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ABSTRACT

Nanocomposites consisting of multiwalled carbon nanotubes and titania were synthesized by two methods, namely, sol-gel and
chemical vapour deposition (CVD) methods. The work takes advantage of the bridging ability of nanotechnology between
macromolecules and the solid state process in engineering alternative nanomaterials for various applications including solar cell
fabrication. Physical and chemical characterization of the mesoporous nanocomposites from the two synthetic methods were
investigated using Raman spectroscopy, thermogravimetric analysis, Fourier transformation infrared spectroscopy, scanning
electron microscopy, transmission electron microscopy, high-resolution transmission electron microscopy, surface characterization
and X-ray diffraction analysis. Physicochemical properties in the nanocomposites such as thermal stability, pore volume,
crystallinity and surface area were observed to be a subject of MWCNT: titania ratios and synthetic methods. From the CVD
synthetic method, observed attributes include more uniform and smoother coating; better crystallinity and larger pore width than
sol-gel method. On the other hand, nanocomposites from sol-gel synthetic method had larger surface areas, were more defective
and less thermally stable than those from CVD. Nanocomposites by the CVD method performed 39.2 % more efficient than those
from sol-gel in light-harvesting experiments. The study shows that the nanocomposites synthesized were more effective than
titania alone when the cheaper natural dye, Eosin B, was used. This highlights the great potential of typical nanomaterials in

improving the performances of titania in DSSCs as well as lowering the cost of the ultimate devices.
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1. Introduction

In terms of clean and renewable energy, dye-sensitized solar
cells (DSSCs) offer an interesting and attractive alternative to the
various options available, especially for a developing world
economy. DSSCs are relatively simple systems that can be assem-
bled with minimal amounts of inexpensive materials, operate
under varying light conditions and temperatures, can be assem-
bled or moulded into various shapes, configurations, and
colours." DSSCs are photo-electrochemical systems that use a
dye to capture energy from sunlight, transfer this to a metal
oxide such as zinc oxide'? or titania,"” and eventually via several
physical-chemical processes provide a usable current. Titania is
the most widely used metal oxide in DSSCs and is the one com-
ponent in the system that is widely studied to try to improve
overall performance of DSSCs.'

Titania is a highly versatile material for nanoscience and
nano-technological-based applications. It is a material with rela-
tively low toxicity, is widely available, has a well-known band
gap, and is easily synthesized into various rationally designed
morphological forms with desirable physico-chemical properties.
These factors are some of the reasons why titania has been used
in various applications such as biomorphic ceramics,* sensors,’
photocatalytic applications such as water purification reactions,””
electro-catalysis,’ as columns in phosphopeptides analysis’ and
in DSSCs.*"*

* To whom correspondence should be addressed. E-mail: pndungu@uj.ac.za

A growing area of research is the combination of titania with
carbon nanostructures, such as carbon nanotubes (CNTs).
Nanocomposites of titania are nano-scale multiphase materials,"
and titania CNT (TiO,/CNT) nanocomposites have been shown
to have an improved efficiency when compared to bare titania,
in various applications. Some of the reasons for the improve-
ment in performance include superior characteristics regarding
separation of charge carriers within the nanocomposite,"” excel-
lent electrical conductivity, and a relatively large surface area for
physico-chemical processes. Several examples that utilize
TiO,/CNT nanocomposites have been reported in literature, and
these include research on photo-catalysis,”" electrochemical
energy conversion® and storage,” and dye-sensitized solar
CeHS X 10,14,22,23

Carbon nanotubes can be simply described as a rolled up sheet
of graphene, and based on the number of sheets they can be
classified as single, double, and multiwalled CNTs.’ Multiwalled
CNT (MWCNTs) are relatively easy to synthesize via the chemical
vapour deposition method, and manipulation, purification, and
modification can be accomplished using various methods in a
moderately equipped laboratory*. Use of MWCNTs in DSSCs
is an active area of research, and early work in this field used
MWCNTs in DSSCs as either a counter electrode,” an additive,*
or as a nanocomposite material.”*

MWCNT-titania nanocomposites have been fabricated by a
number of ways such as sol-gel,”” mechanical mixing," electro-
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spinning,"* electrophoresis deposition,” novel surfactant sol-

gel wrapping," blending,"” physical vapour deposition, sputter-
ing deposition, ' supercritical fluid deposition,” capillary action,
hydrothermal®® and chemical vapour deposition (CVD).”
MWCNTs agglomerate easily and extra care must be taken to
ensure that the nanotubes disperse homogeneously within a
matrix of interest. In MWCNT-titania nanocomposites, poor
dispersability and agglomeration of precursors during synthesis
can reduce the physico-chemical performance of the materials.
Surfactants are one option that is commonly used to try to reduce
such effects.*

The objectives of this study were to elucidate trends in
physicochemical properties as MWCNTs: titania wt.% ratios
vary, investigate how synthetic methods employed affect
nanocomposite physical properties, and the light-harvesting
characteristics in a DSSC using either Eosin B or N3-dye. This
work compares typical effects of MWCNT-titania nanocomposites
synthesized by sol-gel and CVD methods as well as their suit-
ability in low cost natural dye-based solar cells. DSSCs are simple
to fabricate and are a clean form of renewable energy.” This
study also highlights the importance of various aspects like
morphological orientations of titania and MWCNTs in addition
to reduction of electron-hole recombination with increase in
MWCNT ratio. In short, this report provides a deeper under-
standing of the typical characteristics influencing ultimate effi-
ciencies of MWCNT-titania nanocomposites in light-harvesting
applications.

