutinixing. However according to the
results found from the current synthesis and characterization, EBIRg PL and JV, it
appeared to us that situ polymerization would be the best technique for preparation
nanocompositeThe por performance of theevices prepared fromdirect solution

mixing could be due to energetic agitation brought about by shear intensive mechanical
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stirring and ultrasonication used during nanocomposite preparation which initiates

polymer chain breakage and degradation of -@batrical propertieg24].

4.  Conclusions

In situ polymerization and direct solution mixing techniques hawen used
successfully to synthesize conductmgnaomposite of P3HT and ®ENTs. NCNTs
formed extra exciton dissociation sites which were observed by PL quenching. The
diodes formed from thewana@omposite had positive rectification confirming their
conductive nature but, the efficiency observessvery low. Thein situ polymerization
technique was observed to be better method for synthesiaimggomposite for organic

solar cells. More investigation is required to determine why nitrolpgmngof the N-
CNTsthat is expected to improwbe conductivity of the compositadid not improve

the cell efficiencyas anticipated.
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Abstract

In this study either boreror nitrogendopel carbon nanotubes {Br N-CNTs) were
incorporated in bulk heterojunction organic solar cells photoactive layer composed of
poly(3-hexylthione) (P3HT):(6,6phenytCsi1-butyric acid methyl ester (PCBM). The
physical and chemical properties were investidausing different spectroscopic
techniques. The cell performance was followed from their cuuatdge (JV)
characteristics. Recombination dynamics of the plgetwerated free charge carriers
were investigated using mierdo milli-seconds transiendbsorption spectroscopy
(TAS). Transmission electron microscopy (TEM) images revealed presence of cone
structures and bamboo compartments HCBTs and NCNTs respectively. Xay
photoelectron spectroscopy (XPS) revealed very little boron was substitutie:
carbon network and presence of pyrrolic, pyridinic and quaternary species of nitrogen in
N-CNTs. J3V characteristics were found to be similar for the devices withrigl N

CNTs even though, borerand nitrogerdoped CNTs are known to have differen
properties i.e. ffype and rtype, respectively. TAS results showed that all devices had
long lived free charge carriers but the devices withoB N-CNTs had low power
conservation efficiency and low voltage.

Keywords: photoactive layer; photgeneratd charges; recombination; carbon

nanotubes
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1. Introduction

The demand on energy supply has become a key concern with the advancement and
development of nations. The current trend suggests that the future global economy is
likely to consume even more egg. At the moment the main source of fuel is still the
fossil fuel (oil, coal and gas). However, the dwindling size of global fossil fuel
resources compounded with the unfavourable climatic changes due to emission of
oxides of carbon by the use of thdaels, calls for the need to look for an alternative
source of energy. Renewable sources which are environmentally friendly and
inexhaustible are the best alternatjt¢?]. Among the renewable resources of energy,
solar energ is one of the most abundant and can easily be converted to electricity by
use of photovoltaic cell§3]. Bulk heterojunction organic solar cells (OSCs) whose
active layers are composed otype conjugated polymer and fullerene derivatives are
the most promisig device structure for solar energy conversion. The advantages of
using OSCs over others include, low device manufacturing cost using solution
processing to ultrghin film, flexible and light weight substratg$,5]. Recently, power
conversion efficiencies above 10% have been reported for QIS&8, which is the

minimum value required for commercialization of OSC in the energy migket

One of the major limitations of OSCs is low diffusion length of the excitons that ranges
between 1015 nm which causes high recombination and low power convefsjon

