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A B S T R A C T

In the present study, a new cost-effective and efficient configuration [n-MWCNT-TiO2/N3/MWCNT] of dye-
sensitized solar cell (DSSC) is proposed and fabricated, where n-MWCNT-TiO2 is the nano composite of multiwall
carbon nanotube (MWCNT), and titanium dioxide (TiO2) in different mass proportions, sensitized by N3 dye
used as a photo anode, and MWCNT is the material for the counter electrode. In the [n-MWCNT-TiO2/N3/
MWCNT] configuration, the photo anode with four mass proportions (n=0.03%, 0.06%, 0.09% and 0.12%)
were used as a design variant, and it was found that the photovoltaic efficiency as high as 7.15% was achieved
when the nano composite of 0.06%-MWCNT-TiO2 was applied as a photoanode in the proposed DSSC config-
uration. Besides achieving a 13% photovoltaic efficiency enhancement compared to the ubiquitous [TiO2/N3/
Pt] DSSC configuration, the replacement of Pt with inexpensive MWCNT in the [n-MWCNT-TiO2/N3/MWCNT]
DSSC ensures the cost effectiveness of the proposed configuration. The morphological and optical character-
ization of the n-MWCNT-TiO2 photoanode (nanocomposite) films, the stability and catalytic activity of MWCNT
counter electrode, UV–VIS absorption spectroscopy, current-voltage characteristics, incident photon to electron
conversion efficiency and the electrochemical impedance spectroscopy of the fabricated DSSCs were performed
in order to elucidate the improved performance of the [n-MWCNT-TiO2/N3/MWCNT] configuration. Based on
these characterization studies, it was found that the observed enhancement of light absorbance in the visible
spectral region, the improved electron transportation, decreased recombination of electrons with oxidized dye
and redox mediator, better catalytic activity of MWCNT counter electrode are the key contributory factors for the
increased photovoltaic efficiency of the [n-MWCNT-TiO2/N3/MWCNT] DSSC configuration.

1. Introduction

Ever increasing global need, over dependency on the fast depleting
fossil fuels and consequent environmental repercussions due to CO2

emission instigated the quest for renewable energy sources particularly
from abundant solar energy through photovoltaic process (Grätzel,
2009; Li et al., 2006; Mehmood et al., 2014). Photovoltaic technology
has been going through three generations of research and development,
mainly focusing on novel materials that could replace ubiquitous, yet
expensive silicon based first generation solar cells, which achieved an
efficiency of 20% (Dale, 2013). The second generation solar cells are
developed from the thin films of semiconducting materials such as
cadmium telluride (CdTe), amorphous silicon, or copper indium gal-
lium selenide (CIGS) and the major constraint in the maturity of the
second generation solar cell is the use of rare elements that restrict large

scale production (Jacoby, 2016). Dye-sensitized solar cells (DSSC) are
the third generation low-cost multi junction solar cells pioneered by
Brain O’Regan and M Grätzel in 1991, in which an organic dye is ex-
cited by solar radiation, the photo generated electrons are injected to
the conduction band of mesoporous semiconductor, the oxidized dye is
regenerated by iodide/triiodide redox mediator and this circuit is
completed by the reduction of redox couple by the incoming electron at
a platinum counter electrode (Iqbal and Khan, 2018; O’Regan and
Grätzel, 1991; Zulkifili et al., 2015).

The output voltage of DSSC depends on the energy difference be-
tween the quasi Fermi level of the semiconductor and the redox po-
tential of the redox mediator under illumination and the photo-gener-
ated current depends on the absorption coefficient of the dye and the
charge transportation characteristics of the dye stained semiconductor
as well as the dye/TiO2 interface. Having more dye stained mesoporous
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semiconductor in the photoanode (larger surface area) leads to the
creation of more photo generated electrons and consequently it leads to
the enhancement in the efficiency of DSSC, however, with the increase
of interfacial area between the photoanode and the electrolyte, the
probability of recombination of conduction electrons of the semi-
conductor (or in any trap state) and the diffused cations of the redox
couple increases, which contributes negatively to the cell efficiency. So
in order to get good efficiency of a fabricated dye-sensitized solar cell,
the dye in the photoanode should have high visible light absorption
coefficient and the excited energy levels of the dye and the level of
conduction band of the semiconductor should be favorable for a good
electron transfer from the excited dye to the conduction band of the
semiconducting material, compatible redox potential that enables ef-
fective regeneration of dye and the faster catalytic activity of the
counter electrode in reducing the oxidized electrolyte (Hagfeldt et al.,
2010; Younas et al., 2018b).