2. Experimental

2.1. Materials

MWCNTs, ~95 %, were purchased from Cheaptubes.com
(MA, USA), and the listed properties were 8-15 nm OD, length
10-50 um, Ash <1.5wt.%, SSA * 233 m*g™, EC * 10?Scm™, (SKU
number 030102). Reagents used were: concentrated sulfuric acid
- 98 % to 100 % (AAR) and hydrochloric acid =32 % (SMM
Instruments, Midrand, South Africa), nitric acid =69 %,
titanium(IV)isopropoxide and titanium(IV) methoxide — 95 %
(Sigma-Aldrich, Pty. Ltd. Johannesburg, South Africa) and etha-
nol - 99.7 % to 100 % ( Analar R, BDH chemicals Ltd., England).

2.2. Method

The acid treatment method for MWCNTs was modified from
the work reported by Liu et al.” In this study, HCI substituted
H,SO, and other alterations are as explained below. MWCNTs
(1 g) were acid-treated in a mixture of HNO,/HCl at 3:1 (v/v) ratio,
respectively, in an ultrasonic water bath. The mixture was
treated for 4 h and thereafter the MWCNTs were washed with
distilled water until the filtrate had a neutral pH. MWCNTs were
then dried at 120 °C using an Economy Series, Model 220-224
ovens supplied by Scientific Ltd. and stored in a desiccator.

The general procedure used with the sol-gel method involved
addinga predetermined mass of MWCNTs in 30 mL ethanol and
treating the mixture in an ultrasonic water bath for 10 min. This
was then followed by adding a known concentration of titanium
isopropoxide (TIP) that had been previously mixed in 10 mL
ethanol. The mixture was further ultrasonic-treated for 30 min,
stirred for about 30 min and thereafter left in open air overnight
to dry. The sample was then dried and calcined at 400 °C for 4 h
in an open furnace.

The cylindrical metal-organic chemical vapour deposition
(MOCVD) reactor was constructed with commercially available
stainless steel parts, which were purchased from Swagelok
(Swagelok, Durban, South Africa). The bottom of the reactor

was made of Swagelok face seal fitting cap (part number
SS5-8-VCR-CP). The reactor consisted of a cylindrical stainless
steel reaction chamber body made from 316/316L SS seamless
tubing (part number SS-T8-S-035-6ME) sealed at one end
(bottom) with a Swagelok face seal fitting with a blind gasket.
The top consisted of various Swagelok parts (part numbers
S5-8-VCR-6-810, SS-8-VCR-3-8TA, SS-810-6-4, and SS-8-VCR-1)
and an angle valve (part number: 55-42GS4-A). VCR face seal
fitting, and a silver-plated filter gasket, non-retained style,
0.5 micron (part number SS-8-VCR-2-5M) was fitted to minimize
loss of sample and contamination of the whole system connected
to a vacuum pump. The vacuum line was constructed from
316/316L SS seamless tubing, (part number SS-T4-5-035-6ME).
Valves were included in the system by use of SS 1-piece 40 series
angle pattern ball valves, (part number SS-42GS4-A). A VCR face
seal fitting female nut (part number SS-8-VCR-1) was used to
seal the VCR fittings and SS Swagelok tube fitting, and a reducer
(part number S5-810-6-4) was used to connect the fitting to the
tubing coming from the valve. A thyracont VD84/1 Pirani
vacuum gauge was used to measure absolute pressure.

For the CVD synthetic method, a predetermined mass
of MWCNTs was mechanically mixed with a known mass of
titanium(IV) methoxide using a pestle and mortar. The mixture
was loaded into a MOCVD reactor and the reactor was then
inserted into a horizontally-aligned Economy Series tube furnace;
Model 220-224 ovens (supplied by Scientific Ltd.). The MOCVD
reactor was then connected to vacuum pump and evacuated to a
pressure of approximately 1 x10? mbar, and then the furnace
was ramped up to a temperature of 100 °C to eliminate water
vapour. After 60 min, the temperature was increased to 400 °C
at 2°C min™. The vacuum pump was turned off during the
heating phase between 100 °C and 400 °C. The maximum heat-
ing temperature was kept at 400°C since anatase phase of tita-
nium is stable at that temperature. Nanocomposites were there-
after physico-chemically characterized and applied in light-
harvesting experiments. In light-harvesting experiments;
nanocomposites/ethanol mixture was treated in an ultrasonic
water bath prior to deposition onto ITO coated glass usinga doc-
tor blade method,® a gel state electrolyte reported elsewhere”
was used as the redox material, the counter electrode was
aluminium (with a film thickness of 0.608 KA) coated on ordi-
nary glass. Eosin B was the sensitizing dye.