This difficulty has been eased by the introduction of bulk heterojunction (BHJ) design
in which the donor and acceptor molecules are blemdetie photoactive medium.
Such mixture of doneacceptor molecules increases the efficient dissociation of
excitons in the medium by creating local donor/acceptor interfaces. Although free
charge carrier generation is improved using BHJ, high efficieaoyot be achieved

due to the disordered nature of the medium that prevents the smooth transport of
charges. Instead charges are forced to use percolationvathBoping mechanism to
reach electrodegl0,11]. Low charge carrier mobility in the bulk of organic materials
can be addressed by the incorporation of one dimensional nanostructures such as carbon
nanotubes (CNTs) which provide a high mobility pathwayctwarge carriers within the

semiconducting materialgl2].
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CNTs in the active layer of OSC do not only improve carrier mobility but also
mechanical flexibility of the polymer materials and are also compatible with throughput
solution processinfL3]. Despite such attractive advantages of CNT their incorporation
in the ative layer of OSCs often have resulted in poor performances than those without
CNTs[5]. DerbelHabaket al [14] investigated the cell efficiency by varying wt.%
SWCNTs i.e. between 0 to 0.6 wt.% of ester functionalized HiPCo SWCNTs. Their
findings indicated that the reduction was directly propodl to the percentage weight
ratio of SWCNTSs, with 0.6 wt.% having the highest reduction. Even when CNTs in the
active layer are purported to enhance efficiencies, values reported are still very low for
commercialization. For instance, Styliankisal. [15] reported an improvement from
2.67 to 3.52% on addition of 0.5% functionalized singlewalled CNV¢GNTSs). This
enhancement was attributed to efficient excitons dissociation and improved hole
mobility. Khatriet al [16] reported enhanced photovoltaic properties by introducing a
combination of SWCNTs and functionalized multilgal CNTs (MWCNTS) in poly(3
octylthiophene) (P3HT)Asilicon hybrid heterojunctions solar cells. SWCNTs assisted
in excitons dissociation and electron transfer while MWCNTSs in hole transfer. &uila

al. [17] incorporated CNTs in the polymer matrix by grafting P3HT on the walls of
CNTsvia ester bonds and an efficiency of 0.29% was obtained for this cell.

On the other hand, there have been reports thests there are positive effects with
the introduction of either £NTs or NCNTs in the photactive layer of OSCs
[10,11]. The possible reason for this enhancement could be due tc thheNBCNTs
serving very specific role with regds to the transportation of the charges in the
medium. BCNTs usually behave astpgpe semiconductors with high work function (

5.2 eV) that matches well with the highest occupied molecular orbital (HOMO) of the
donor polymer (P3HT)-(5.1 eV) and makdhem selective to hole transfg¢tQ].
However, NCNTs behave as-type semiconductor with wdk function ¢ 4.2 eV)
close to the lowest occupied molecular orbital (LUMO) of the receiver materials, which
are commonly fullerene derivatives such as(3-methoxycarbonyl) propyl-
phenyl[6,6] G; (PCBM) (- 3.7 eV)[1(Q]. It is energetically favourable for electrons to
movefrom the LUMO of the acceptor to-8NTs therefore, they are electron selective.

For example, Leet al [11] reported 13% increase in efficiency with the incorporation
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of N-CNTs in the active layer polyfBexylthiophene): inder€s, bisadduct
(P3HT:ICBA/N-CNTs) from 4.68 to 5.29%. The same group had earlier reported high
efficiency by incorporating 1.0 wt.% of either Br N-CNTs in the active layer of the

cell P3HT:PCBM which esulted in an efficiency of 4.1% and 3.7% for &d N
CNTs, respectively. These high efficiencies were attributed to selectivity of charge

carrier transport in the medium.

In this paper, we investigated the underlying reasons how €opNdd of either boon

or nitrogen affects the performance of OSCs when incorporated in the photoactive layer
of the cell composed either of P3HF/Br N-CNTs:PCBM. Xray photoelectron
spectroscopy (XPS) was used to analyse the elemental composition as well as the
chemicalbonding environment of boron or nitrogen. Atomic force microscope (AFM)
and scanning electron microscope (SEM) were used to determine the morphology of the
active film layer. Ultraviolevisible (UV-Vis) and photoluminescence (PL) were used

to determineabsorbance and emission of the film respectively. Transient absorption
spectroscopy (TAS) was used to determine thetilifie of dissociated charge carriers

and the recombination dynamics. TAS is an excellent technique for investigating
recombination dyamics in the active layer of a photovoltaic device. To the best of our
knowledge this is the first report on reasons why despite enhancing properties of CNTs
by doping with either boron or nitrogen, their performance in OSCs was opposite of the

expectatio.

