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Low temperature synthesis of multiwalled carbon nanotubes
and incorporation into an organic solar cell
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ABSTRACT ARTICLE HISTORY
Metal nanoparticle (MNP) catalysts used for the synthesis of Received 30 January 2017
multiwalled carbon nanotubes (MWCNTs) consisted of single metals Accepted 13 July 2017
(Fe, Ni or Co) and bimetallic mixture (CoFe, NiFe or NiCo). MWCNTs KEYWORDS

were successfully synthesised at 200 °C in 10 min using liquefied Carbon nanotubes; low
petroleum gas as carbon source with non-equilibrium plasma temperature synthesis; non-
enhanced chemical vapour deposition (PECVD) method. The equilibrium plasma; chemical
nanostructures and the morphology of the MNPs and the MWCNTSs vapour deposition; organic
film were characterised using relevant microscopic and solar cells
spectroscopic methods. The synthesised MWCNTs were used as part

of the electrode material in organic solar cell (OSC) set-up. Poly (3,4-

ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS) was

used as an electron transporter and poly-3-hexyl thiophene (P3HT)

as an electron donor. The performance of OSC devices was tested

using standard electrical measurements and solar simulator

operating at 100 mW/cm? The measured power conversion

efficiencies was found to be dependent on the metal catalyst used

during synthesis. Among all the catalysts employed in this

investigation, the best device performance was found from the

synthesis of MWCNTSs using Fe as a catalyst followed by Co and then

Ni, respectively.

1. Introduction

Technological advancement and population growth has brought about a huge demand for
energy globally [1-3]. Renewable sources of energy are seen as viable alternatives in an
effort to meet the growing energy demand, as well as to reduce greenhouse gas emissions
and other deleterious environmental effects which occur from using fossil fuels. Amongst
the possible renewable sources; solar energy is considered as an inexhaustible and rela-
tively clean source of energy. Considerable and continual efforts to utilise this sustainable
energy supply has been a global focus for the last few decades [2-4]. This includes devel-
opment of modified energy storage and conversion devices such as batteries [5], super
capacitors [6], light emitting diodes (LEDs) [7], and solar cells [2,3,8].
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There are several types of solar cells available for the conversion of solar energy to use-
ful electricity depending on the material used and device fabrication. These include dye
sensitised solar cells (DSSC) [9], inorganic and organic solar cells (OSC) [2,3,8,10], and
various other hybrid systems [2,3]. Widespread and most commercially successful systems
are inorganic solar cells; specifically silicon based, and these can be monocrystalline [11],
polycrystalline [12], or amorphous [13]. These types of solar cells are made from very reli-
able and advanced processing technologies, and have been reported to have relatively high
efficiency rates [2,14]. However, the fabrication techniques of these devices can be very
expensive as they require huge labour and investments on the requisite facilities [10]. On
the other hand, solar cells fabricated from organic semiconductor materials are likely to
be much cheaper since they can be potentially assembled using current polymer process-
ing technologies, and such systems can take advantage of the inherent advantages associ-
ated with polymers in terms of construction, design, aesthetic appeal, and flexibility in
application [2]. However, to date, solar cells made from organic semiconductor polymers
are less efficient than inorganic systems, and are prone to environmental degradations
[2,3,8]. In an effort to improve the suitability of semiconductor polymers for device fabri-
cation, small organic or inorganic molecules or a combination of both, with or without
incorporation of nanomaterials have been employed [15]. One very promising type of
nanomaterial that has been used in OSCs are carbon nanotubes [2,8].

The use of carbon nanotubes in OSCs has been recently reviewed [2,8]. In addition, we
recently reported on the synthesis of boron and nitrogen doped multi-walled carbon
nanotubes, and the assembly of OSCs using doped nanotubes [16-18]. Multi-walled car-
bon nanotubes (MWCNTs) may improve the performance of organic solar cells by
enhancing electron-hole dissociation [2,8,19], improving the mobility of charge carriers
by providing highly conductive pathways [17,20-22], and may enhance the environmen-
tal stability of OSCs [16,17,22]. However, one of the main challenges with incorporating
MWCNTs in OSCs is the random orientation of the nanotubes within the overall assem-
bly. Randomly oriented MWCNTSs can extend across the photoactive layer and result in
problems such as shunting of some of the generated charge carriers [18,19,23]. Vertically
aligned MWCNTSs are associated with improved electrical conductance [24]. This is
attributed to the ability of the internal walls of the vertically aligned nanotubes to partici-
pate in electrical transport without cross linkage problems [24]. The use of vertically
aligned MWCNTs may provide the advantages of nanotubes without the disadvantage of
overextension across the photoactive layer. In addition, the use of vertically aligned
MWCNTSs can maximise surface area and therefore enhance overall cell performance.