Unlike in the p-n junction photovoltaics, where the separation of the
charges is mediated by the induced field in the junction, in DSSC the
charge separation is realized by different competing kinetic and diffu-
sion processes. The rate of injection of photo generated electron from
the excited dye to the conduction band of the semiconductor should be
higher than that of the relaxation time of the dye. In this process ef-
fective charge separation is achieved in which the electron moved from
the excited dye to the conduction band of the semiconductor and the
hole remained behind in the oxidized dye molecule. Then the oxidized
dye molecules are reduced by the redox mediator. This process is called
dye regeneration and this process should be faster than the process in
which the electrons in the semiconductor are recombined with the
oxidized dye and the redox mediator called as dark current or charge
recombination. Also the time taken for the electron to diffuse through
the semiconductor should be faster than recombination time and the
diffusion length of the conduction electrons should be more than the
thickness of the semiconductor coating for the efficient charge extrac-
tion (Grätzel, 2003; Hardin et al., 2012). The main advantages of DSSC
over silicon based solar cell are that they are low cost design, good
performance under low light condition, and do not require high crys-
tallographic perfection in the material. In order to utilize these positive
features of DSSC and to improve its photovoltaic efficiency and to outdo
the performance of silicon based solar cells, research works have been
directed towards the areas like, improving spectral region of the dye
absorption, replacing weather incompatible electrolyte with all solid
state materials, and replacing expensive platinum counter electrode
with less expensive materials. The photocurrent in the conventional
silicon based solar cell is due to the diffusion of electrons and holes in
the space charge region and hence, the performance of silicon based
solar cells is quite sensitive to the crystallographic defects in silicon,
and therefore expensive defect free silicon material is required to en-
hance the efficiency of solar cells. On the other hand, in DSSC photons
absorbed by the organic dye gives rise to electrons, which are trans-
ferred into the conduction band of semiconductors and hence, the
crystallographic defects in the material is not that detrimental for the
generation of photocurrent. Therefore, in spite of the better efficiency
of silicon based solar cells, advantage of DSSC is that it can be made of
low-cost materials and can be constructed without any advanced pro-
cess technology. The Si based solar cells; the maximum achievable ef-
ficiency is intensity dependent and its performance decline in low light
condition, whereas DSSC can maintain its achievable efficiency even at
low light condition due to the excellent optical absorbance of the dye
(Ruhle et al., 2015).

The intrinsic properties of semiconductor material and the dye used
in the photoanode, redox mediator and the catalyst as counter electrode
along with the thickness and structure are the key parameters that
decides the interplay of different kinetic and diffusion processes leading
up to the enhanced efficiency of DSSC. The light absorbance, electron
injection from the dye, inhibition of recombination, electron transport
is the key properties of semiconductor material in the photoanode.

Many combinations semiconducting materials like ZnO, WO3, with
compatible dyes and redox couples were tried and it was established
that the combination of TiO2 with Ru based dyes and iodine electrolyte
is the most suitable due to its inherent electron transport properties of
TiO2 and its compatible energy band structure with dye and redox
couple, its abundance, cost effectiveness, non-toxicity and strong ad-
sorption of dye as well as more mesoporous structure along with sta-
bility (Roy-Mayhew and Aksay, 2014; Ye et al., 2015). In spite of all
these positive characteristics of TiO2, electron transport property of
TiO2, which decides the key photocurrent in DSSC is weaker than other
semiconductors like ZnO (Chandiran et al., 2014) and this deficiency of
this wonderful material can be improved by synthesizing nanocompo-
site of TiO2 with other suitable material and several works in the area of
DSSC with composite photoanode, with improved electron transport,
dye adsorption and overall increase of efficiency have been reported
(Gondal et al., 2016a,b, 2015; Ilyas et al., 2016; Mehmood et al., 2018;
Younas et al., 2018a). Also as mentioned above there have been many
works aiming at improving the transport property of photoanode based
on pure TiO2 by doping with foreign elements and making other
composites. It was reported by Tettey et al. that the presence of
MWCNT in TiO2 enhanced the material conductivity and hence it is
promising for the fabrication of efficient DSSCs (Tettey et al., 2010).
This motivated us to try MWCNT-TiO2-nanocomposite as a photoanode
material.

Multiwall carbon nanotubes (MWCNT) discovered by Iijima (1991)
in 1991 has unique electrical and morphological characteristics, that
addition of small amount of MWCNT in TiO2 can enhance the key
electron transport characteristics, when this composite is used as a
semiconductor material in the photoanode of DSSC. The enhancement
of electron transport in this material can be attributed to one dimen-
sional structure and the formation of complex interpenetrating network
of MWCNTs (Du et al., 2013).

The role of material of the counter electrode (CE) of DSSC is to
catalyze effective reduction of oxidized electrolyte in order to win over
the recombination of conduction electrons of the photo anode semi-
conducting material with electrolytic cations. As platinum (Pt) is well
known for its chemical stability, catalytic activity and high exchange
current densities, this expensive noble metal is widely used as a CE in
DSSC. However, the use of platinum raises the cost of production and
hence the very purpose of using DSSC in the place of silicon solar cell is
not completely justified. Many groups have tried Pt- free counter
electrode with carbon based and other cheap material based counter
electrodes to enhance the efficiency and to reduce the cost (Lee et al.,
2010; Arulraj et al., 2018; Chen and Shao, 2016; Karthick et al., 2018;
Ahmed et al., 2018). These cost effective materials include carbon
black, conductive polymer and carbon nanotubes as a counter electrode
material (Iqbal and Khan, 2018; Mehmood et al., 2016a; Wu et al.,
2017) to enhance the performance and reduce the cost of DSSCs. In this
focus of improvisation of the counter electrode, MWCNT has also been
tried owing to its positive attributes like high surface area and rapid
electron transport (Nugent et al., 2001).

In this work, n-MWCNT-TiO2 nanocomposite with four varying mass
ratios of MWCNT in TiO2 (n=0.03%, 0.06%, 0.09 and 0.12%) were
synthesized, coated on FTO and soaked in N3 dye and these dye soaked
n-MWCNT-TiO2 films on FTO were used as photo anodes for the fab-
rication of DSSC, in conjunction with iodide/triiodide redox mediator
and pure MWCNT coated FTO as counter electrode. The performance
evaluation of the fabricated DSSC was carried out by IV characteriza-
tion, which showed the highest efficiency of 7.15% in [0.06%-MWCNT-
TiO2/N3/MWCNT] DSSC configuration, which accounts for 13% en-
hancement in the overall efficiency compared to the conventional
[TiO2/N3/Pt] DSSC. The improved efficiency of DSSC brought about by
0.06%-MWCNT-TiO2 photo anode is explained in the light of the results
of morphological (SEM, TEM), elemental and chemical state (XPS) and
optical (absorption spectrum) of characterizations of n-MWCNT-TiO2,
incident photon to electron conversion efficiency (IPCE) and
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electrochemical (EIS) analysis of the fabricated DSSC. The improved
light absorbance in the visible spectral region, high electron re-
combination resistance with oxidized dye and redox mediator, im-
proved electron transportation and better catalytic activity of MWCNT
at the counter electrode are some positive attributes for the improved
performance of the [0.06%-MWCNT-TiO2/N3/MWCNT] DSSC. As for
this proposed [n-MWCNT-TiO2/N3/MWCNT] DSSC configuration in
particular, it has not been reported in the literature to the best of our
knowledge.