2. Experimental

2.1. Materials and methods

Chemicals and solvents used in this study were of analytical grade and used as received
unless otherwise stated. Benzyl alcohol (98%), thionyl chloride (98%), poly(3
hexylthiophene) 2/lyl (P3HT) (98%), 1(3-methoxylcarbonyl)propyll-phenyt[6,6]

C61) PCBM) (98%) and poly(3;dthelenedioxythiophene):polystyrene sulphonate
[PEDOT:PSS] (98%) were purchased from Merck, Germany.-DicRlorobenzene

(99%) and isopropyl alcohol (99%) were sourced from a diftecempany, i. eVeiec
quimica fina ltda Brasil.
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B-CNTs were synthesized using a modified method previously reported in literature
[18]. Briefly, a mixture of ferrocene (2.5 wt.%) as the catalyst, triphenylborane (5.0
wt.%) as the boron source and toluene (to make 100 wt.%) as the carbon source were
pyrolysed at 900 °C in a quartz reactdsdun a muffle furnace. A mixture of 10 wt.%
hydrogen gas in argon was used as a carrier gas as well as reducing a@adis N
were synthesized as reported earlier by our grfif). Briefly, 2.5 wt.% of 4
pyridinyl-4-aminomethylidinephenylferrocene catalyst was dissolved in acetonitrile
solvent to make 100 wt.% solution. This was followed by pyrolysis at 85 &
quartz reactor tube in a muffle furnace. As synthesizednB NCNTs were purified

and functionalized by refluxing with 6 M nitric acid for 24 hr. To enhance the CNTs
dispersion properties in solvents, the CNTs were further functionalized wittylbenz

alcohol as illustrated in Scheme 1.

6M HNO, SOCl,

DMF, heat
24 hrs

Reflux

Scheme 1 Functionalization of Band NCNTs with benzyl alcoholia ester
bond.
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2.2. Preparation of B and N-CNTs/P3HT:PCBM solution

Solution for the devices was prepared using aifimodmethod previously reported in
literature[10]. Briefly, 1.0 wt.% of B or N-CNTs to the weight of P3HWas weighed

and dispersed in 1.3 g of i¢kchlrobenzene and bath sonicated by using ultrasonic
cleaner model UD150SH operating at 418z for 1 hr. To this mixture, 10 mg of
P3HT and 10 mg of PCBM were added to the dispersion and further sonicateur for 1
The mixture was then transferred to a stirring plate and stirred for 12 hr at 50 °C, in the

dark. A solution of P3HT:PCBM without CNTs was also prepared in a similar manner.

2.3. Device preparation

Devices were prepared on indium tin oxide (ITOxted substrates (Lumtec,i5 Part

of the ITO was etched by putting a paste of zinc metal on the part that needed to be
etched then put in a 6 M hydrochloric acid solution. The etched substrate was cleaned
by sequentially sonicating with a detergent solution, distilled watertomeeand
isopropyl alcohol, for 10 min in each cas€lean substrates were dried in a stream of
dry nitrogen gas. A 2L of PEDOT:PSS was spin coated on the cleaned substrates at
3500 rpm for 50 s then, annealed for 10 min at 120 °C. AL2fctive lger B- or N-
CNTs/P3HT:PCBM was spin coated at 1500 rpm for 30 s then annealed in the dark for
20 min at 120 °C. A thin buffer layer of lithium fluoride (0.5 nm), and 60 nm thick
aluminium electrodes were vacuum evaporated at 1.5 Xmi@ars. Thin film 6 the

active layer was spin coated from the same solution and similar conditions on a glass
substrate without ITO for TAS and AFM characterization. A similar solution of
P3HT:PCBM without CNTs was also prepared to make devices for comparative
purposes. rl all the devices spin coating of the solutions was carried out in ambient

conditions then quickly transferred into a glove box for annealing and characterization.