The main method used for the synthesis of MWCNTs, both on a lab-scale and com-
mercially, is the thermal chemical vapour deposition (CVD) [25,26]. The thermal CVD
technique utilises high temperatures in the range 500-1100 °C [2,25-27]. These tempera-
tures are not suitable for the direct growth of vertically aligned MWCNTs onto substrates,
especially when considering using substrates with very low strain points or thermal stabil-
ities below these high temperatures. However, among the modified CVD methods devel-
oped, the plasma-enhanced chemical vapour deposition (PECVD) has proven to be
favourable in overcoming such shortcomings. This method makes use of the plasma
which can produce the relevant active species from a suitable carbon source and enables
suitable growth of CNTs directly on the substrate. However, a limited number of studies
have been done on the production of CNTs which are vertically aligned and dense, and
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grown directly on the substrate using lower temperatures. Therefore, in this study we
investigate the growth and physical-chemical properties of carbon nanotube arrays
directly on the substrate for application in organic solar cells. We investigated synthesis
temperatures as low as 200 °C with the minimum possible deposition time, 10 min, using
non-equilibrium PECVD method. Furthermore, we investigated the effect of different
catalysts, monometallic and bimetallic catalysts, on the performance of the organic
solar cells.

2. Experimental
2.1. Materials

All chemicals and gases used in these experiments were obtained from commercial sour-
ces and were used as received without further purification. These included: Acetone 100%
(AR), Protea Chemicals, South Africa; ammonium solution 25% (CP), Associated Chemi-
cal Enterprises, South Africa; cobaltous chloride 99% (AR), Rochelle Chemicals, South
Africa; hexadecylamine (HDA) 90% (technical), Capital Lab Supplies, South Africa; iron
chloride hexahydrate 99% (AR), Associated Chemical Enterprises, South Africa; Isopropa-
nol 99.5% (AR), Saarchem, South Africa and nickel chloride hexahydrate 98% (AR),
Saarchem, South Africa. All gases used were purchased from Afrox, South Africa. This
included argon (ultra high purity) and liquefied petroleum gas. A 30 x 30 x 0.7 mm ITO
(15 Q) glass was purchased from Luminescence Technology Corp, Taiwan.

2.2. Methods

The methods employed in this work were divided into three stages i.e. catalyst synthesis,
MWCNTs synthesis and application of the synthesised MWCNTs in solar cells.

2.2.1. Synthesis of catalysts

The synthesis procedure was based on modification of a method used by Choi and co-
workers [28]. In brief, HDA (0.5 g) was dissolved in acetone (25 mL). The mixture was
ultra-sonicated for 20 min until a homogeneous mixture was obtained, then stored in a bea-
ker for further use. In a separate 100 mL beaker, FeCl;.6H,O (1.352 g) was dissolved in
50 mL of deionised water. The solution (20 mL) was transferred into a three-necked
round-bottomed flask. The mixture was ultra-sonicated for 5 min and thereafter placed
onto a hot plate. To the mixture, an NH,OH (20 mL) solution was added dropwise. The
pH of the solution was maintained at 11, with the dropwise addition of the precipitating
agent (NH,OH) while heating the solution at 80 °C under vigorous stirring (300 rpm). The
precipitation temperature was maintained constant within &1 °C using an oil bath. After
10 min, the prepared HDA/Acetone solution (5 mL) was added dropwise for 5 min while
stirring. An additional NH,OH (5 mL) was added and then the solution was further stirred
for 5 min. Thereafter, four aliquots of HDA/Acetone solution (5 mL) were added at 5 min
interval. After the addition of the last aliquot of HDA, growth was allowed for 30 min, at a
constant temperature of 80 °C. The mixture was consistently stirred during this step in order
to produce a stable suspension. This was followed by cooling the contents in a round-
bottomed flask to room temperature under running water. The precipitates were centrifuged
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at 2500 rpm for 20 min, then sequentially and thoroughly washed with ethanol (6 mL) and
acetone (10 mL) several times, until a colourless supernatant was obtained (an indication of
total removal of the excess surfactant). The final product was stored as a concentrated mix-
ture in a refrigerator at temperatures below 5 °C to avoid fusion of the particles. The proce-
dure was repeated for Co and Ni catalysts. The same procedure was followed for the
bimetallic catalysts, CoFe, NiFe and NiCo. The metal chloride salts were dissolved in deion-
ised water as individual solutions.

2.2.2. Synthesis of MWCNTs
Non-equilibrium PECVD apparatus was constructed with commercially available con-
sumables. A simple schematic diagram is shown in Figure 1.