2. Methods and materials

2.1. Preparation of pastes for photo-anode and counter electrode (n-
MWCNT -TiO2)

Materials: FTO (SnO2/F fluorine doped tin oxide, thickness 2.2mm,
7 ohm/sq) conductive glass substrates, N3 dye (Ruthenium based dye),
Titanium dioxide paste (Ti-Nanoxide T/SP, 14412), electrolyte Iodolyte
(Z-50, 35112), were purchased from “Solaronix, Switzerland”.
Multiwall carbon nanotubes with outer radius 5–10 nm and length
~1–10 μm was purchased from “Chengdu Organic Chemicals Co. Ltd,
China”.

Preparation of photoanode: 20mg/25ml MWCNT suspension was
prepared in ethanol and the mixture was sonicated for 12 h to get a
proper dispersion of MWCNT in ethanol. For instance, in order to
prepare 0.03% MWCNT-TiO2, 38 μl of the above MWCNT suspension is
added to 40mg of TiO2 paste and similarly for preparing 0.06%, 0.09%
and 0.12% MWCNT in TiO2, we had to add 76 μl, 114 μl, 152 μl of
MWCNT suspension respectively in 40mg of TiO2. The prepared
MWCNT/TiO2 composite pastes with varying wt% was deposited on
cleaned FTO glass substrates first by casting scotch tape (Manufacturing
company: 3M) for the desired active area and then using doctor blade
method for the deposition of the prepared pastes and sequentially an-
nealed at 150 °C for 10min and 475 °C for next 30min. The thickness of
the prepared photoanodes was determine using SEM cross-sectional
view. We found the thickness of 9 μm (on average) which has been
provided in the Fig. S8.

Preparation of counter electrode: 10mg MWCNT in 90mg TiO2

was mixed and a few drops of ethanol were added to the MWCNT-TiO2

composite paste for good dispersion. The role of TiO2 paste was like a
binder which binds MWCNT together and works as an adhesive be-
tween MWCNT and FTO glass substrates. The prepared paste was de-
posited with the same tape casting and doctor blade method and cal-
cined at directly 450 °C for 20min to get the final CE for DSSC
fabrication.

2.2. Fabrication of DSSCs

The photo anode substrates were soaked in the dye solution (N3 in
ethanol: 0.5 mM) for 24 h. After 24 h the photoanodes were removed
from dye solution and rinsed with ethanol to remove unabsorbed dye.
Finally, the photoanode and the counter electrode were joined together
with super glue gel (Manufacturing company: The original super glue
corporation) and the electrolyte, Iodolyte Z-50 was poured between the
two joined electrodes to complete the fabrication of DSSC. The optical
images of as-fabricated DSSCs is provided in Fig. S7. The active area of
fabricated DSSC was 0.25 cm2.

3. Experimental results and discussions

3.1. Morphological analysis of best performing MWCNT-TiO2

nanocomposite photo-anode

The shape, size and the composition of the semiconducting material
used in the photo anode of DSSC are the key factors that profoundly
influence the overall efficiency of DSSC, as these morphological

characteristics of the surface of photo anode are contributory factors for
the effective surface area, the nature of dye loading, the formation of
trap states below the conduction band, the diffusion length of the
electrons in the semiconducting layer and the number of available
trajectories that electrons can pass through (Chou et al., 2007; Nakade
et al., 2003). The increased surface area in smaller semiconducting
particles in photo anode leads to higher dye adsorption, leading up to
the generation of more number of charge carriers and consequently
better photovoltaic efficiency than the DSSC having photo anode with
large particle size. However, having very small particle size may lead to
increased number of grain boundaries, through which electrons have to
pass and the electron trapping probability is quite high (Gracia et al.,
2004; Gregg et al., 2001). Moreover, the larger particles are prone to
increased light scattering and hence the effective light intensity in the
DSSC becomes less. Also the optimum thickness and the surface
roughness of the coating on the photo anode are important factors to be
considered, because larger the thickness of the coating, more is the
absorbance of the dye, but at the same time the thicker coating imposes
longer distance for the electrons to travel and this restricts the effective
transportation of photo generated electrons to the electrode due to the
increase of the charge transfer resistance. Although the thicker coating
in the photo anode generate more photocurrent due to the increased
building up of dye in the anode material, the light transmittance and
consequent light intensity reaching the system decreases. Hence, the
optimum thickness should be based on the on the nature, size and the
electron transport properties of the coated anode material.

