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Abstract

Dye-sensitized solar cells (DSSCs) have aroused intense attention over the past
three decades owing to their low cost, inexpensive raw materials, simple fabrication
process, and employment of eco-friendly materials. Recently, to take advantage of
their lower electrical resistance, excellent electrocatalytic operation, mechanical
integrity, low cost, and flexibility, carbon nanotubes CNTs have been incorporated
into DSSCs with a view to improve the efficiency further. CNT can be used in the
anode, electrolyte, and counter electrode. The incorporation of CNTs into the
anode’s semiconductor material decreases the host material’s resistance and
increases thermal conductivity, electrical conductivity, mechanical strength, and
durability. CNTs in ionic liquids have been investigated as a potential alternative for
traditional liquid electrolytes for DSSC application because of low viscosity, low
vapor pressure, high diffusion coefficient, high electrochemical, and thermal sta-
bility. CNT based counter electrode has attracted considerable interest because of
its fast electron transfer kinetics and large surface area. This book chapter provides
an insight into the fabrication of DSSCs by incorporating CNT and its effects on cell
conversion efficiencies.

Keywords: dye sensitized solar cell, carbon nanotubes, efficiency

1. Introduction

In recent years, world energy consumption has increased significantly due to
rapid global population growth, improved quality of life, and new technologies.
United States Department of Energy (USDoE) anticipates that global energy
demand will double by 2050 and triple by 2100 [1]. About 87% of energy demands
are supplied by burning fossil fuels, such as coal, oil, and natural gases [2]. How-
ever, it has become a major concern about the environmental damage caused by the
combustion method. Excessive use of fossil fuel energy sources urges researchers to
think about the alternatives to eternal clean energy sources. The use of renewable
energy is of great significance due to the rising cost of fossil fuels in tandem with a
decrease in carbon dioxide emissions that avoids global warming. Significant
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improvements have been made in this regard, including energy technologies
focused on wind power, biofuels, solar panels, and fuel cells [3, 4].

Solar energy will effectively meet some of the energy needs of future genera-
tions. The 3x1024 Joule/year supply of energy from the sun to the earth is 10 000
times more than the global energy requirement. This suggests that the use of 10%
efficient photovoltaic cells will cover just 0.1% of the earth’s surface area that could
supply our current electricity needs [5]. In addition to photovoltaic device technol-
ogies, protect the global environment, and ensure economic growth with sustain-
able resources [6]. A solar cell or photovoltaic device is a solid-state device that is
generally used for converting solar energy into useable electricity. The main advan-
tage of the solar cells is that it does not require fossil fuel burning and does not
produce any harmful emission [2]. The development of solar cells can be divided
into three generations: First generation, second generation, and third generation
solar cell. First generation or crystalline-silicon based solar cell has high cell effi-
ciency(�26.7% against theoretical limit �29%), which dominates the global solar
cell market (�90%) [7]. However, the rigid cell structure and high cost related to
manufacturing silicon wafers limit the use of first generationsilicon-based solar
cells. Second generation or thin-film solar cell is fabricated by depositing multiple
layers of photovoltaic material on plastic, glass, or metal substrate. Thin-film solar
cell thickness can vary from few nanometers to 10 microns. However, Indium and
Tellurium’s scarcity makes it somewhat difficult to commercializeand large-scale
production of the thin-film solar cell. Also, cadmium is a highly toxic material,
which poses both severe health and environmental hazards. Third-generation solar
cells are targeted to achieve both high efficiency and low cost. The theoretical cell
conversion efficiency of third-generation solar cells varies from 31 to 41%, and it is
expected that this limit can be easily overcome by using semiconductor
nanoparticles [8]. Perovskite solar cell (PSC), copper zinc tin sulfide (CZTS) solar
cell, quantum dot solar cell (QDSC), organic solar cell (OSC), and dye-sensitized
solar cell (DSSC) are the example of the third-generation solar cells. Most of the
third-generation solar cells are still in the research stage.