The system consists of an Electrical Supplies Corporation alternator, 0-260 V set at
110 V. The plasma driver, model PVM/DDR, was connected to the alternator. The plasma
driver was connected with two 4 mm thick electrical wires which were in turn connected
toa 10 mm x 3 mm x 2 mm copper foil. Two full trough infra-red ceramic heaters from
Unitemp were connected to an RKC FJ02 temperature controller which was connected to
a J-type thermocouple. The reactor vessel was a quartz tube with a diameter of 40 mm
and a length of 25 mm. The system was closed by connecting the gas and plasma inlet to
one end and to the other end was the gas exhaust. The gas flow rates were controlled using
Swagelok variable area flow meters, VAF-G4-04S-1-0.

In this procedure, the synthesis temperature was maintained at 200 °C for 10 min using
LPG (liquid petroleum gas) gas as the carbon source, while Ar, in all cases, was constantly
used as the inert atmosphere. The flow rates of the two gases were kept at a ratio of 3:1 for
the carbon source to the inert atmosphere, respectively. Other gases were tested in the

Gas inlet
Plasma

/ ] e Electric wires

= = }- connected to

Gas exhaust plasma source

Substrate
Reactor
I vessel

Heating elements
surrounding the reactor
around the substrate

Figure 1. Schematic illustration of the non-equilibrium PECVD.
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PECVD setup, and these were ethylene and methane. The synthesis procedure was carried
out in two stages; i.e. substrate preparation and CNT synthesis.

An indium tin oxide (ITO) coated glass (thermal stability, 666 °C) was used as the sub-
strate. The ITO glass substrates were cleaned and part of ITO etched to give a non-etched
and etched partition, with ratio of 1:3:2 to get 5:15:10 mm division. The ITO was pro-
tected from etching by covering the conductive sides with insulation tape which covered
an area of 20 x 20 mm?. A 200 mL acid solution containing HCl: H,O:HNO; in the ratio
12:12:1, respectively, was prepared. The prepared acid solution was heated to 70-90 °C on
a hotplate. The ITO substrate (with masked areas) was placed in the solution for 60 s to
etch the uncovered part. After etching the ITO substrate was rinsed under running tap
water to dilute and remove excess acid. The covering insulation tape was then removed
and the substrate was ultra-sonicated in a mixture of a detergent and distilled water for
10 min. This was followed by the thorough cleaning of the substrate with a cotton ball
and acetone. The substrate was then rinsed in pure deionised water to remove the deter-
gent and further ultra-sonicated for 10 min. The substrate was then ultra-sonicated in ace-
tone for another 10 min and further ultra-sonicated in isopropanol for an additional
10 min. The substrate was left to dry in an oven at a temperature of 120-150 °C for
30 min until complete dryness was achieved.

The MNPs prepared were diluted and drop dispersed, 10 pL of respective metal nano-
particle, 1 mg/mL in ethanol using a micro pipette. The MNPs were spread onto the con-
ductive side of the hydrolysed ITO glass substrate covering the 15 x 15 mm? area in the
centre of the substrate. The other 5 x 5 mm?* and 10 x 10 mm” ends of the conductive
and non-conductive sides, respectively, were left to be electrode materials. The ITO sub-
strate with MNPs was placed at the centre of the reactor vessel in the non-equilibrium
PECVD set-up. To remove the air, the system was flushed with the Ar gas for 5 min then
purged with the carbon source for another 5 min. The radio frequency plasma driver was
set at 50 W. The current of the plasma was 0.3 A. The substrate was heated up to the syn-
thesis temperature, 200 °C, under Ar flow, at a flow rate of 100 mL/minute, before reduc-
ing the Ar flow. The power supply was turned on and the current knob adjusted to
initiate the plasma. Once the plasma was stable (about 2 min), the hydrocarbon source
was slowly increased to a flow rate of 300 mL/minute for 10 min. Thereafter, the hydro-
carbon flow was terminated and the Ar flow was ramped up. The power supply and the
plasma were switched off and the system cooled under Ar flow. In terms of characterisa-
tion, two approaches for analysis were used, i.e. (i) sample including substrate and (ii)
sample without the substrate.

2.2.3. OSC device preparation

Bulk heterojunction organic solar cells (BHJ-OSCs) were fabricated on ITO coated glass
substrate. The MWCNT's were deposited on the ITO side of the substrate for device fabri-
cation. The photoactive layer, composed a mixture of poly-3-hexyl thiophene (P3HT), and
phenyl-Cg;-butyric acid methyl ester (PCBM) was prepared in chloroform solvent and son-
icated for 3 hours to increase the miscibility of the molecules. The hole transport layer layer
poly(3,4-ethylenedioxythiophene): poly styrenesulfonate (PEDOT:PSS) was spin casted on
MWCNTs synthesised ITO substrate at 3000 rpm for 50 s. After spin coating the substrate
was annealed at 120 °C for 10 min in an oven. The active layer P3HT:PCBM was spin-
coated at 1500 rpm for 30 s, and then annealed again for 20 min at 120 °C. Finally, 0.6 nm
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thick lithium fluoride (LiF) buffer layer and aluminium electrode (60 nm) were thermally
evaporated in vacuum at 2.22 x 1077 mbar using HHV Auto 306 vacuum evaporator
equipped with INFICON SQM-160 thin film deposition thickness and rate monitor.