The surface morphology of the coated films of pure TiO2 and
MWCNT-TiO2 using scanning electron microscopic (SEM) images are
shown in Fig. 1a and b respectively, where the surface of TiO2 is found
to be quite porous, while in MWCNT-TiO2 surface, MWCNT and TiO2

particles are well dispersed. Also, the presence of a carbon peak in the
EDX spectrum of MWCNT-TiO2 in Fig. 1c, confirms the anchoring of
MWCNT on TiO2 surface. More resolved surface morphological analysis
of the photo anodes was conducted by tunneling electron microscope
(TEM) images shown in Fig. 2a for TiO2 and Fig. 2b–d for MWCNT-TiO2

with different resolutions, which gives further visual confirmation of
dispersion of MWCNT in MWCNT-TiO2 nanocomposite. The MWCNTs
in photo anode are with 10–20 nm outer diameters and 1–10 μm length
according to manufacturer’s specification and from the TEM images, the
particle size of TiO2 is around 20 nm. It is quite clear from the TEM
images in Fig. 2b and c that many TiO2 particles anchor on the outer
surface of the long tubular MWCNT and this assembly ensures the ef-
ficient electron transport through MWCNTs. With this improved elec-
tron transport due to the presence of MWCNT, there is a possibility to
increase the thickness of the coating and consequently to improve the
building up of dye on the anode material and thereby increasing the
photocurrent without compromising the electron injection to the elec-
trode. The HRTEM image of MWCNT in Fig. 2d shows that the spacing
between adjacent MWCNT walls is around 0.346 nm. The X-ray map-
ping analysis in Fig. S2 was carried out to verify the uniformity of the
distribution of MWCNT in TiO2, clearly shows the uniform distribution
of MWCNT in the MWCNT-TiO2 nanocomposite anode thin films.

3.2. XPS analysis of nMWCNT-TiO2 photo-anode

The chemical states of Titanium (Ti), Oxygen (O) and Carbon (C)
atoms in the MWCNT-TiO2 composite environment and the possible
bond formation between the host and the dopant atoms were in-
vestigated using XPS. The XPS analysis of best performing sample i.e.
0.06%MWCNT-TiO2 nanocomposite anode has been provided in Fig. 3
and the information regarding the deconvoluted peaks of this sample
has been provided in Table 1. The XPS survey scan in Fig. 3a shows the
presence of obvious Ti 2p, O 1s and C 1s peaks in the composite ma-
terial, and in order to get the intricate details, each of the peaks in the
survey scan was deconvoluted to see the nature of component peaks. In
Fig. 3b, Ti 2p peak has two component peaks: Ti 2p3/2 centered at
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459.41 eV and Ti 2p½ centered at 465.1 eV, which appear due to the
spin orbit coupling, and it can be observed that these two peaks are
shifted towards higher binding energies compared to the Ti 2p peaks in
pure TiO2. This shifting of Ti 2p peaks indicates that Ti in MWCNT-TiO2

is in a different chemical state compared to Ti in pure TiO2 and this
could be ascribed to the strong interaction between TiO2 nanoparticles
and MWCNT through TieOeC bonding (Sanjinés et al., 1994; Sleigh
et al., 1996). Also, in the deconvolution of O 1s peak in Fig. 3c, there
are two component peaks centered at 531.7 eV and 530.63 eV which
are attributed to the new chemical state of O atom in TieO and TieOeC
bonds respectively in MWCNT-TiO2. The intense TieOeC XPS peak of
O 1s centered at 531.7 eV indicates a strong bonding between MWCNTs
and TiO2 in MWCNT-TiO2 composite (Mehmood, 2017; Shuttleworth,
1980). Finally, in the deconvolution of C 1s peak, the component peaks
centered at 284.65 eV, 285.81 eV, 288.65 eV and 289.23 eV are attrib-
uted to the carbon atoms in the chemical state of CeC, CeO, C]O and
OeC]O respectively in MWCNTs. The formation of TieOeC bond in
the MWCNT-TiO2 observed from the deconvolution of Ti 2p peak is
desired as it introduces a trap states in the MWCNT-TiO2 composite.
This trap state narrows down the band gap energy of MWCNT-TiO2

composite and consequently transform the material into visible light
active and makes the DSSC efficient under visible region of the solar
spectrum. Also, TieOeC bond serves as a bridge for efficient charge
transfer in the anode coating and thereby reduces the electron-hole
recombination in the MWCNT-TiO2 and increases the efficiency of the
solar cell. Moreover, the anode films were prepared in the open en-
vironment which may leads to the reduction of carbon into carbon
oxides which further enhance the conductivity of the photoelectrons in
the anode thin films (Qiu et al., 2015). The detailed XPS analysis for all
the remaining four samples i.e. nMWCNT-TiO2 (n=0%, 0.03%, 0.09%
and 0.12%) was provided in Figs. S3–S6, along with the peak positions
of the deconvoluted elemental peaks in Tables S1–S4. XPS of all these
samples shows the presence of their respective elements as expected.
The nMWCNT-TiO2 thin films show the presence of both MWCNT and
TiO2 and shifting of their binding energies shows their composite for-
mation.

3.3. XRD analysis of nMWCNT-TiO2 photo-anode

The XRD analysis for all the fabricated nMWCNT-TiO2

Element Weight% Atomic% 

C K 3.85 7.78 

O K 43.13 65.38 

Ti K 53.01 26.84 

Totals 100.00  

Fig. 1. SEM images of (a) pure TiO2 (b) MWCNT-TiO2 nanocomposite (c) EDX analysis of MWCNT-TiO2 anode film.
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nanocomposite thin films is carried out and presented in Fig. 4, where
the presence of peaks pertaining to the crystallographic planes of TiO2

and MWCNT is quite evident. Particularly the relative intensity of
(1 0 1) peak of TiO2 increases with MWCNT concentration and this is
because the diffraction intensity of (0 0 2) peak of MWCNT overlaps
with that of (1 0 1) peak of TiO2 which confirms their composite for-
mation.