2.4. Characterization techniques

As-prepared B or N-CNTs structures were determined witfansmission electron
microscopy (TEM), JEOL JEM 1010 transmission electron microscope, at 200 kV.
Images were captured using Megaview 3 camera and then analysed using iTEM
software. Samples were dispersed in ethanol by sonication then depositedamn carb

coated copper grids. Morphology of the thin film was determined with AFM, Agilent
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Pico Scan 5500 microscope in a tapping mode. Images were acquired using Nanosurf
Easyscan 2. For SEM, a JEQOBM-6360 LV operating at 20 kV was used. Images
were acquied using JSM6360 LV software.

The elemental composition, as well as the chemical bonding environment of aodon
nitrogenrdoped in the CNTs, was analysed withra§ photoelectron spectroscopy

(XPS), Thermo VG Scientific Sigma Probe instrument. Themoc hr omat i ¢ Al K|
ray source (1486.6 eV) was focused on the
spectra were collected by passing energy of 20 eV at energy step size of 0.1 eV with

flood gun turned on to eliminate surface charge.

Absorption of the P3HT:PCBM films and for those with-Bor N-CNTs were
determined with UWis, model Hp 8452A diode array spectrometer equipped with Hp
UV-Vis Chemstation software. Photoluminescence quenching of P3HT by eitber B
N-CNTs was determined using a diluselution of P3HT/B or N-CNTs in 1, 2
dichlorobenzene with a ISBC1 Spectrofluorimeter (using a Vinci software), at 440 nm
excitation wavelength. Solution for photoluminescence was prepared as reported in the
literature[20]. In brief, 20 mg of P3HT was dissolved in 1, 2 dichlorobenzemesake

100 mL solution. For solutions with-Br N-CNTs, 1.0 wt.% to the weight of P3HT of

B- or N-CNTs was added then bath sonicated for one hour. Necessary equivalent

dilutions were made to record spectra.

Charge recombination dynamics and the djief free charge carrier pairs that were
generated in the active films layer-(Br N-CNTs/P3HT:PCBM and P3HT:PCBM)
were determined using microsecond to millisecond {hased TAS following photo
excitation of the films. TAS kinetic traces were takemgsa simultaneous pump and
probe set up. A pulsed nitrogen laser (Photon Technology Internatior3B@lL) was
used to excite a dye laser (Photon Technology InternationaBG&), producing
emission at 540 nm which was directed to the sample and thisedhdelectronic

excitation.
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Hall Effect measurements were carried out using Ecopia Hall effect measurements
system, model HMS 3000 equipped with HMS3000 VER 3.15.5 software in the
presence of a 0.695 T permanent magnet. A thin film-arBN-CNTs weredeposited

on a glass substrate by drop casting from 1,2 dichlorobenzene solution. Aluminium
metal was thermo evaporatedvan der Pauw geometgn top of the film to provide

four probes contacts.