2.3. Characterisation

The structure, dimensions and topography of the MNPs and the MWCNT's were investi-
gated by the use of transmission electron microscopy (TEM). A JEOL JEM 1010 model
was used with a Mega view 3 camera attached. The MNP samples were prepared by dilut-
ing the catalyst solution, a pipette drop in 1 mL acetone and ultra-sonicated for 5 min at
room temperature. A lacey or holey carbon-coated copper grid was dipped into the
diluted solution and dried under a halogen lamp for 5 min. The grid was placed on the
sample holder, loaded into the TEM, and images were taken at different magnifications
from 80 000X-600 000X using a Mega view 3 camera. The particle sizes and MWCNTs
diameter were determined using image J° software. A minimum of 100 particles or tubes
were used for statistics.

Fourier transform infrared spectroscopy (FTIR) characterisation was performed using
a KBr pellet disk and an FTIR spectrometer (Perkin Elmer Spectrum 100 instrument).
Dry potassium bromide (150 mg) powder and 2 mg of respective sample were ground
using a motor and pestle. The mixture was pressed into a pellet using 10 Tons of pressure
for 2 min in a ring press model 00-25 supplied by Research Industrial Company, England.
The CO, absorption in the background was removed by air scanning. The resolution used
was4cm L ina spectral range of 4000-400 cm™ L

Thermal stability, residual metal and the organic content analysis was confirmed by
using a TA Instrument Q series'™ Thermal Analyser TGA (Q600). The measurements
were done in air at a flow rate of 50 mL/min from ambient temperature to 1000 °C. The
isothermal time was 1 min with a ramp temperature of 10 °C/min. To acquire the data, a
TA instruments Universal Analysis 2000 software package was used. Weight loss curves
were re-plotted using Origin® software.

The carbon products were analysed with a Raman spectrometer; model Delta Nu
Advantage 532™. The grating lines were 1800 per mm. The laser excitation wavelength
was 532 nm and the power generally used was medium high according to the software of
the instrument. Integration time of 45 s and a resolution 10 cm™" was set. Spectral analy-
sis was done using an average of three spectra for each MWCNT sample. Background
smoothening and baseline correction was done by using the Software 2D CCD detector
provided with the Raman instrument.

Current-voltage characterization was determined by using standard solar simulator
model # SS50AAA (Pet Photoemission Tech. Inc.), with a Keithley 2420 source meter.

Where the simulator was operating at AM 1.5 and the power input was 100 mW/cm >,

3. Results and discussions

3.1. Catalysts

The synthesised MNPs were characterised mainly using SEM and TEM for surface mor-
phology and TGA for residual metal content as well as the determination of the presence
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of the organic coating. During synthesis, the colloidal solutions were maintained at a pH
of ~11. This optimum pH was based on a study by Mahdavi et al. in which iron oxide
nanoparticles were synthesised [29]. The group used iron chloride hexahydrate and tetra-
hydrate precursors, and applied the co-precipitation method. From their finding they con-
cluded that particle size of the nanoparticles relied on pH, where, nanoparticle sizes would
reduce in size with increasing pH, i.e. from pH8 to pH11 and increased with pH rise i.e.
from 11 [30]. Herranz et.al. also suggested that a pH of 11 is capable of maintaining the
molar ratios of the precursors under a non-oxidative environment [31]. The reaction tem-
perature was maintained at 80 °C since the surfactant was added from the beginning of
synthesis. Therefore, this temperature would be suitable to assist the prevention of any
potential intermediate complexes to form [32,33]. During the course of the reaction, a vig-
orous agitation was necessary to help dispersion by inhibiting nanoparticle growth and
surface attractions that could lead to agglomeration of the nanoparticles. The surfactant,
HDA, was added as aliquots to the metal chloride and ammonia solution such that the
surfactant would be able to enclose the surface of the MNPs [34]. The first aliquot of
HDA acted as the primary surfactant whilst additional aliquots acted as the secondary
surfactant. These aliquots had different effects on the growth of the nanoparticles. The
polar heads of the first surfactant are bound to adsorb onto the MNP catalyst particles
and the nonpolar tails are left floating in the solvent system [34]. Van der Waals forces
are responsible for the interaction between the additional aliquots of the surfactant and
the first surfactant aliquot. The tails of the first surfactant that are left floating around in
the solvent system then bind with the nonpolar tails in the additional surfactant. The
interaction leaves the polar heads to be solvent and ammonia bound [28]. Hou et al. syn-
thesised Ni nanoparticles using Ni(acac), precursor and HDA and triocytylphosphine
oxide as surfactants to control the metal size [35]. They reported that growth of the result-
ing oxide was dependent on HDA, smaller Ni nanoparticle diameters were related to the
addition of HDA.