3.4. Raman analysis of nMWCNT-TiO2 photo-anode

The Raman analysis is carried out using surface enhanced Raman
spectroscopy to confirm the formation of composite in the fabricated
thin films. Fig. 5a shows the Raman spectrum of all the synthesized
composite photoanodes, where we can see the presence of the peaks
due to different Raman modes of vibration of TiO2 in the energy range
of 100–800 cm−1 along with D and G bands of MWCNT in the energy of
1000–1600 cm−1, which confirm the presence of both materials. The
peak intensity of D and G bands increases as the amount of MWCNT
increase. The magnified MWCNT peaks are provided in Fig. 5b and c,
which clearly show the presence of MWCNT and their different com-
positions.

3.5. Optical absorption spectroscopy

The absorbance spectrum for N3 dye in ethanol in Fig. 6, (also in
Fig. S1) shows two absorbance peaks in the visible spectral regions
centered at 419 nm and 547 nm and one absorbance peak in the UV
region centered at 322 nm. The visible region absorbance peaks, ori-
ginate from the characteristic low energy metal to ligand charge
transfer (MLCT), involving the excitation of electrons from 4d orbital of
Ru to the unoccupied π* molecular orbitals and also the absorbance
peak in the ultra-violet (UV) region is due to ligand centered π–π* ex-
citation. When TiO2 is added to N3, an electronic coupling between the
N3 dye molecule and TiO2 is established and this coupling reorganizes
the energy structure in the intermolecular MLCT states. The titanium

dioxide (TiO2) effect of on the dynamics of the adsorbed N3 dye on its
surface, is primarily due to both mode-specific vibrational and elec-
tronic de-phasing, where the latter process is more dominant. The re-
structuring of the intermolecular MLCT states, brought about by the
presence of TiO2, accompanied by efficient photo-induced charge
transfer enhances the visible light absorbance on TiO2-N3 dye as seen in
Fig. 6. This visible light absorbance is further enhanced with the ad-
dition of MWCNT with the maximum visible light absorbance with
0.06% MWCNT in n-MWCNT-TiO2 in the presence of N3 dye, as it is
quite obvious from Fig. 6 and this further enhancement of visible light
absorbance could be due to the photosensitizing property of MWCNT
(Woan et al., 2009). However, with higher MWCNT content, the light
transmission is restricted and also the agglomeration sets in, leading to
reduced absorbance. In addition to the enhancement of overall absor-
bance in the visible spectral region, there is a slight red shift in the
absorbance spectrum n-MWCNT-TiO2, originating from the creation of
defect states from the oxygen vacancy and/or structural defects in the
MWCNT-TiO2 composite, resulting from the formation of TieOeC
bonds in the TiO2 lattice. The observed red shift in the absorbance
spectrum is attributed to the lowering of π* energy level due to the
bonding between carboxylic group in N3 dye and Ti4+ ion.

3.6. Photovoltaic performance of dye-sensitized solar cells

3.6.1. The current-voltage (J-V) characteristics of fabricated DSSC
The performance of the fabricated DSSC, having n-MWCNT-TiO2

photosensitized by N3 dye as a photo-anode, and MWCNT as a counter
electrode was evaluated by typical I-V characteristic study under
standard test conditions (ambient temperature of 25 °C and 1 sun illu-
mination, equivalent to 1000W/cm2 at air mass AM 1.5G) and the J-V
curves are depicted in Fig. 7 for six different DSSC configurations. The
key DSSC performance indicators like open circuit voltage Voc (mV),
short circuit current density Jsc (mA/cm2), fill factor FF (%), and overall
photovoltaic efficiency η (%) of all the configurations of DSSC, deduced
from the I-V characteristics are listed in Table 2. In Fig. 7 the

Fig. 2. TEM images of (a) pure TiO2 particles (b–d) MWCNT-TiO2 nanocomposite at various resolutions.
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photovoltaic output indicators of our proposed [n-MWCNT-TiO2/N3/
MWCNT] DSSC configuration with four different n-MWCNT-TiO2 mass
ratios (n=0.03%, 0.06%, 0.09% and 0.12%) in photo anode are shown
along with the standard [TiO2/N719/Pt] and [TiO2/N3/MWCNT] DSSC
configurations for bench marking.

Table 2 indicates a systematic enhancement of short circuit current
density Jsc for all the MWCNT based DSSCs and this is due to the im-
proved electron transport property brought about by the presence of
MWCNT. In the case of both [0.09%-MWCNT-TiO2/N3/MWCNT] and

[0.12%-MWCNT-TiO2/N3/MWCNT] configurations, all the photo-
voltaic performance indicators are less than that of four other config-
urations presented in Fig. 7. This reduced photovoltaic performance in
the above two configurations is due to the reduced visible light absor-
bance due to the agglomeration of MWCNT in the higher concentrations
of MWCNT in photo anode, and also could be due to the formation of
undesired trap states that facilitates the rapid photo induced charge
recombination. Also, the higher recombination resistance (R2) as ex-
plained in electrochemical impedance spectroscopy analysis of these
fabricated DSSC provided in next section and the more intense visible
light absorbance in [0.06%-MWCNT-TiO2/N3/MWCNT] configuration
should yield a higher short circuit current density Jsc for [0.06%-
MWCNT-TiO2/N3/MWCNT] configuration than that for [TiO2/N719/
Pt] configuration. But Jsc for [0.06%-MWCNT-TiO2/N3/MWCNT]
configuration listed in Table 2 is less than that of [TiO2/N719/Pt]
configuration and this discrepancy is due to the fact that the MWCNT
presence in photoanode reduced the transparency and hence the
number of electrons generated could be slightly lower in MWCNT-TiO2

photo anodes than in [TiO2/N719/Pt]. On the other hand, the fill fac-
tors and the efficiencies of [0.03%-MWCNT-TiO2/N3/MWCNT] and
[0.06%-MWCNT-TiO2/N3/MWCNT] configurations are higher than
that of [TiO2/N3/MWCNT] and [TiO2/N719/Pt] DSSC configurations,
with the highest efficiency of 7.15% in the case of and [0.06%-MWCNT-
TiO2/N3/MWCNT]. This performance enhancement could be due to (i)
the presence of optimum level of MWCNT in TiO2, that serve as bridge

Fig. 3. XPS spectra of 0.06%-MWCNT-TiO2 thin film: (a) Survey spectra (b) deconvolution of Ti 2p peak (c) deconvolution of O 1s peak and (d) deconvolution of C 1s
spectra.