DSSC is a third-generation solar cells co-invented by Michael Gratzel and Brian
O’Regan in 1988 at UC Berkeley, USA and further developed by Michael
GratzelÉcolePolytechniqueFédérale de Lausanne, Switzerland. The DSSCs are
regarded as successful applicants for the substitution of high-cost conventional solar
cells. Throughout the last twenty years, Gratzel and hisits colleagues have made
considerable efforts to develop further. The different factors involved in the DSSCs
system are still under development in several ways to make it ready for commer-
cialization. To date, the maximum 14.7% power conversion efficiency (PCE) has
been recorded for the DSSCs [9]. The theoretical PCE limit of the single junction
DSSC under standard test conditions (STC) is 32%, according to Professor Michael
Graetzel, and a two-level tandem DSSC structure could reach PCE of 46% [10].
Since there is a big difference between theoretical and experimental PCE of DSSC,
there is aroom for further improvement. Different researchers have suggested and
worked on adifferent methods to improve the PCE of DSSC, such as anode modifi-
cation by doping material, anode modification by carbon nanotube, surface modi-
fication by TiCl4, dye modification, electrolyte modification, and cathode
modification by different carbon variant [11–13]. Advancements in DSSCs technol-
ogy are occurring at an ever-increasing rate, as the development of novel carbon-
based materials, such as carbon nanotubes (CNTs). The CNT structure consists of
enrolled graphite sheets, in a word, and can be classified as either single-walled
(SWCNT) ormulti-walled (MWCNT) depending on its preparation method [14].
Cell performance can be increased by adding SWCNTs/MWCNTs. The incorpora-
tion of CNTs into the semiconductor material (i.e., TiO2, ZnO, SnO2, ctc.) decreases
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the host material’s resistance and increases thermal conductivity, electrical conduc-
tivity, mechanical strength, and durability. The main aim of using CNTs in the
DSSC is to accelerate the flow of electrons from the semiconductor material to the
transparent conductive oxide (TCO) glass substrate through the CNTs without any
resistance inside the grain boundary [15].

In this book chapter, the next five sections are focused on the basics of DSSCs,
CNTs, the effect of CNTs in the cell performance of DSSC, and the degradation
study of CNT based DSSC, respectively. In the sixth section, the development of
CNT based DSSC is summarized with an outlook. In addition, it is also focused on
the improvement of efficiency of DSSC by incorporating carbon nanotubes, which
is of great significance for enhancing the performance of DSSC.

2. Dye sensitized solar cell

DSSC is different from other conventional solar cells in terms of both cell
architecture and the physical process behind its operation. DSSC combines both
solid and liquid phase in contrast to typical crystalline silicon or thin-film solar cell
technology based on solid-state semiconductor materials. A typical DSSC consists of
a transparent conducting oxide (TCO) glass substrate (i.e., ITO, FTO, AZO, etc.) as
an anode, a wide band-gap semiconductor (a nanocrystalline semiconductor mate-
rial, such as TiO2, ZnO, SnO2, SrTiO3, Zn2SnO4,and Nb2O5, etc. deposited on the
TCO), dye sensitizer (anchored on to the surface of nanocrystalline semiconductor
material), a volatile electrolyte (I�/I3

�, Br�/Br3
�, SCN�/ (SCN)3

�, and SeCN�/
(SeCN)3

�, etc. redox couple), and a platinum (or carbon) coated TCO glass sub-
strate as a counter electrode [16–24]. A typical DSSC structure is shown in Figure 1.

Figure 2 illustrates the basic operating principle of DSSC. Nanocrystalline
semiconductor material (i.e., TiO2) is deposited on the TCO and provides the
indispensable surface area for dye photosensitizer absorption. Photon energy from
the sunlight is absorbed (or collected) by the dye photosensitizer layer and produce
excited electron (D+) from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) (Eq. (1)). The excited dye injects an
electron to the conduction band (C.B.) of the semiconductor material and the dye
molecule oxidized and losses an electron (Eq. (2)). The injected electron travels

Figure 1.
Basic cell structure of DSSC.
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through the semiconductor material toward the anode, and electrical energy is
delivered to the external load (Eq. (3)). Then the electron further travels to com-
plete the circuit and reaches the counter electrode (C.E.). The electron is trans-
ferred from the C.E. to the electrolyte. Dye regenerates when the dye accepts an
electron from the I� and I� gets oxidized to I3

� (Eq. (4)). I3
� ion float around, and

they receive ion from the C.E. (Eq. (5)) [25]. However, some unwanted reaction
occurs, such as the recombination of dye (Eq. (6)), dye recombination to the
ground state (Eq. (7)), and recombination of electrolyte (Eq. (8)) that reduces the
overall cell’s electron circulation performance.