3.1.1. TEM
TEM analysis was used to determine the actual size and structure of the MNPs.

The images in Figure 2 show that the metal nanoparticles of Fe (a) and CoFe (d) had
spherical shapes, while those from Co and Ni had shapes that looked like irregular and
elongated spheres. From the size distribution histograms (Figure 2), all nanoparticles syn-
thesised were well dispersed and showed uniform sizes. There is no noticeable difference
between the images of single and bimetallic catalysts. All the nanoparticles show a narrow
size distribution in the range of 3-10 nm with a good dispersion. This suggested that
HDA played a key role as a surfactant as well as the reducing agent as reported in litera-
ture by Li et al [34]. The metal precursors were reduced from +3, or +2 (Fe, Co and Ni) to
their respective zero valence oxidation states. However, the MNPs may have formed metal
oxides/hydroxides phases through air oxidation, since the synthesised MNPs are expected
to have relatively large surface areas which can enhance oxidation [36].

This observation was also noticed on EDX spectra, Figure 3, with the presence of oxy-
gen (O) signal.

Generally, the EDX spectra for single metal catalysts showed atomic weight % ratio of
the metals with the carbon in a 1:1 ratio. The EDX spectrum for bimetallic catalysts
showed that atomic weight % ratios corresponded with the expected molar ratios of the
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Figure 2. TEM images and inserts of the histograms of metal nanoparticles; (a) iron, (b) cobalt, (c)
nickel, (d) cobalt-iron, (e) nickel-cobalt and (f) nickel-iron.

mixed metals for instance, Co to Fe stoichiometric ratios in the CoFe MNPs spectrum was
1:2. The signal from carbon (C) was attributed to the organic coating (HDA) around the
surface of MNPs. HDA acts by forming co-ordination complexes with the metal ions in
the solution. The amine head surrounds the nanoparticles formed thus reducing sintering
[37]. To further understand the role of HDA and the chemical environment of the final
product, FTIR analysis was done.

3.1.2. FTIR spectroscopy
FTIR spectroscopy was used to determine the vibrational and stretching frequencies of the
functional groups present in the synthesised MNPs. The formation of the MNPs, through
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Figure 3. EDX images of synthesised metal nanoparticles (a) iron, (b) cobalt, (c) nickel, (d) cobalt-iron,
(e) nickel-cobalt and (f) nickel-iron.

the interaction between the surfactant and the MNPs, was thus further confirmed. A
stacked image showing all the MNPs with HDA are provided in Figure 4.

The FTIR spectra of the mixture of HDA and the synthesised MNPs showed that there
were some interactions between the surfactant, HDA, and the MNPs. In MNPs containing
cobalt, a peak between 3500 and 3700 cm ™" was attributed to free O-H groups [38]. It was
speculated that the O-H stretch of the Co samples was attributed to the fact that Co con-
taining samples are highly hydroscopic hence, samples containing Co had trace amounts
of OH. The N-H stretching band at 3331, 3554 and 3172 cm ™! showed a redshift with the
synthesised metal nanoparticles. This peak shift indicates that the HDA amine group has
bound to the surface of the MNPs [39,40]. The C-H stretching 2917 cm! (symmetric)
and 2848 cm ™' (anti-symmetric) appeared at 2916 and 2849 cm ™" respectively. This also
could suggest that HDA had interacted with the MNPs [41]. The peak shifts in these oxide
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Figure 4. Comparison of the IR spectra of HDA and co-precipitation synthesised MNPs with the insert of
the magnified 400-580 cm ™" region.

Table 1. Summary of FTIR peaks assigned to the co-precipitation synthesised
metal nanoparticles [37,43,44].

Catalyst Wavenumber (cm™") Assignment
Fe 422 Fe-O

Co 516, 481 0-Co-O0

Ni 439 Ni-O
CoFe 570 Ferrite MNPs
NiCo 519 Cobaltite MNPs
NiFe 542,418 Ferrite MNPs

molecules are mostly attributed to the constraint of the capping molecular motion which
supposedly resulted from surface attachment of the HDA. The peak intensities had differ-
ences between the spectra. This was also postulated to be as a result of the HDA molecule
on the MNPs forming a relative close-packed HDA layer which constrained the molecular
motion [42]. Table 1 shows how bands of interest were assigned on individual MNPs.
FTIR gave characteristic metal-oxide peaks. To further determine the amount of the
metals and the amount of the surfactant present in the MNPs, TGA analysis was done.

3.1.3. Thermogravimetric analysis

The various samples were analysed using TGA. The general trend of all the MNPs syn-
thesised using the co-precipitation method showed that the TGA curves had five different
steps. A stacked TG curve is shown in Figure 5 where all MNPs are presented.
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Figure 5. TGA curves of all the metal nanoparticles in air; (a) single metals and (b) mixed metals.