For fabrication of DSSCs, nanocomposites (100 mg) were
added to ethanol (0.3 mL). The mixture was treated for at least
20 min in an ultrasonic water bath. Nanocomposites dispersed in
ethanol were thereafter deposited onto ITO-coated glass using
the doctor blade method.* This photoanode electrode was then
sintered at 300 °C for 30 min on a hot plate. Eosin B dye (150 uL)
was added using a micropipette onto the anode electrode.
Plasticine was placed on either side of the deposited nano-
composite to prevent the electrolyte from flowing outside the
active area. The electrolyte used was an iodine-based gel state
electrolyte.”” Aluminium was then used as the counter electrode
and the thickness of aluminium deposited on the glass was
noted as 0.608 KA. The device was made with the aluminium-
coated glass side facing the dye-stained nanocomposite to make
asandwiched device. The counter electrode was then connected
to the cathode terminal and nanocomposite to the anode before
illumination by 1 sun (100 mW c¢m™) via the nanocomposite side.
For comparative purposes, similar devices were constructed
using cis-bis(isothiocyanato)bis(2,2"-bipyridyl-4,4’-dicarboxy-
lato)ruthenium(II) dye and nanocomposites that had the com-
parable optimum performance with the Eosin B dye.
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2.3. Characterization

A Delta Nu Advantage 532 spectrometer was used for Raman
spectroscopy analysis of the nanocomposites. The detector
employed was a 2D CCD type and grating lines were 1800
per mm. Resolution was 10 cm™. Excitation wavelength of the
laser was 532 nm and laser power rating was 100 mW. Integration
time was 35 s and resolution was high (as indicated by the soft-
ware). Data analysis from Raman spectroscopy was done by
peak fitting using the Lorenztian function.

The XRD analysis was done using the D8 Advance diffracto-
meter supplied by BRUKER AXS, Germany. Measurements
were done with 0-0 scan in locked coupled mode, tube details
were Cu-Ke radiation (AKe, = 1.5406 A) and detectors used were
PSD Vantec-1. The instrument software was from International
Centre for Diffraction Data (ICDD), data base for 1998 and EVA
software from BRUKER was used for data evaluation.

Thermal stability analysis was done using TA Instruments
Q series™ Thermal Analyzer DSC/TGA (Q600). TA instruments
Universal Analysis 2000 software was used for thermogram
analysis and data acquisition.

A high-resolution transmission electron microscopy (HRTEM)
instrument was carried out in a JEOL JEM 2100 with an acceler-
ating voltage of 100 kV.

For FTIR analysis, samples were pelletized in KBr. This was
done using a 25-ton ring press (00-25 model supplied by Research
Industrial Company, England). In a typical experiment, KBr (5 g)
was mixed with MWCNT-titania nanocomposite (0.01 g) prior to
making a pellet using the mixture (0.15 g) and the pressure
applied was 10 ton. The disk was taken into a Perkin ElImer FTIR
spectrometer (spectrum RXI, version 5.3) for analysis.

Textural characteristics were done by weighing masses of
nanocomposites into a tube then degassed at 90 °C for 1 h and
thereafter at 160 °C overnight. The nanocomposites were
accurately reweighed after degassing. The textural analyses
were done by using a Micromeritics TRI STAR 3020V1.03 (V1.03)
instrument at 77 Kin N,.

Diffuse reflectance was done using a HR2000* model High
Resolution spectrometer. The light source was halogen
HL-2000-FHSA supplied by Narich with a spectra suite software.
A T300-RT-UV-Vis EOS 1212277 optical fibre was used. Ten scans
were averaged, box width was five and integration time was
15 ms. The data were fitted using a Kubelka-Munk function.

Light-harvesting measurements were done using a solar simu-
lator supplied by Keithley Instruments™ USA , (model SS50AAA)
with a xenon short AKC 150 W lamp, light source was steady
state (shutter controlled), air mass (AM) was 1.5 G, voltage was
116-220 v, frequency was 50-60 Hz and maximum power was
750 W.

Photoluminescence (PL) was done using a Perkin Elmer LS35
fluorescence spectrometer. A front surface accessory LS55 model
solid probe was used since the nanocomposites were in a solid
state. Excitation was done at 300 nm, spectrum range from 350
to 550 nm, excitation slit was 5 nm, emission slit was 0 nm and
scan speed was 120 nm min™". The software used for data acquisi-
tion was FL Winlab version 4.00.03 Perkin Elmer Inc.

3. Results and Discussion

3.1. SEM Investigations

Figure 1 presents SEM images on 5, 10, 20 and 50 wt.% samples
prepared using the CVD (left column) and the sol-gel (right
column) methods. The selected samples are presented to high-
light general trends with the various samples prepared. With the
CVD and sol-gel methods there is a similar change in the distri-

bution of the titania deposits within the CNT powders. In
general at low loadings the titania partially covers individual
CNTs and this increases with the change in loading until the
maximum loading of 50 wt.% results in complete coverage
of individual CNTs.

With the CVD method (Fig. 1a, b, ¢, d), besides changes noted
with the titania coverage on individual nanotubes, the various
samples showed presence of large agglomerates with varying
irregular shapes or with aspect ratios that suggest the titania had
covered the CNT bundles. In contrast, the sol-gel method had
slightly fewer loose titania agglomerates. During the sol-gel pro-
cess, titania nucleation and growth, viz a hydrolysis mechanism,
will occur on the surface acid sites located along the sidewalls
of the CNTs. 2%

With the sol-gel method the CNTs were subjected to an ultra-
sound treatment before and right after mixing with the titania
precursor. Thus,some of the nanotubes were detached from the
CNT bundles and as a result there were a greater number
of nucleation sites for the growth of titania deposits which can
account for the slightly fewer titania agglomerates observed
with the sol-gel method.