Excitation of dye upon illumination

Dþ hν ! D ∗ (1)

Oxidation of dye due to injection of electrons in TiO2 photoanode

D ∗ ! Dþ þ e� TiO2ð Þ (2)

Energy generation

e� TiO2ð Þ þ C:E: ! TiO2 þ e� C:E:ð Þ þ electrical energy
� �

(3)

Regeneration of dye

Dþ þ
3
2
I� ! Dþ

1
2
I3 (4)

Restoration of electrolyte at the counter electrode

1
2
I3� þ e� C:E:ð Þ !

3
2
I� þ C:E: (5)

Figure 2.
Basic operating principles of DSSC.
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Recombination of dye

TiO2∣D ∗ ! TiO2∣D (6)

Dye recombination to ground state

TiO2∣Dþ þ e� C:B:ð Þ ! TiO2∣D (7)

Recombination of electrolyte

I3� þ 2e� TiO2ð Þ ! 3I� (8)

Green arrows (path (1)–(5)) represent the electron transfer and movement of
electrons within the solar cell, while red arrows (path (6)–(8)) represent potential
recombination losses within the solar cell.

3. Carbon nanotubes (CNTs)

Carbon nanotubes (CNTs) are hollow cylinders consisting of single or multiple
concentric layers of carbon atoms in a honeycomb lattice structure [26]. The CNT
structure consists of enrolled graphite sheets, in a word, and can be classified as
either or multi-walled (MWCNT) (Figure 3(a)) or single-walled CNT (SWNT)
(Figure 3(b)) depending on its preparation method. In transmission electron
microscopy (TEM) studies, MWCNTs were first observed by Iijima in 1991, while
SWCNTs were independently developed by Iijima and Bethune in 1993 [26]. CNT
has a spn hybridization (where n = 2) state of carbon material. However, because of
the curved surface of CNT, it does not have a genuine sp2 hybridization. CNT has a
sp2 + ?hybridization, which is in between n = 2 and 3. It is understood that CNT is a
material lying between fullerenes and graphite as a new member of carbon allo-
tropes [27]. Carbon nanotubes (CNTs) show very excellent adsorption characteris-
tics because they have a high specific surface area and a nanoscale formation that
constitutes many sites. It also has high electrical conductivity, mechanical strength,
and a high aspect ratio [28].

3.1 CNT based photoanode in DSSC

CNT incorporated semiconductor material on the conducting electrode surface,
offers efficient charge collection and transportation of charge carriers. The electrons

Figure 3.
(a) MWCNTs, (b) SWCNTs.
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injected from the excited dye into the semiconductor materials are then transferred
through a CNT scaffold to generate photocurrent. Such 1-D nanostructures have
been successfully exploited to improve the performance of DSSC [29]. Figure 4
illustrates the role of CNT incorporated semiconductor material (i.e., TiO2) for
efficient electron transportation in DSSC.

Studies by Brown et al. has shown that the presence of CNT (i.e., SWCNT) does
not directly affect the primary charge injection process in the D*/TiO2 system.
SWCNT incorporated TiO2 (TiO2/SWCNT/D*) films collect photoinduced elec-
trons more effectively by charge separation than TiO2/D* films [29]. Studies have
also shown that SWCNT accepts and stores electrons when in contact with photo-
irradiated TiO2 semiconductor materials. The fermi equilibrium with photo-
irradiated TiO2 and SWCNT can store to 1 electron per 32 carbon atoms. When the
dyes are linked to the TiO2-SWCNT suspension, the stored electrons are ready to
discharge on demand [30]. SWCNT incorporated TiO2 showed �30% higher pho-
toinduced current compared to without SWCNT incorporated TiO2. Though the
SWCNT incorporated TiO2 based DSSC showed increases in the photoinduced
current, the open-circuit voltage degrades in the SWCNT incorporated TiO2 based
DSSC. This phenomenon can be explained by the electron capture properties of
SWCNT. At equilibrium condition, a positive shift (�20–30 mV) of the SWCNT
causes loweropen-circuit voltage (which is directly related to the difference
between fermi level of photoanode and redox electrolyte), as shown in Figure 5.