Table 1
Assignments of component peaks of deconvoluted Ti 2p, O 1s and C 1s.

Name Peak BE FWHM (eV) Area (P) CPS.eV Atomic % Assignment

Ti2p 458.62 0.73 28949.39 17.59 TiO2 (2p3/2)
Ti2p A 465.1 1.56 29808.45 18.14 TiO2 (2p1/2)
Ti2p B 464.26 1.56 24162.46 14.7 TiO2 (2p1/2)
Ti2p C 459.01 0.64 47158.38 28.66 TiO2 (2p3/2)
Ti2p D 459.41 0.79 34405.05 20.91 TiO2 (2p3/2)
O1s 530.08 0.91 87351.31 58.49 SnO2

O1s A 531.7 1.34 6823.62 4.57 Carbonates
O1s B 530.63 0.9 55159.78 36.94 TiO2

C1s 284.65 1.32 2146.54 74.16 CeC
C1s_CNT A 288.65 0.6 147.66 5.1 C]O
C1s_CNT B 285.81 1.67 499.74 17.27 CeO
C1s_CNT C 289.23 0.64 100.59 3.48 OeC]O
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for the better transport of electrons without being trapped in the grain
boundaries, thereby providing a conducting network for the transfer of
photoelectron to the outer circuit of DSSC (Du et al., 2013; Batmunkh
et al., 2015) (ii) the observed enhancement of visible light absorbance
originating from the trap states formed due to the TieOeC bonds in the
TiO2 lattice, resulted in the generation of more photocurrents and (iii)
the better catalytic performance at the counter electrode side, resulted
in the enhancement of charges available for the efficient reduction of
electrolyte (Nam et al., 2010). It is quite clear from this study that there
is a 13% increase of efficiency in [0.06%-MWCNT-TiO2/N3/MWCNT]
DSSC configuration, compared to that of conventional DSSC config-
uration [TiO2/N719/Pt].

3.6.2. Incident photon-to-electron conversion efficiency (IPCE)
The IPCE spectrum is the measure of external quantum efficiency

(EQE) of a solar cell over a specific wavelength range, which gives the
knowledge of efficient workability of the solar cell in a particular wa-
velength region. IPCE or EQE is basically the ratio of the number of
electrons generated per second and the total number of photons falling
on the solar cell from outside and due to many underlying wavelength
dependent factors, EQE is a strong function of wavelength. Fig. 8 shows
IPCE spectra of all the six variants of DSSCs fabricated in this work, and
it is clear from the figure that although the pattern of spectral response
of EQE is same for all the six DSSCs, the value of EQE remains the
highest for 0.06%MWCNT-TiO2 mass ratio for photoanode i.e. [0.06%
MWCNT-TiO2/N3/MWCNT] DSSC configuration. Also, we can notice
that the EQE of all four variants of [nMWCNT-TiO2/N3/MWCNT] DSSC
are consistent. The IPCE (λ) depends highly on the wavelength de-
pendent light harvesting efficiency of a solar cell (LHE (λ)), the yield of
injecting photo-generated electrons to the conduction band of the
semiconductor (φinj) and also the collection efficiency of the photo-
generated electrons (ηcc), as described in Eq. (1) (Grätzel, 2005).

=IPCE λ LHE λ φ η( ) ( )* *inj cc (1)

On the other hand, LHE (λ) depends on the dye adsorption on the
surface of semiconductor, the light absorbance characteristics of the
dye, and the light scattering at the photo-anode. The resemblance of
IPCE spectrum in Fig. 8 to the absorbance spectrum of N3 dye in Fig. S1
and the observation of an optimum MWCNT content in [nMWCNT-
TiO2/N3/MWCNT] in Figs. 7 and 8 indicate these dependences of LHE
(λ). Also, the presence of MWCNT in nMWCNT-TiO2 nanocomposite
promotes the injection of electron generated due to the photo-excited
dye to the conduction band of MWCNT-TiO2 nanocomposite semi-
conductor, resulting in the increase of φinj and makes MWCNT-TiO2

more efficient by positively contributing to IPCE (λ) (Yang et al., 2016).
The third parameter (ηcoll) in Eq. (1) is associated with the charge re-
combination and charge transport properties of the semiconducting

Fig. 4. XRD analysis of nMWCNT-TiO2 nanocomposite thin films.
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Fig. 5. Raman analysis of nMWCNT-TiO2 thin films for (a) complete Raman
spectra (b) Spectra from 500 cm−1 to 2000 cm−1 to focus on MWCNT peaks (c)
Magnified MWCNT peaks in the range 1000 cm−1 to 3000 cm−1.

Fig. 6. UV–Vis spectra of N3 dye in EtOH, TiO2/N3 and n-MWCNT-TiO2/N3
films.
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anode, which can be explained by electrochemical analysis. The elec-
trochemical analysis shows that the MWCNT modified anodes DSSCs
are better than unmodified anodes DSSCs and the resistance to the re-
combination of charges (R2) is higher for modified photoanodes DSSCs
compared to unmodified photoanodes DSSCs which is in good agree-
ment with IPCE spectra.