The TGA of the samples were run under air, and Figure 5 shows a small mass loss below
150 °C which was attributed to the release of adsorbed water. There was a second and third
step around 200 and 375 °C, respectively, attributed to desorption and decomposition of
the surfactant, carbon formation, as well as the removal of the unbound HDA on the sur-
face of the metal nanoparticles. Further weight loss around 500 °C was due to de-hydroxyl-
ation of the surface and removal of some of the lattice residual HDA. This weight loss
suggests that the interaction between the metal nanoparticles and the surfactant was strong.
The final weight loss in the TG curve was observed at temperatures around 580 °C. This
signified the termination of weight loss associated changes [44]. A dip around 900 °C was
observed and this was attributed to the formation of different bimetallic phases that are not
stable, i.e. decompose with an increase in temperatures [45]. The derivative weight loss per-
centage curves were plotted for each metal sample as shown Figure 5 inserts. In these deriv-
ative curves, it can be observed that as the thermal events progressed, there was a variation
in the weight as a function of temperature. Therefore, the TGA results agreed with the
FTIR results in showing the presence of the organic coating. The TGA curves show that
weight loss was 72, 70 and 45% for Ni, Co and Fe respectively, then 12, 11 and 9% for
NiCo, NiFe and CoFe respectively. Therefore, the single MNPs contained more of the
organic coating than the mixed MNPs. The differences of the metal residual content were
attributed to the differences in the MNP morphology and surface properties. Additionally,
as observed from EDX, the monometallic nanoparticles contained atomic C in greater pro-
portion than in bimetallic catalysts, hence, the difference in the metal residual content was
also assumed to be due to the observed difference. In another study, Cao et al.,, suggests
that the shape variation of the metal nanoparticles plays a significant role on their respec-
tive thermal properties [46]. Therefore, since the metal nanoparticles had almost the same
sizes with slight differences in their shapes, the observed differences in their thermal stabili-
ties can be attributed to their size and surface variations.

3.2. MWCNTs synthesis

The non-equilibrium (PECVD) approach was employed to overcome the high tempera-
ture problem associated with the thermal CVD. The role of plasma was to ionise the
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gaseous feedstock under low temperatures [47]. The system was optimised in terms of the
reaction temperature, time, plasma flame and the deposited CNT layer. In order to pre-
serve the properties of the ITO coated glass substrate, Wang and Moore suggested
employing low temperatures [48], hence a purpose built non-equilibrium PECVD appara-
tus was utilised. Another study by Ren et al. for synthesis of CNTs on glass substrate,
showed that glass electrical resistivity increases by annealing up to 100 °C and decreases
above 100 °C [49]. Therefore, temperatures below 300 °C were selected as ideal for the
direct deposition of the MWCNTSs on ITO glass substrate. The ITO substrates were placed
directly below the plasma discharge to maximise the interactions between the plasma and
the catalyst as suggested by Somers et al [50]. Since the physicochemical properties of the
plasma and the catalyst can be modified by their co-existence [51].

Attempts to use gases such as methane and ethylene as the carbon sources resulted in
the plasma flame being extinguished. This was attributed to the differences in the density
and vapour pressures of the gases, and the ionisation and dissociation energies. The igni-
tion source would not have been able to provide enough energy to initiate a cascade with
the gases thus, the gases requires higher synthesis temperatures which can be above
350 °C [52]. Therefore, in this study LPG as carbon source and the co-precipitation syn-
thesised MNPs as catalysts where investigated.

3.2.1. SEM analysis of the MWCNTs

The as synthesised MWCNTSs using different catalysts were viewed under SEM using
exceptionally low magnifications to investigate the alignment. Figure 6 shows the varia-
tions in the observed structures upon varying catalysts using low magnification.

Similar images were observed with respect to the different catalyst utilised. The SEM
images (Figure 6) showed vertically aligned MWCNTSs were successfully synthesised.
Amorphous carbon material was observable from the aerial and side views (Figure 6).
Besides this, no other distinctive observations were noticeable in both mono- and bi-metal
catalysts from SEM images. EDX data confirmed the presence to the respective catalysts
and carbon in the samples. The EDX spectra in the different catalysts observed showed
the peaks of the respective catalysts. The Si, In, Sn and O, peaks were also present and
they were assigned to the ITO coated glass substrate components.

3.2.2. TEM analysis on MWCNTs

To further characterise in terms of dimensions of the MWCNTSs samples, TEM was uti-
lised. Figure 7 shows hollow tubular nanostructures with thick walls from all the catalysts
used.