The photoinduced electrons are transferred to the SWCNT network, which
minimizes the possibility of charge recombination at grain boundaries [29].

CNTs (i.e., SWCNTs) can be pristine (p-SWCNTs), metallic (m-SWCNTs) and
semiconducting (s-SWCNTs) depending on their delocalized electrons occupying a
1-D density of states, chiral angles and diameters. The efficiency of SWCNT/TiO2

based DSSC depends on different parameters, such as eventual charge separation,
charge transfer, charge transport, and recombination rates. Studies by Guai et al.
showed that m-SWCNT incorporated TiO2 based photoanode does not significantly
improve the recombination; however, it still enhances cell conversation efficiency
of plain TiO2 based DSSC. This indicates that plain TiO2 has poor conductivity,
which reduces the efficient charge transportation. On the other hand, s-SWCNT
incorporated TiO2 based photoanode showed superior conductivity. s-SWCNT
incorporated TiO2 based photoanode can also suppress the election recombination;
thus, significant cell conversion efficiency is observed [31].

Figure 4.
CNT incorporated photoanode for DSSC.
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Figure 6 illustrates the energy band diagrams of s-SWCNT and m-SWCNT
incorporated TiO2 based DSSC. Figure 6a shows the photoinduced electron trans-
fers from the photosensitizer’s excited state to the TiO2 and quickly moves from s-
SWCNT to FTO. Since there is less possibility of electrons transported back (or
recombination) to the liquid electrolyte to cause I3

� reduction, more photoinduced
electrons are effectively transported and collected by the FTO. This results in
enhanced photocurrent generation than p- and m-SWCNT based DSSCs. Also, the
effective collections of the photoinduced electron at the anode results in a positive
shift in Enf, increasing the open-circuit voltage of the SWCNT/TiO2 based DSSC.
On the contrary, though m-SWCNT has better electron mobility than s-SWCNT, it
has a higher disruption in charge carrier transportation, leading to increased back
reaction, as shown in Figure 6b. As a result, fewer electrons are collected at the
FTO, which leads to lower photocurrent and cell conversion efficiency [31]. Hence
the relative cell conversion efficiencies can be estimated as follows:

TiO2 >p� SWCNT=TiO2 >m� SWCNT=TiO2 > s� SWCNT=TiO2:

However, for the development of the high performance of SWCNT based DSSC,
the combination of both m-SWCNT and s-SWCNT is used. Numerous researchers
have been working on the combination of m-SWCNT and s-SWCNT. And the w/w
% of s-SWCNT varies between 88 and 97% in the mix [32].

Figure 5.
Energy diagram illustrating D*/TiO2 and transportation of photoinduced electrons without (a) and with
(b) SWCNT network.

Figure 6.
Energy-band diagrams of DSSCs with incorporated (a) s-SWCNTs and (b) m-SWCNTs [31].
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The introduction of CNTs into the semiconductor materials causes better dis-
persion of semiconductor materials particles and smaller crystalline size, structure
with high porosity and coarse surface. These results in anincreasein the total surface
area thus dye absorption increases and hence overall cell performance. However,
the photosensitizer (i.e., metallic photosensitizer, organic photosensitizer, natural
photosensitizer) used in DSSCusually anchors on the semiconductor materials (i.e.,
TiO2) surface, not the CNT surface. If the mass density of semiconductor materials
decreases, the number of dyes loading or absorption will decrease. Thus, if the
semiconductor materials are not uniformly distributed on the CNT’s surface, total
dye absorption will be poor, thereby decreasing the cell’s conversion efficiency. To
solve this problem, the bonding between semiconductor material and CNTs should
be increased. Different research used various methods to solve the problem. CNTs
treated with concentrated HNO3 and H2SO4 results in the introduction of -COOH
anchoring group on the CNTs, and provides further improved bonding between
semiconductor material and CNTs. The acid-treated CNT (i.e., SWCNT) can be
used in two ways; either incorporated into the semiconductor material to improve
charge transfer or introduced in semiconductor material/electrolyte interface as
light scattering centers. In the first case, when acid-treated SWCNTs were incorpo-
rated into the semiconductor material (i.e., TiO2) films, the fabricated DSSC
showed a 25% more enhancement in photocurrent than the untreated CNTs. In the
second case, when acid-treated SWCNTs were introduced at the TiO2/electrolyte
interface, the value of open-circuit voltage increases, whereas the value of
photogenerated current remains constant. The improvement in open-circuit
voltagegenerally impliesdecreased dark current and the negative shift of the con-
duction band of semiconductor material [33, 34]. Figure 7 illustrates the TiO2 films
with untreated SWCNTs and with acid treated SWCNT.