A quartz halogen lamp (Bentham IL1) and photodiode wesed o measure the
absorption characteristics of the samples at a typical probe wavelength of 950 nm.
Monochromators (Photon Technology International) were employed to refine the probe
wavelength. Currentoltage characteristics of the devices were detegd using

Keithley, model 2400 source meter, with a xenon lamp illumination at 100 m¥%/ cm

3. Results and discussion

3.1. Structure of B-and N-CNTs

Pristine CNTs usually have tubular structures which are hollow and can be modified
with the introdution of heteroatoms such as boron or nitrogen into the carbon network
[21-23]. Fig 1 presents typical TEM images of the@Ts and NCNTs. From the
figure, we observed cone shaped structures and thick walls (hm) for BCNTs
whereas NCNTs had bamboo compartments and thin wall6 om). Formation of
cone shaped structures and bamboo compartment were preliminary sé€tor
incorporation of boron and nitrogéheteroatoms in the hexagonal carbon netj@4k
B-CNTs were also observed to have kinks and twisted comparedQNTs which
were relatively straight. Thienk and twist observed can be attributed to the size-of B
C bonds which are larger than@bond by about 0.5925].

166



Cone structure

compartment

100 nm

Fig. 1. Structure of (A) BCNTs with cone shaped structures and thick walls. (B)
N-CNTs with bamboo compartments and thin walls.

Incorporation of boron and nitrogen in the carbon network was further assessed using

XPS. For BCNTSs, three peaks were identified i.e. a peak20 eV assigned to B 1s,
284.5 eV assigned to C 1s fronf &bridised carbon, and532.7 eV for O 1s. For

the NCNTSs, three peaks were also identified and assigned as follow28#.7 eV for

C 1s, at 401 eV for N 1s and 531.8 eV for O 1s. Table llustrates the atomic % of

each and peak ranges as determined by XPS.

Table 1 Peak range for each and quantity (at. %) of boron, nitrogen, oxygen and
carbon in Band NCNTSs.

Peak positiorn _
Type of CNTs Element| Atomic %

(eV)
186.0-193.5| B 1ls 15
B-CNTs 282.0-293.0| C1s 88.8
528.0-537.0 | O1s 9.7
283.0-293.9 | C1s 87.0
N-CNTs 396.5407.5| N1s 4.0

527.5-407.5| O1s 9.0

Oxygen could have originated from two sources namely; introduced during acid

purification to remove impurities and also, oxygerolecules could have been
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physisorbed on the rough surfaces that comes with doping of foreign atom on the
smooth CNTs wall§26]. To determine the elemental composition as well as the
chemical bonding environment of boron and nitrogen-iafl NCNTs, B 1s and N 1s
peakswere deconvoluted. The B 1s peak atill®3.5 eV was deconvoluted into 4
peaks (Fig. 2). Lower peaks (1889 eV) are associated with@ bonding while the

ones at high energy levels (19®4 eV) are associated with oxidised species of boron
and correspnd to BGO, BCG;,, and BO3[27].

——BC,0 (191.5eV)
—— BCO, (193.1 eV)

—— B substituted C (189.5 eV)
——B,C (187.5eV)

Intensity (a.u)

186 188 190 192 194
Binding energy (eV)

Fig. 2 Deconvoluted B 1s peaks showing the bondingrenment of boron in
B-CNTs.

From Fig. 2, substituted boron peak was the smallest indicating that very little boron
was incorporated into the hexagonal network of carborCNBs with low boron
concentration exhibit metallic character since insertionarybib in hexagonal carbon
network results in large number of acceptors near the Fermi[@f]el Effect of this in

the active layer of OSC will be discussed later in Section 3.3.

The N 1s peak at 396407.5 eV was also deconvoluted into 4 peaks (Fig. 3) which
corresponds to the 4 bonding environment of nitrogen in hexagonal carbon network.
From Fig. 3, the highest peatbtained was that of pyrrolic nitrogen, followed by

pyridinic, quarternary and lastly, the smallest represented the molecular nitrogen. The
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carbonnitrogen (GN) bonds in quaternary or pyrrolic provide delocalised electrons into
the sp hybridized carborattice. This induces sharp localised state above the Fermi
level due to extra electrons and this, make€MrI's to behave like -type semi
conductor or donor states. However, in pyridinic type where nitrogen is coordinated by
two carbon atoms inducescllised states below the Fermi level. These mak&NVYs

that were sermconducting to show metallic {fype) behaviour depending on the level

of doping[2§].