3.6.3. Electrochemical impendence spectroscopy (EIS) analysis of
fabricated DSSCs

In order to elucidate the electrochemical charge transfer and
transport behavior in different pairs of charged surface layers and the
media in DSSC during its operation, we carried out the EIS analysis at
the open circuit voltage, in the 0.1 Hz – 105 Hz frequency range. The
EIS results of all the six variants of DSSC are presented as Nyquist plots
in Fig. 9. Further, the proposed equivalent circuit is provided in the
inset of Fig. 9 and the numerical values of the fitted resistance and
capacitance are listed in Table 3. Nyquist plot (in complex plane) is
basically the wide range of frequency response of the imaginary and
components of the cell impedance of the equivalent parallel RC circuits
at different interfaces of DSSC. The smaller semicircles at the high
frequency region (left) of the Nyquist plots in Fig. 9 arise due to the
interface of MWCNT counter electrode and electrolyte, where R1 is the
charge transfer resistance and double layer C1 represents capacitance
due to the charge formation in back electrode layer and the electrolyte
constitute RC network in the interface. The large semicircles at the mid
frequency range are due to MWCNT-TiO2/dye and electrolyte interface
where R2, the electron recombination (back reaction or dark current)
resistance and C2, the capacitance between the MWCNT-TiO2 layer and
the electrolyte constitute RC network in the interface. The third semi-
circles which is expected to appear at small frequency is due to char-
acteristics of diffusion of the I−/I3− redox electrolytes are obscured due
to much higher resistance of R2 than that of Zw (Warburg impedance).
The Zw is the impendence that is resistance encountered by the charge
carriers when they diffused through the electrolyte. In addition to these,
there is sheet resistance Rs that is in series with the RC parallel circuit,
which is more or less similar for all the fabricated DSSCs. Except [TiO2/
N719/Pt] configuration, in all the other 5 variants of DSSCs, we use
same MWCNT as the counter electrode, R1 values are almost same with

slight variations. On the other hand, in the photo anode interface, the
value of R2 should vary according to the amount of MWCNT present in
the photo anode material. The increased level of MWCNT photo anode
facilitates the easy transport of the electrons within the semiconductor
and also helps to reduce the recombination. It is quite clear from Fig. 9
and Table 3 that the recombination resistance R2 corresponding to the
configuration [0.06%-MWCNT-TiO2/N3/MWCNT] based DSSC is the
highest among the all six different fabricated configurations. This

Fig. 7. J-V characteristics of fabricated DSSCs.

Table 2
Photovoltaic properties of DSSCs.

Cell structure Jsc (mA/cm2) Voc (mV) FF (%) η (%)

TiO2/N3/MWCNT 13.8 ± 0.1 759 ± 1 63 ± 1 6.65 ± 0.11
0.03%MWCNT-TiO2/N3/MWCNT 14.9 ± 0.2 717 ± 2 64 ± 1 6.94 ± 0.11
0.06%MWCNT-TiO2/N3/MWCNT 15.4 ± 0.1 752 ± 1 62 ± 1 7.15 ± 0.20
0.09%MWCNT-TiO2/N3/MWCNT 13.6 ± 0.1 707 ± 1 62 ± 1 6.03 ± 0.08
0.12%MWCNT-TiO2/N3/MWCNT 13.1 ± 0.2 683 ± 2 63 ± 1 5.69 ± 0.14
TiO2/N3/Pt 16.8 ± 0.2 726 ± 2 52 ± 2 6.33 ± 0.35

Fig. 8. IPCE spectra of fabricated DSSCs.

Fig. 9. EIS spectra of fabricated DSSCs with equivalent circuit of DSSC (inset).

Table 3
Equivalent circuit parameters of fabricated DSSCs.

Cell structure R1 (Ω) R2 (Ω) C1 (μF) C2 (mF)

TiO2/N3/MWCNT 15.31 39.37 5.52 0.16
0.03%MWCNT-TiO2/N3/MWCNT 8.95 41.54 20.57 0.26
0.06%MWCNT-TiO2/N3/MWCNT 7.22 55.09 38.6 0.29
0.09%MWCNT-TiO2/N3/MWCNT 19.74 27.28 19.7 0.23
0.12%MWCNT-TiO2/N3/MWCNT 25.66 26.02 7.73 0.23
TiO2/N3/Pt 23.45 36.67 5.28 0.25
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largest R2 in [0.06%-MWCNT-TiO2/N3/MWCNT] configuration offers
high resistance for the charge recombination (also called dark current)
between the photosensitized electron in MWCNT-TiO2 semiconducting
surface and the electrolytic cationic layer surrounding MWCNT-TiO2

directly from the conduction band of the photoanode (MWCNT-TiO2) or
through some trap states below (Mehmood et al., 2016b).