This means the vertically aligned nanostructures observed by SEM analysis were
MWCNTs (Figure 6). In some TEM images the catalyst nanoparticles were observed at
the tip end, sides and inside the tube (Figure 7). Slightly noticeable size differences were
observed with TEM images which showed different MWCNTSs dimensions with respect
to catalysts used. The alignment was attributed mainly to the plasma. The plasma contains
positive ions in the cathode sheath. The plasma is responsible for the attracting the
MWCNTs to follow a growth towards the source of the ions [53]. To some extent, van
der Waals interactions between adjacent MWCNTs could also explain the alignment [54].
The least tube diameters where achieved with Fe as single catalyst whilst for bi-metal cata-
lyst it was with CoFe. The differences in the mean diameters were attributed to the
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Figure 6. Representative images indicating the different views of the MWCNTSs as observed using SEM
for CoFe catalyst; (a) aerial view on substrate, (b) scrapped off aerial view (c) scrapped off side views
and (d) the EDX spectrum.

variations in mean catalyst sizes observed [55,56]. Amongst mixed metal-catalysts, NiCo
showed the largest CNT diameter and this could be explained using the austenite-phase
concept where, Co and Ni are common Fe stabilising elements [57]. These austenite-sta-
bilising elements are responsible for extending the austenite phase thus making the mix-
ture of metals with Fe become more stable. It is this stability which is responsible for the
enhanced carbon solubility in the mixtures containing Fe [57]. In the case of single metals,
it is well known that transition metals have partially filled d shells. Therefore, this prop-
erty enables interaction with hydrocarbons in order for catalysis to occur. Therefore, the
electronic structure of these magnetites of Fe is responsible for catalysing the decomposi-
tion of the carbon source [58]. This suggests why Fe produced small diameter MWCNT's
as compared to Co and Ni [59]. Raman analysis was done so as to determine the graphitic
nature of the synthesised MWCNTs.

3.2.3. Analysis of the MWCNTs using raman spectroscopy
Raman analysis of the MWCNTs synthesised using the six catalysts showed characteristic
CNTs disorder band (D band) and graphitic band (G band) as shown in Figure 8.
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100 nm

Figure 7. TEM images representing the various MWCNT structures synthesised where (a) Fe, (b) Co, ()
Ni, (d) CoFe, (e), NiCo and (f) NiFe are the respective catalysts used.

The D band due to defects is usually located at 1350 cm™" and the G band, often asso-
ciate with crystalline nature of the carbon atoms in the MWCNTs, at 1580 cm ™ '[60]. The
ratio of the D- to G- band (Ip/Ig) was calculated by dividing the areas under the respective
bands. The results are presented in Table 2 for each catalyst.

Raman analysis showed that the MWCNTSs with smaller mean diameters, from TEM
analysis (Table 2), had higher Ip/Ig. When comparing the single metal catalysts, Fe had
the least MWCNTs mean diameters and the highest disorder ratios. For mixed metal cata-
lysts, CoFe had the highest disorder ratio. Therefore, the higher Ip/Ig ratios could be
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Figure 8. Raman spectra for the MWCNTSs synthesised, the insert shows the position of the D-and G-
band respectively.

Table 2. Comparison of the Ip/lc in Raman analysis with respect to the

MWCNTs diameters.
Mean tube diameter (nm) Position (cm™")
Catalyst OD £ SD ID+SD D-band G-band Ip/lg
Fe 43+5 6+3 1373 1617 0.94
Co 65+7 9+2 1381 1620 0.73
Ni 56+ 8 7+£5 1376 1585 0.92
CoFe 39+9 5+4 1334 1618 0.99
NiCo 45+ 6 8+2 1334 1600 0.85
NiFe 415 6+2 1350 1620 0.83

*OD: Outer Diameter, ID: Inner Diameter, SD: Standard Deviation.

attributed to greater carbon bond strains in the MWCNTs due to a low degree of crystal-
linity [60]. This may suggest that different metal catalysts as well as varying their combi-
nations influence the nature of the MWCNTSs produced. This ultimately affects the
physical characteristics like tube diameters and hence their corresponding graphitic state.
The characterisation techniques were substrate dependent; hence, no further investiga-
tions of the synthesised samples were further examined.

3.3. Assembly and characterization of a solar cell device

Bulk heterojunction organic solar cell (BHJ-OSCs) were fabricated on ITO coated glass
substrate containing vertically grown MWCNTs. The active layer of the device is prepared
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Figure 9. Schematic diagram of the layer arrangement in OSC.

in chloroform based solution containing P3HT and PCBM blend. Figure 9 illustrates a
typical arrangement of the various layers of the device architecture.

The performance of the solar cells is determined in terms of device parameters
which can be derived from the current-voltage characteristics (J-V) of each diode
produced in a sample. Fill factor (FF) and power conversion efficiency (PCE) of the
device are defined as:

FF — ]Max X VMax (1)
]SC X VOC
v,
PCE = FF Jic X Voc (2)

in

Jnax and Vi, represent current density and voltage at maximum power point; Jsc rep-
resent short-circuit current density; Vo is open circuit voltage and Py, stands for inci-
dent light power [61].