7 —— Molecular N (404.8)

1 —— Quantanary N (401.8 eV)
R — Pyridinic N (398.9 eV)

1 — Pyrrolic N (400.8 eV)

Intensity (a.u)
1

N

T T T T T T 1
400 402 404 406 408

Binding energy (eV)

T
396 398

Fig. 3: The four peaks of N 1s after deconvolution.

Effect of this on the performance in OSCs will be discussed later in Section 3@3. B
N-CNTs were mixed with polymd?3HT to form nanocomposites that were eventually,
mixed with PCBM to form part of the photoactive layer in OE&haviour of BCNTs

as a ptype and NCNTSs as rype semiconductors was further supported by Hall effect

measurements (Table 2).
The negativevalue for bulk concentration in#8NTs and positive in BENTs was an

indicator that they were behaving asype and ptype, respectively, sertionductors.

Baumgartneet al [29] studied a film of MWCNTSs using Hall effect measurements and
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in their findings, a positive Hall coefficient value was obtained and they concluded that
the film as predominant hole conductostype).

Table 2 Hall effects measurements and mabpidf thin film of B- and NCNTSs.

Bulk concentration Sheet concentratio Mobility
Type of CNTs

(cm®) (cm?) (cm?Vis?h
N-CNTs -1.962X 107 -4.905X 10°° 2.025x 10*
B-CNTs 1.592x 10 3.980x 10" 1.514

3.2. Effect of B or N-CNTs on the spectraproperties of the PSHT:CNTSs blends
Photoluminescence of the nanocomposite (Fig. 4) was obtained from a solution of
P3HT/B- or N-CNTs in 1,2 dichlorobenzene before PCBM was added. From the figure
we observed 50% quenching of the emission spectra with the inclusion-GNY's.

This was an indication of charge transfer betwee@NN's and P3HT. We also
attribute this quenching to the position of P3HT LUMG@.Q eV) and work function of
N-CNTs ¢ 4.2 eV) whichare close to each othgtQ]. This makes it energetically
favourable for electrons transfer from P3HT LUMO teCNITs. Our observations
differ with those of Leeet al [11] who reported insignificant quenching for a solution

of P3HT and NCNTs. They attributed this to energy barriers between-senductor
(P3HT) and conductor CNTs). However, BCNTs spectrum was almost a replica to
that of P3HT. The possible reason for thias that BCNTs do not accept electrons
from the P3HT due to the mismatch between the work function@NBs ¢ 5.2 eV)

and the LUMO of P3HT-(3.2 eV), hence, quenching was not possible.

170



—— P3HT
—— P3HT/B-CNTs

50000 o
—— P3HT/N-CNTs

40000

30000

20000 -

Intensity (a.u)

10000 -

T T T 1
550 600 650 700 750
Wavelength (nm)

Fig. 4 Photoluminescence spectra foistine P3HT (black curve), overlapped
by P3HT/BCNTs (red curve) and quenching by P3HIZNITs (blue

curve).

Absorbance of the nanocomposite was measured after mixing P36TBCNTSs with

PCBM then, spin coating thin films on a glass substrate anelaéing at 120 °C for 10
min (Fig. 5).

—— P3HT:PCBM
—— P3HT/B-CNTs:PCBM
—— P3HT/N-CNTs:PCBM

0.8

0.6 -

0.4 -

Absorbance (a.u.)