3.2. TEM Observations

At all loadings studied, titania deposits that coated individual
CNTs or loose agglomerates were observed. Representative
TEM images are shown in Fig. 2. The images were similar to
those observed by Gao et al.** The titania nanoparticle size
on MWCNTs was measured using image J software.

The slight difference in sizes between the CVD and sol-gel
methods can be attributed to changes in the nucleation and
growth of the titania coatings with the respective methods. As
noted with SEM observations, the sol-gel method allowed for a
greater number of nucleation sites which can influence the final
particle size.

3.3. Functional Groups and Bonding within Nanocomposites

FTIR was used to investigate functional groups and bonding
between components in nanocomposite. A number of interesting
peaks were observed, and a representative spectrum is pre-
sented in Fig. 3 with the scale adjusted to emphasize the peaks
identified. The peak at 1627 cm™ after acid treatmentis due to the
presence of oxygen-containing groups, i.e. C-O, COO and
C=0"* introduced onto the sidewalls of MWCNT during the
treatment, while new peaks appearing at 2327 cm ™" and 2329 cm™
are assigned to hydrogen bonding due to the COOH groups
present.**

The peak at 3427 cm™, which appeared in all nanocomposites
after addition of titania, is assigned to carbonyl and/or O-H
bonds associated with hydroxyl groups.”™* The peak at 2920 cm™
is assigned to a C-H bond within the MWCNT sample.* A low
intensity peak at 1103 em™ representing Ti-O-C bond assigned
to a covalent link between titania and MWCNTs" was observed
in the nanocomposites produced by both synthetic methods.
In both synthetic methods, new peaks appeared at approxi-
mately 600, 577 and 411 cm™, and these peaks were assigned
to the anatase phase of titania.'>

3.4. Raman Spectroscopic Analysis

Raman analysis of carbon nanotubes monitors peaks such as
radial breathing mode due to the innermost tube diameter
of MWCNTs,* the G-band due to the tangential in-plane C-C
stretching vibrations,” Raman allowed phonon mode (E,),”
the D-band which is due to the A ,,y mode® and 2D band which is
the first overtone of the D- and the G-bands.”" For each
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Figure 1 The left column (panels a, b, ¢, d) presents SEM images of samples synthesized using the CVD method, with target loadings of 5, 10, 20 and
50 wt.%, respectively. The right column (panels e, f, g, h) presents SEM images of samples synthesized using the sol-gel method with target loadings

of 5,10, 20, & 50 wt.%, respectively.

nanocomposite an average of three spectra were used and the D-
and the G-bands were fitted using a Lorenztian function. The
I/I, ratios were thereafter calculated from the ratio of integrated
intensity of the D- and G- bands. The I,/I; ratios generally
increased and then later decreased with various wt.% used
(Table 1) with both CVD and sol-gel methods. The I,,/I; ratios
provide information on the extent of structural defects on the
sidewalls of the carbon nanotubes.* Both methods gave an
increase in the I,/I; ratios at 50 wt.% of MWCNTSs probably
due to the number defects on MWCNT walls and the amount
of titania available to cover the defect sites. Furthermore, both

methods have a low I,/I; ratio at 5 wt.%, which is likely
due to the low amount of nanotubes, and the large amount
of titania that can bind and cover the defect sites. Hwang et al.”
suggested that the oxygen-containing groups introduced onto
MWCNTs during acid purification can act as nucleation sites for
the formation of titania. The presence of the Ti-O-C bond in the
FTIR spectra (Fig. 3) is an indication that the titania is located at
defect sites and bonds to the oxygen containing group on the
sidewalls of the nanotubes. An increase in the I./I; ratio
from 5-10 wt.% can be attributed to increased amount
of nanotubes, and thus more defect sites available; however, the
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Figure 2 HRTEM images for MWCNT-titania nanocomposites at 10 wt.% of MWCNTs for (A) CVD and (B) sol-gel methods

decrease from 10-20 wt.% (both methods) maybe due to an
offsetin terms of titania binding to the oxygen groups within the
defect sites.

At lower wavenumbers, the Raman spectra for the nano-
composites synthesized using the sol-gel method showed peaks
at around 425, 548, and 638 cm™. The CVD method had similar
peaks at 396, 518, and 600 cm™. These peaks are assigned to the
vibrational modes of the Blg, (Alg + Blg) and Eg symmetry
modes in titania."”®®” The difference in the peak positions
suggests a stronger interaction between the titania and the CNTs
with the sol-gel samples compared to the CVD samples.

3.5. XRD Results

Figure 4 presents typical XRD patterns for the nanocomposites,
and all the peaks fitted the anatase phase of titania. Miller indices
observed were similar from both synthetic methods, and were
assigned to 101, 200, 105,211, 204, 166, 220 reflections at 26 of 37.8,
48.1, 54, 55.1, 62.8, 68.8 and 70.3 °, respectively. There were no

rutile phases observed, and these results agreed with the FTIR
and Raman results, and shows that both methods produced
only the anatase phase of titania.