3.6.4. Catalytic activity of MWCNT
Besides the optical, electron transport and material characteristics

of photo anode, the catalytic nature of the counter electrode (cathode),
composition and configuration of DSSC, the nature of redox electrolytes
and the sensitizing dye are the crucial factors that influence the per-
formance of DSSC. Another improvisation introduced in the DSSC is the
use of MWCNT as the catalytic material to replace the expensive pla-
tinum electrode. Although the [MWCNT-TiO2/N3/MWCNT] DSSC is
found to be more promising than the conventional [TiO2/N3/Pt] con-
figuration, it is quite interesting to single out the contribution of
MWCNT counter electrode in the overall photovoltaic performance
enhancement. In DSSC counter electrode functions as catalyst in the
chemical process of efficiently reducing the redox mediator so that the
dye molecules are rapidly regenerated. The rapid reduction of redox
mediator and the regeneration of dye can also effectively inhibit the
charge recombination at the conduction band of TiO2 and electrolytic
cations interface and also recombination of conduction electrons with
the oxidized dye molecule. As the exchange current for the reduction of
oxidized species in DSSC is proportional to the catalytic performance of
the counter electrode material, we carried out Tafel analysis to estimate
and compare the exchange current produced by the catalytic activity of

Pt and MWCNT in the DSSC. We fabricated dummy cells for both
MWCNT and Pt materials with Iodolyte I−/I3− as electrolyte. Tafel plot
is bases on the Tafel equation, in which the log J; logarithmic current
density is plotted against the V; excess potential, and the exchange
current can be deduced by taking the antilog of the y intercept (at
V=0) of the tangent of the curve. Fig. 10a shows the Tafel curves of
dummy cells (also called symmetrical cells) fabricated with Pt and
MWCNT, from which it is clear that the exchange current J0 for
MWCNT catalyst is considerably higher than that for Pt and hence it is
quite obvious that the MWCNT as a counter electrode is found to be
better than that of Pt in terms of catalytic activity in this DSSC con-
figuration. The resistance R1, at the electrolyte I−/I3−/counter elec-
trode interface called charge transfer has an inverse relation with ex-
change current density J0 as shown in Eq. (2)

=J RT
nFR0

1 (2)

where F, R, T and n are Faraday’s constant, the gas constant, tem-
perature, and the number of electrons involved in the reduction reac-
tion respectively. Hence according to Eq. (2), the increased J0 for
MWCNT is quite anticipated as the R1 of the MWCNT as counter elec-
trode estimated from the EIS study is found to be much less than that of
Pt counter electrode (Table 3). Another important electrochemical
parameter that can be deduced from Tafel plot is the limiting current
(Jlim), which is the saturated level of current in the Tafel plot and from
the Tafel plot in Fig. 10a, the limiting current for MWCNT catalyst is
also found to be higher than that for Pt. The limiting current density
(Jlim), is related to the diffusion coefficient (D) of the I−/I3− redox

Fig. 10. (a) Tafel curves of symmetrical cells (dummy cells) fabricated with MWCNT and Pt. (b) Stability test of MWCNT as a catalyst for counter electrodes with
7.5 mM Iodolyte Z-50 as electrolyte, Pt as auxiliary electrode and Ag/AgCl as reference electrode, (c) Cyclic voltamograms for different scan rates, (d) CV curves at
different number of cycles at the scan rate of 50 mV sec−1.
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mediator as depicted in Eq. (3).

=D l
nFC

J
2 lim (3)

where F is Faraday’s constant, C is electrolyte concentration, l is the
spacer thickness and n is the number of exchange electrons involved in
the reduction reaction. Hence the improved exchange current and
limiting current (improved diffusion coefficient) testify the role of
MWCNT counter electrode to partially enhance the efficiency of [n-
MWCNT-TiO2/N3/MWCNT] DSSC.

3.6.5. Stability of MWCNT
Another desired feature of the counter electrode is that it should be

chemically and electrochemically stable in the electrolytic environ-
ment. In this work chronoamperometry and cyclic voltammetry (CV)
were carried out to study the chemical and electrochemical stability of
MWCNTs as the CE. Fig. 10b is the results of chronoamperometric
analysis, where the current density is found to be quite stable for the
duration of 3600 s, when 600mV potential was applied. Also cyclic
voltammetry (CV) study was also carried out and the hysteresis loops
formed due to the oxidation process (forward ramp of the voltage) and
reduction process (reverse ramp of the voltage) remain quite similar in
Fig. 10c and d, which are respectively for different number of cycles of
forward/reverse voltage ramping (with the scan rate of 50mV/sec) and
for different voltage ramp rates. Therefore, it is quite evident from the
chronoamperometric and cyclic voltammetric analyses that MWCNT
counter electrode is electrochemically very stable.

4. Conclusion

In this work, MWCNT based DSSC was fabricated, where the syn-
thesized MWCNT-TiO2 nanocomposites with different levels of MWCNT
were used as a photoanode in conjunction with MWCNT based, Pt free
counter electrode. In photoanode, the presence of MWCNT in TiO2

brought about many positive attributes like enhanced light absorbance
in the visible spectral region, high electron recombination resistance
and improved electron transportation. MWCNT in counter electrode
showed better catalytic effect than Pt in the reduction reaction of the
oxidized iodine/triiodine redox mediator in DSSC. All these improved
features resulted in the enhancement of photovoltaic efficiency in the
[n-MWCNT-TiO2/N3/MWCNT] DSSCs, and among the four different
compositions of MWCNT-TiO2 nanocomposites used as a photoanode,
the one with 0.06%-MWCNT-TiO2, i.e. [0.06%-MWCNT-TiO2/N3/
MWCNT] DSSC configuration showed the highest photovoltaic effi-
ciency of 7.15%, which accounts for an enhancement of 13% photo-
voltaic efficiency compared to the conventional [TiO2/N3/Pt] DSSC
configuration. This photovoltaic performance improvement and use of
low cost MWCNT in the place of expensive platinum will make MWCNT
based DSSCs efficient and cost effective for large scale applications.
Morphological, optical, elemental and electrochemical studies of the
material and DSSC were carried out and the improved photovoltaic
efficiency of [n-MWCNT-TiO2/N3/MWCNT] DSSC configuration is ex-
plained on the basis of these results.
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