The J-V characteristics of the devices were measured both under dark and illumi-
nation conditions. Figure 10 shows the measured J-V curves taken from the various
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Figure 10. Comparison of current against voltage (J/V) plots in (a) illumination and (b) dark using
MWCNTSs prepared.
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samples in these investigations. In these devices, some of the OSC diodes showed
good device rectification behaviour while others showed good conductivity. We also
have observed a number of diode showing no sign of device rectification because of
Ohmic contact created by protruding MWCNTSs between ITO and Al electrodes. The
main reason for using vertically grown MWCNTSs was to facilitate the charge trans-
port process by sequentially filling the CNTs with hole transport layer PEDOT: PSS
and the photoactive layer (P3HT:PCBM), respectively. Therefore, the good conduc-
tivity MWCNT is responsible for the improved electrical conductance due to their
internal walls participating in the electrical transportation which enables large cur-
rent-carrying capacity [24]. Preventive procedures of making the devices in a dark
room were executed such that the PEDOT:PSS would not degrade [62]. This was so
because when exposed to UV illumination the PEDOT:PSS disintegrates and initiates
water into the active layer of the device and thus making it being slightly acidic. LiF/
Al was used as the electron collecting contact. Figure 10 illustrates the current versus
voltage (J/V) plots obtained using the MWCNTs synthesised using non-equilibrium
PECVD with LPG as the carbon source.

Figure 10 is the current-voltage characteristics of the devices fabricated in the current
investigations taken both under illumination and dark condition. Figure 10 (a) represents
a device with largest fill factor of 37% and a power conversion efficiency of 0.59%. A good
rectification behaviour of the diode can be seen in Figure 10 (b) at an applied bias of
—0.6 V. Most of the samples tested under illumination provided some values of device
parameters as presented in Table 3.

The highest V. and FF were observed for Co, but the highest Jsc and efficiency
were observed for Fe. NiCo and NiFe had no FF and efficiency values due to con-
straints associated with series resistance. Several factors account for the series resis-
tance and these include; the formation of insulator between active layer and the Al
electrode, and also contact resistance and poor optimisation of the P3HT:PCBM film
thickness [24]. The low efficiency could be due to the electronic nature of the respec-
tive catalysts in the synthesis of the MWCNTSs as well as the formation of phase sep-
arated MWCNT cluster in the photoactive layer. The observed trend showed that in
the single metal catalysts, Fe synthesised MWCNTs showed the highest efficiency,
0.68%, followed by Co and Ni, while a combination of CoFe showed better efficiency
amongst the mixed metal catalyst. This could suggest that the catalytic nanoparticles
were participating in the electronic transfer processes in devices. This was attributed
to the size of the MNPs, the smaller the size the smaller the diameter of the
MWCNTs [55,56]. Hence, for this case, the small sized MWCNTSs are better electron
transporters.

Table 3. Measured cell parameters for all MWCNT samples.
MWCNTSs sample/catalyst Vo (V) Js (mA.cm™2) FF (%) Efficiency (%) Rectification

a (Fe) 0.17 15.62 25.96 0.68 Yes
b (Co) 0.29 5.59 36.53 0.59 Yes
c (Ni) 0.17 14.36 21.52 0.51 Yes
d (CoFe) 0.29 5.62 30.55 0.50 Yes

- - No

e (NiCo) 0.17 14.36

f (NiFe) No
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4. Conclusions

The MNPs obtained showed mono-dispersion with a narrow size distribution (3-10 nm).
FTIR spectroscopy and TGA results confirmed the presence of the HDA in the final
MNPs product. Hence, the MNPs were successfully coated with the amine groups of the
HDA. The synthesised MNPs were used for synthesis of vertically aligned MWCNTs.
MWCNTSs were successfully synthesised using LPG as a carbon source at 200 °C in
10 min. Therefore, non-equilibrium PECVD was suitable for growing the MWCNTs
directly on the substrate without destroying the substrate properties. The MWCNTSs
diameters depended on the size of the metal catalyst particles. This in turn affected the
graphitic nature of the MWCNTs. All the metal catalyst synthesised MWCNTs were
tested for their capability in OSC and it can be concluded that LPG synthesised MWCNTs
are suitable electrode components. Also, catalytic nanoparticles used in the synthesis of
the MWCNTs influences the ultimate activity of the MWCNTSs in the OSC device.
Accordingly, single metal catalysts exhibited best efficiencies as compared to bimetallic
counterparts. The observation was attributed to the nature of the catalyst particles. How-
ever, all the samples produced low efficiencies when compared to literature.
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