The peaks for the MWCNTs could not be clearly identified,
since the main peak for MWCNTs at around 26 ° 2 6, overlaps
with the main titania peak, and thus would be obscured by the
titania peak. In addition, the loading of MWCNTs, and the
higher crystallinity of the titania would contribute to the mask-
ing of the MWCNT peaks. Similar observations have been made
in the literature.'”®* It is interesting to note that the 10 wt.%
nanocomposites produced using the CVD method had XRD
patterns with sharper and more intense peaks when compared
to the samples synthesized using the sol-gel methods (Fig. 4b).
This suggests that the nanocomposites produced by the CVD
method were more crystalline than those from the sol-gel
method, at low wt.% of MWCNTs. This may have been
due to the heat treatment involved during the CVD synthesis
method. Another possibility contributing to the difference in

74
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72 ﬂ r l
71 »
2920
1103 |
70 4 1635
; C-H 669
69 1 groups T
carbonyl groups
68 anatase titania
- 34 342
Hydrogen bonding due to oxygen-
66 2361 containing groups
Hydroxyl groups
65 L] L] L] L] L] L] - L] -
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Figure 3 Typical FTIR spectra observed with the MWCNT-titania nanocomposites. The spectra is for the sol-gel 20 wt.% sample
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Table 1 Raman data for the nanocomposites synthesized using CVD and sol-gel methods.
Synthesis method Wt.% D band G band Iy/1g
Position/em™ FWHM Position/cm™ FWHM
CVD 5 1332 52 1590 48 0.45
10 1327 68 1604 41 0.79
0 1350 53 1593 60 0.69
50 1348 52 1590 63 0.85
Sol-gel 5 1356 42 1578 44 0.44
10 1351 53 1587 57 1.10
20 1355 107 1584 74 0.83
50 1352 69 1588 72 0.98

intensities can be attributed to the larger amount of separate
titania agglomerates observed, using SEM, with the CVD sam-
ples. SEM observations showed that the CVD method produced
a lot more separate agglomerates of titania when compared
to the sol-gel produced samples. Thus the greater intensity could
be a contribution from the greater amount of titania agglomer-
ates that are not coating the nanotubes within the CVD samples.

Using the Scherrer equation on the 200 reflection at 26
of 48.1 ¢, the average crystallite size for the titania deposits were
calculated and the results are presented in Table 2.

The compositional variation causes variations in concentration
gradients which in turn influences d spacing, crystallite domain
sizes and lattice strain. Also, titania nanoparticle size, except
at 20 wt.% of MWCNTs by sol-gel, generally decrease with
increase in MWCNTs ratio. This is an indication of transition
from bulk to nano scale on increase in MWCNTs ratio in the
nanocomposites.” This could be due to the fact that the larger
surface area of nanotubes, due to the increased mass of nano-
tubes, provides a greater number of nucleation sites for the
titania to deposit. This in turn would result in smaller titania
particles.

3.6. Surface Area and Porosity of the Nanocomposites
The nitrogen sorption isotherms at 77 K for the CVD and
sol-gel synthesized samples are presented in Fig. 5. The 5 wt.%

sample using the sol-gel method had no hysteresis loop (Fig. 5a).
This implies that the small addition of MWCNTs had little effect
on the porosity of the sample.

In contrast, the 5 wt.% with the CVD method (Fig. 5b) has an
H3-type hysteresis and a type IV isotherm, as per the I[UPAC
classification.” This suggests the CVD sample has more porosity
than the sol-gel sample. At higher loadings all samples show a
type IV isotherm with an H3 hysteresis, indicative of mesoporous
materials.

Table 2 presents data on the textural properties obtained from
the analysis of the nitrogen sorption isotherms. The surface area
of nanocomposites produced using the CVD method increased
with MWCNTs wt.% and, in general, a similar trend was observed
with the sol-gel, except for the 20 wt.% sample, which showed a
drop from the 10 wt.% sample.

The drop in the pore volume and surface area, when comparing
acid washed MWCNTs and the 5 wt.% samples are due to the
small amount of nanotubes in the samples and the blocking
of the tips of the nanotubes by the titania. However, with the
CVD sample, an increase in the pore size suggests a significant
contribution from pores between agglomerates and not the
openings from the nanotubes. The larger surface area with the
sol-gel samples, when compared to the corresponding CVD
samples can be attributed to the sonication method used during
the sol-gel process. In addition, the smaller number of agglomer-

Table 2 Crystallite size of titania calculated from Scherrer equation using the peak at 48.1 2 6.