0.2

0.0 T T 1
400 600 800

Wavelength (nm)

Fig. 5: UV-Vis absorbance of thin films black pristine P3HT, red P3HTISTs
and blue P3HT/NCNTSs all the films had PCBM.
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From Fig. 5 we noted a red shift for the absorbance of P3HT &henN-CNTs (from

500.5 nm to 507.9 nm and 514.3 nm foiCBITs and NCNTSs) respectively, were
added to the polymer. Similar observations were made by K&0Omand attributed

this to enhanced ground interaction between CNTs and the polymer. Due to this
interaction we expected CNTs to create a gpedcolation pathway for the pheto
generated charge carriers and eventual efficient collection at the electrodes. A
ma x i mum a bpgyoof 500.5 nonn507.9aam and 514.3 nm for P3HT, P3HT/B
CNTs and P3HT/NCNTs was observed, respectively. The slight d s hyixfort of &
the films with dopedCNTs was attributed to polymer wrapping on the CNTs surfaces
which increase conjugation length as a resultaef interactions[31]. he @&
observed for thin film was more red shifted compared to that of a solution of P3HT in
1,2-dichlorobenzene (not shown here) which was 442 nm. This red shift can be due to
enhanced polymer structure ordering by annealidg. Additionally, annealing
increases\-A overlap in the polymer chains and causes phase segregation between the

donor polymer and acceypbfthepolgnB3B. whi ch i ncre

3.3. Photovoltaic properties

Bulk heterojunction organic solar cells were produced in a sandwich type device
structure consisting of different layers of materials (Fig. 6). The photoactiee s
composed of PSBHT/BCNT/PCBM or P3HT/NCNT/PCBM.

-

| ITO coated glass

Fig. 6: Schematic diagram of the device.
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The curremvoltage (3V) curves given in Fig. 7 are typical representatives of the OSC

diodes under investigation.

S LUMO
-3.2ev N-CNT
[
-4.2eV
P3HT
NE 0
KT) HOMO
r.( B-CNT -5.1eV
£
o -52eV
w
2
£ 4
- e P 3H T:P C BIM
e P 3H T/B-C NTS:PC BM
e P 3HT/N-CNTS:PCBM
Ll I I I 1
0.0 0.2 0.4 0.6 0.8 1.0
V
Fig. 7: 1-V Curves of devices witand without dope€NTs and the energy band
diagram.

According to the cell parameters provided in Table 3, the performance of the devices

did not improve as expected after blending the active layer witht B-CNTSs.

Table 3: Photovoltaic characterist of the devices.

0sC Voc Isc Jsc Pmax FF

V) (A) (mA/cm?)  (mWicnf) (%) (%)
P3HT:PCBM 0.557 0.00064 7.114 2.15 54.2 2.15
P3HT/B
cNTs:pem 0277 0.00058  6.452 0.54 30.2 0.54
P3HT/N
CNTs:pepm ©-302 0.00062 6.863 0.58 28.1 0.58

The device without dagtCNTs had an efficiency of 2.15% while the ones with B
CNTs and NCNTs had 0.54% and 0.58%, respectively. Despite the fact that the two
types of CNTs used had different properties (i.e. tHeNN's behaving like #type and
B-CNTs as ptype semiconductos), they had similar behaviour in the devices. By

intermixing the P3HT donor, PCBM electron acceptor with eitheorBN-CNTs was
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expected to improve the efficiency of charge separation at tAeiriberfaces. These

was to take place in the photoactivedinen by a way of enhanced charge transfer as a
result of high mobility in dope€NTs[34]. However, the samples with dopENTs
exhibited drastic reduction in the valudste Voc and FF which might be attributed to
high recombination in the devices. Similar behaviour was manifested in both types of
dopedCNTs which could also be associated with the metallic character induced by low
B-doping in BCNTs and high level of pidinic-nitrogen in NCNTs. In all the
devices, it was anticipated to have almost the samea¥ it mainly depends on the
difference between the HOMO level of the donor and the LUMO level of the acceptor
[35,36]. Major factors for the observed lows¥can be attributed tcecombination in

the devices and shunt resistance due to CNTs protruding out of the active layer causing
current leak in the form of short circuit. Deriddbaket al [14] reported that the
presence of metallic CNTs in the photoactive layer favours recombination of free charge
carriers. Additionally, Halet al [37] used timeresolved microwave condtivity to

show that metallic SWCNTs in P3HT blend was unfavourable to photovoltaic

performance.