Sample 5wt % 10 wt.% 20 wt.% 50 wt.%
Synthesis method CVD Sol-gel CVD Sol-gel CVD Sol-gel CVD Sol-gel
Crystallite size (nm) 21.98 11.78 19.55 4.17 16.31 20.61 9.09 2.67
8000+ 8000
(@) ‘ (b)
7000+ - 5wt.% 70004
1 -CVD
- 10 wt.%
e 15 wt.% 5 %% - sol-gel
£ 50004 -20 wt.% 2 50004
) & 4
g 4000+ ‘Z 4000+
g g 4
-
£ 3000+ = 30004
2000+ 20004
10004 1000 4
0 )=
20 40 60 80 20 40 60 80

2 theta scale

2 theta scale

Figure 4 Representative powder XRD patterns for nanocomposites synthesized using the CVD method (a) and a comparison of XRD patterns for

10 wt.% samples synthesized by the CVD and sol-gel methods (b).
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Figure 5 Nitrogen adsorption isotherms for the nanocomposites synthesized using the sol-gel method (a, ¢), and samples synthesized using the CVD
method (b, d). The isotherms for the 10 wt.% sample in (b) and the 50 wt.% sample in (d) were plotted with a small offset.

ates and fewer nanotube bundles observed with the sol-gel
samples on the SEM, account for the higher surface areas
measured with the volumetric gas analysis technique.

The surface area and porosity of the material used to sorb the
dye molecules play an important role in DSSCs, since a large
surface area improves the sunlight-dye interaction by exposing
more dye molecules to incoming light. However, if some of the
porosity is contributing to the surface area of the material, it may
resultin some of the dye sorbing to surfaces that do not contribute
to the functioning of the DSSCs, for example the inner channels
of the nanotubes.

3.7. Thermal Stability

The TGA data confirmed the loading of the MWCNTs
within the samples, with the mass lost similar to the target values
of 5, 10, 20 and 50 wt.% (Fig. 6). The thermal stability of the
samples was determined from the point of maximum weight
loss using the derivative of the weight loss curve, and results
are presented in Fig. 6. The CVD samples had their oxidation
temperature reduced from 683.7, 635.5, 630.6, and 549.0 °C with
the 5,10, 20 and 50 wt.% samples,respectively. At 5 wt.% loading,
the nanotubes are fully covered by the titania and from the FTIR
results the titania covers the defect sites. As a result, the high oxi-
dation temperature is likely due to a limited amount of exposed
nanotube surfaces or defect sites. Defect sites decrease the oxida-
tion temperature of CNTs,” thus as the loading of nanotubes
increases, there is a larger amount of nanotube surface exposed
and thus more defect sites exposed, and as a result thisleads to a
decrease in the oxidation temperature.

From the Raman analysis, the I./I; ratio for the 5 wt.% CVD
and sol-gel samples were similar, indicating a relatively lower
density of defect sites, and hence the largest oxidation tempera-
ture. The trend with the oxidation temperature and the increas-
ing I./I; ratio for the CVD samples supports the assertion
that the changes in exposed nanotube surfaces and defect sites
can account for the TGA observations.

In contrast, the sol-gel samples oxidation temperature changes
from 607.5, 558.5,596.9, and 554.7 °C for the 5, 10, 20 and 50 wt.%
samples, respectively. Heating nanotubes in air can induce
defect sites onto the walls of CNT walls. Thus, the lower oxida-
tion temperature, when compared to the CVD samples, can be
attributed to the calcination procedure in static air with the
sol-gel samples.

3.8. Photoluminescence

Photoluminescence with titania nanomaterials originates
from the recombination of electrons and holes at trap sites
located at non-coordinated Ti sites or oxygen vacancies.”
MWCNTs have been shown to reduce recombination rates
by effectively capturing and transporting generated electrons
from the titania and thus reducing recombination with generated
holes.”* From Fig. 7, the increase of the ratio of MWCNTs with
the Ti nanocomposites reduced the intensity of the PL signal
from titania, which clearly indicated a reduction in the recombi-
nation rate.
From Fig. 7, there are two peaks that are due to the recombina-
tion of electrons and holes on trap sites within the titania, these
are abroad peaks centred on 400 nm, and a sharp peak atapprox-
imately 500 nm. With the increased loading, the peaks are
suppressed and not completely eliminated at the maximum
loading of MWCNTs (50 wt.%). The decrease in the intensity
of the PL spectra indicated direct contact and interaction
between the MWCNTs and the titania, possibly through the
Ti-O-C bond (observed with the FTIR spectra). Zhao et al.”
made similar observations and showed that physical mixtures
of CNTs and titania do not result in a significant decrease in the
PL spectra.

3.9. Application of Nanocomposites in Dye-sensitized
Solar Cells

Nanocomposites were then applied in DSSCs. The current-
voltage measurements were done by the use of a solar simulator.
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Figure 6 Thermal stability comparison for CVD (a, c¢) and sol-gel methods (b, d).

The efficiency, n, was calculated according to Equation 1:*

_ _FFXJse XVoe 1)

Total insolation

where FE ], and V,. are the fill factor, current density and open
circuit voltage, respectively."” The total insolation is given by the
product of incident light per unit area and total area. Several
devices were assembled from each sample and two experiments
were done per device and the best data were recorded and pre-
sented in Table 4. Addition of MWCNTs to titania increased Voc
at all wt.% except at 20 %, for both methods (Table 4).
Jsc increased at all MWCNTs loadings except at 50 wt.% by the
sol-gel method. The principal reason is the reduction in elec-
tron-hole recombination of titania as shown by PL results
(Fig.7). The 5,10 and 15 wt.% of MWCNTs had better efficiencies
than titania on its own. At 5 wt.% loading, nanocomposites syn-
thesized using the CVD method gave larger Jsc, Voc values and
higher efficiencies than the sol-gel method samples, although
FF was lower for CVD (Table 3). The I/Ig ratios were similar for

the 5 wt.% samples (thus surface trap sites, usually located at
defect sites on the nanotubes) cannot account for the differences.
The sol-gel samples have a smaller average crystallite size than
the CVD samples (Table 2). Smaller grain boundaries in nano-
particulate films have been shown to hinder the transport
of generated electrons and may act as trap sites.” Thus, the
smaller titania crystallites and greater number of grain bound-
aries with the sol-gel sample are the main reason for the differ-
ences in performance with the 5 wt.% samples.

A similar argument can be applied to the differences with the
10 wt.% samples. However, the larger I, /I ratio with the 10 wt.%
sol-gel sample may imply that the defects on the nanotubes may
play asmallrole (via trapping electrons) in the poor performance
of these nanocomposites.

The 20 and 50 wt.% of MWCNTs doped samples did show poor
performances, and this was mainly due to the devices showing
ohmic vs rectifying behaviour. The percolation of nanotubes was
too high within the nanocomposites to provide a suitable com-

Table 3 Textural characteristics of nanocomposites synthesized by the sol-gel and CVD methods.
Two measurements were carried out for each sample and the average was recorded.

MWCNTSs Loading (wt.%) Surface area/m* g

Pore volume/cm® g™ Pore size/nm

CvD Sol-gel CVD Sol-gel CvD Sol-gel
100 (MWCNTs) 143.15 143.15 0.50 0.50 13.98 13.98
5 38.51 102.04 0.22 0.10 27.06 3.77
10 60.40 157.06 0.30 0.26 23.49 6.50
20 70.85 99.60 0.48 0.24 27.38 10.79
50 88.23 242.35 0.51 0.36 26.55 7.25
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Figure 7 Photoluminescence spectra for (A) lab synthesized titania and commercial titania (P25) while (B) and (C) are nanocomposites synthesized
using the CVD and sol-gel method, respectively. Excitation wavelength was 300 nm

Table 4 Open circuit voltage (V), short circuit current (J.), fill factor (FF), and efficiency (1) for the 5, 10, 20, and 50 wt.% nanocomposites. Some

examples from the literature are included for comparative purposes.

MWCNTSs wt.% Method VoV Joo/m A cm™ FF n
0 (titania) N/A 0.33 0.14 22.70 0.010
5 CVD 0.46 4.08 13.36 0.251
Sol-gel 0.66 1.76 11.66 0.135
10 CVD 0.65 2.56 63.76 1.061
Sol-gel 0.83 0.30 65.42 0.162
15 CVD 0.68 13.00 19.25 1.702
Sol-gel 0.59 0.40 43.20 0.102
20 CVD 0.04 2.08 - -
Sol-gel 0.23 1.22 16.91 0.047
50 CVD 0.95 1.42 7.02 0.095
Sol-gel 0.68 0.01 33.99 0.002
0.02 Literature!*%% 0.65 8.88 53.00 3.05
0.02 0.79 12.00 59.00 5.63
0.02 0.82 11.98 62.00 6.12
4 0.64 11.52 66.00 4.89

* V. is open circuit voltage; * Joc is short circuit current density; * FF is fill factor; *n is efficiency.

posite for DSSC application. This may be overcome with a
suitable buffer layer within the device. Alternatively, 15 wt.%
samples were synthesized and tested ina DSSC device to test the
limitations of the maximum amount of nanotubes within the
current systems.

In terms of weight percentages, between 5-15 wt.% loading,
the best efficiency was observed with the CVD samples, most
notably with the 15 wt.% MWCNT loading. The highest
Jsc values were observed with the CVD samples, and the highest
Voo with the exception of the 10 wt.% samples, was observed
with the CVD samples. The larger J,. values with the CVD
samples implies an effective system for light harvesting and

utilizing the extracted electrons, and can be attributed to the
larger titania crystallites providing fewer trap states, and the
presence of the nanotubes significantly reducing electron-hole
recombination (PL spectra Fig. 7). However, both the sol-gel and
CVD samples with the nanotubes will result in an enhanced J,
since the nanotubes effectively suppress electron-hole recombi-
nation, and can transport electrons efficiently. The key differ-
ence between the sol-gel and CVD samples is the distribution
of the MWCNTs within the composites. SEM observations
showed that the sol-gel method produces a more uniform distri-
bution of CNTs with the titania matrix, and subsequent analysis
revealed that the composites had higher surface areas, with
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Table 5 Comparison of Eosin B with cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4'-dicarboxylato)ruthenium (II). Two experiments were carried out per

device and the best data for each device fabricated are presented.

MWCNTs wt.% Method VoV Jso/m A cm™ FF n
0 (titania) N/A 0.83 2.26 26.76 0.502
10 CVD 0.61 2.83 31.25 0.539
Sol-gel 0.12 1.5 x 10 0.07 0.000
15 CVD 0.64 1.34 15.28 0.131
Sol-gel 0.83 0.03 16.91 0.004

smaller titania crystallites, and generally higher defect density
on MWCNTs. The enhanced J;. with the CVD samples is thus
due to a relatively poor distribution of MWCNTs within the
nanocomposites that allows for better extraction of the electrons.
The larger titania crystallites and fewer defect sites resulted in a
smaller number of trap sited for the charge carriers, which is
more a significant factor than the lower surface area for absorp-
tion of the dye and capturing sunlight.