According to the results given in Table 3 the devices had singdarhiich is known to
depend on device quantum efficiency (QE). QE of a device deperigdhbabsorption

of the polymer, excitons dissociation at theADnterfaces as well as the efficiency of
charge collection. From Table 3, we can conclude that the charge collection was not
good for the devices with dop€NTs among the three factorstéd above and this
affected the device efficiendyL1]. To try and understand whyefedevices had low
efficiency compared with results of Lee and-workers [10,11] who, reported
impressive efficiency of 5.29% and 4.11% usingCNT and BCNTSs, respectively,

further studies on the thin film based samples were carried out.

3.4. Morphology of the films

Morphology and sizeof photoactive layer films of the devices were analysed using
AFM andSEM. Fig. 8 showsAFM imagesof thesefilms. From the images, it was
observed that films with NCNTs were rougher compared to the one without doped

CNTs. This roughness decreased asfilm thickness increased, i.e. from 114.2 nm to
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278.2 nm. Similar observations were made for 257 nm and 160 nm thick films-with B
CNTs. The average size of the photoactive layer was 250 nm. We observed sharp
pointed filaments protruding on the surfagkthe films with dopedCNTS. These
filaments could be the cause of short circuiting of these devices. This has also been
suggested by Bersaat al [5] who attributed reduction in 3¢ and FF in their devices
P3HT/CNT/PCBM to the formation of filamentary electrical short circuiting which was

asaresultof CNTsextendingacrosghe photoactivdayer.

The SEM image in Fig. 9 shows that the deiTs were well dispersed in the film
Therefore, we ruled out bundling of CNTs in these devices. Hence, we attribute the
good dispersion to covalent functionalization of our de@&ir's with benzyl alcohol

via ester groups. This has been reported by other authors where the covalent
functionalzation of CNTs with ester groups promotes dispersion in the polymer matrix
[14].

From Fig. 9, lhe size of the dope@NTs was bigger compared to the thickness of the
film 250 nm. Hence, there is a possibility that the depBd's were extending across

the photoactive layer.

3.5. Recombination dynamics in the film blends

Although intermixing of polymer donor and fullerene acceptor results in significant
enhancement of phwinduced charge generation, it can also increases interfacial area
available for bimolecular recombination. Transient absorption spectroscopy (TAS) was
used to study recombination dynamics in P3HT:PCBM, P3HDIBN-CNTs films
blend. TAS was used to pide information on the yield of phofenerated charges
(polarons). This was achieved by monitoring optical absorption which directly relates

to the yield of photayenerated chargé38].
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Fig. 8 AFM film images of (A) P3HT:PCBM, (B) 114.2 nm thick film of
P3HT/NCNTs:PCBM and (C). 278.6 nm thick film of P3HT/-N
CNTs:PCBM.

Fig. 10 shows TAS signal for the blend films at 540 nm pump wavelength and 950 nm
probe wavelength at 1 s time delay. The probe wavelength was set at 950 nm in order
to correspond with transient absorption of P3HT positive polarons (P3HT
Additionally, low intensity excitation was employed to ensure plyetoerated charge

carriers were comparable with those generated under solar illumination.
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Fig. 9@ SEM image showing dispersion of dopeNTs. The length of the
dopedCNTs is in micronscale.

Fig. 10 The transient absorption decay kinetics of a P3HT:PCBM (1:1) blend
film and a similar blend containing 1.0 wt. % of eitherd N-CNTs
obtained as a function of laser excitation density with a pump

wavelength 5540 nm and a probe wavelength of 950 nm.

We observed the films transient signal deca
t'C) suggesting trafimited recombination extending to millisecond time sda&39].
This longlived power law decay is a characteristic of bimolecular charge recombination

of dissociated charged specip¥)]. TAS excitation was undertaken in a nitrogen
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