Overall the V. within DSSCs is a function of the electrolyte,
dye, and semiconductor film. Electron recombination/loss path-
ways such as the dye transferring electrons to the redox media-
tors instead of the semi-conductor, ineffective transfer of elec-
trons from the redox mediator to the dye, and various interfacial
resistances all contribute to lowering the V,.."” The samples
synthesized using the sol-gel method showed an increase in V.
from 5-10 wt.% of MWCNTs doping, and this was directly
related to the increase in surface area (Table 3). The increased
surface area resulted in a larger and more effective distribution
and layering of the dye molecules and therefore greater
photo-conversion. In addition, the increase in MWCNT loading
decreases recombination rates, and improves the device conduc-
tivity. The decrease with V. from 15-20 wt.% of MWCNTs
doping with the sol-gel samples is most likely due to a significant
portion of the dye molecules that are either forming aggregates,
or are located on the MWCNTs instead of the titania, thus
decreasing the amount of light that is effectively converted. With
the CVD samples, similar reasons are most likely responsible for
theincreasein V. from 5-15 wt.% of MWCNTs and the decrease
at 20 wt.%. However, the difference in terms of the sol-gel
samples peaking at 10 wt.% and the CVD samples peaking
at 15 wt.% of MWCNTs doping is due to the morphological
differences observed by SEM. The values obtained with the
various 5-15 wt.% of MWCNTs doping samples indicate the
nanocomposites can improve device potential significantly.

The results show that V. and the overall efficiencies increased
with addition of MWCNTs up to a certain optimum wt.% load-
ing with the samples synthesized using sol-gel or CVD methods.
However, the changes with J,. and FF did not show a consistent
trend or correlation. The most probable cause is the fact that
overall efficiency of a device is a complex phenomenon influenced
by numerous parameters such as layering and distribution of the
dye molecules, absorption efficiency, exciton dissociation effi-
ciency, charge carrier lifetime, recombination rates, charge
transfer efficiency and charge carrier collection efficiency.”™
This suggests even though high V. may indicate a promising
device, there are still various inefficiencies at various interfaces
that may result in reduced FF and J,.. Since each wt.% loading
will have different physicochemical properties, together with
band gap offset in relation with dye used, that interacts in a
complex way.

Similar studies with better efficiencies and FF have been
reported (Table 4). Key differences include the use of a non-
metal dye with the nanocomposites in this study, use of ITO

glass instead of FTO glass, and the use of a non Pt counter elec-
trode. However, the current study has shown that MWCNTs can
produce an effective device using non-ideal materials, and
comparable V. and ], values which indicates scope for further
investigations.

The optimum wt.% of MWCNTs with the nanocomposites
in the DSSCs using Eosin B was 10 and 15 wt.% for sol-gel and
CVD methods, respectively. For comparative purposes, the
light-harvesting capabilities of these nanocomposites were
tested with the N3-dye (cis-bis(isothiocyanato)bis(2, 2’-bi-
pyridyl-4, 4 -dicarboxylato)ruthenium(Il) dye), and the results are
presented in Table 5.

A similar trend was observed with the N3-dye in terms of the
differences with the sol-gel and CVD samples. The J,. values for
the sol-gel samples were lower than the CVD samples and can be
attributed to the same key parameters outlined above when
scrutinizing the results with Eosin B. In terms of loading, the
10 wt.% MWCNTs nanocomposites synthesized using the CVD
method had a better fill factor and slightly improved efficiency
when compared to titania without MWCNTs. An interesting
aspect when comparing Tables 4 and 5 is that the expensive
N3 dyeisideal for pure titania; however, the cheaper Eosin B dye
is much more effective with the nanocomposites. This suggests
that the photosensitized Eosin B is more effective in transferring
electrons into the conduction band of the nanocomposites, and
thus the use of such nanocomposites may be beneficial with
cheaper dyes or new natural dyes.

4. Conclusions

Using a sol-gel and a CVD method MWCNTs were coated
with titania. The sol-gel method used a surfactant free method to
produce uniformly coated MWCNTs nanocomposites, while the
CVD method had a variable morphology with bundles and indi-
vidual nanotubes coated. The titania was bound to the nanotube
walls, and covered defect sites along the nanotube walls. In
general, the defect density on the nanotubes differed between
the samples synthesized using the sol-gel and CVD methods,
with a smaller defect density observed for the latter. FTIR,
Raman and XRD analyses confirmed the titania was in the
anatase phase for both synthesis methods. The sol-gel samples
had a larger surface area and smaller crystallite sizes when
compared to the CVD samples. DSSC devices assembled using
nanocomposites produced by both methods showed that the
CVD samples were generally more efficient. However, all
samples produced devices with low efficiencies. In terms of V.
and J,. values, the devices were comparable to other reports
in the literature, and do indicate these nanocomposites can be
further investigated for more optimum DSSC architectures.

The use of Eosin B compared to the more expensive N3-dye
did show that these types of nanocomposites may be a promising
avenue of research in terms of using cheaper and other natural
dyes which could reduce the overall price of DSSCs and improve
their environmental compatibility.
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