Similar to SWCNT, MWCNT also improves cell performance. However, the cell
performance can be further improved by employing different treatment tech-
niques. Numerous researchers are working on the topics and discovered different
methods. Employing these methods can further improve the cell efficiency of DSSC.
For example, Zhang et al. introduced RF induced oxygen plasma treatment for the

Figure 7.
(a) TEM of untreated bundles of SWCNTs, (b) HRTEM of a single fragmented bundle of acid treaded SWCNTs
(c) SEM of TiO2 films with untreated SWCNTs and (d) SEM of TiO2 films with acid treated SWCNTs [33].
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oxygen containing groups on the surface of the MWCNTs. The oxygen plasma
treated MWCNT makes the surface more hydrophilic and improves the dispersion
in TiO2, which leads to high surface area and enhanced dye absorption and hence
the cell performance increased. According the Zhang et al. study, the plasma treated
MWCNT can improve around 75% cell performance than untreated MWCNT/TiO2

photoanode based DSSC [34, 35].
Figure 8 illustrates the surface morphology of the coated films of pure TiO2,

MWCNT-TiO2, and plasma-treated MWCNT-TiO2 photoanodes using scanning
electron microscopic (SEM). The introduction of MWCNT into the TiO2 semicon-
ductor material causes immobilized uniformly. The FESEM images also indicate
thatincorporating MWCNT into the TiO2 metal oxide material causes a highly
porous and coarse surface (Figure 8b), which leads to a higher surface area for dye
absorption. However, MWCNT-TiO2 photoanodes has irregular pore sizes and a
non-uniform porous structure, which affect the total surface area improvement. On
the other hand, plasma treated MWCNT has a higher dispersion in TiO2 metal oxide
material leading to a more uniform porous surface structure (Figure 8c), which
successfully increases the total surface area for better dye absorption [35].

Researchers have also explored other methods for employing CNTs for high
surface area and hierarchical nanoporous structurefor higher cell conversion effi-
ciency. Yun et al. employed TiO2 hollow sphere/CNT by direct mixing and showed
4.71% with 0.1 wt.% [36]. Muduli et al. sensitized TiO2/MWCNT composite by
hydrothermal method and achieved the crystalline phase, which showed 50% more
cell conversion efficiency than the one without the MW-CNTs [37]. Patrick et al.
submerged TiO2 colloid in the optically transparent electrode and electrophoreti-
callydeposited SWCNTs for working photoanode. The modified photoanode
showed better charge separation and prevented back reaction/recombination,
showing 45% improvement in photocurrent [29]. Subha et al. fabricated single-
crystalline 1D rutile TiO2 nanorods/MWCNT composite template-free synthesis
method and reported 60% improvement in cell performance. Due to the single

Figure 8.
FESEM and TEM images of the (a) pristine/pure TiO2, (b) MWCNTs/TiO2, and (c) plasma treated-
MWCNTs/TiO2photoanode [35].
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crystalline structure, there were no grain boundaries, which provides a smooth
surface for electron transportation [38]. Zhu et al. sensitized rice grain-shaped
TiO2/MWCNT composite by electrospinning process. Due to the single crystalline
structure and high surface area of the rice grain-shaped TiO2/MWCNT
composite, DSSC showed a 32% improvement in cell performance with 0.2 wt.%
MWCNT [39].

3.2 CNT based electrolyte in DSSC

In recent years, carbon-based materials in ionic liquids have been investigated as
a potential alternative for traditional liquid electrolytes for DSSC application.
An effective electrolyte has low viscosity, low vapor pressure, high diffusion
coefficient, high electrochemical, and thermal stability. Conventional liquid redox
electrolyte has low viscosity and high diffusion coefficient. However, liquid redox
electrolyte uses a volatile solvent, which causes a problem in the commercialization
of DSSC, such as cell leakage of electrolyte, performance degradation, high-
temperature instability, and pressure build-up after in the fabricated cell due to the
volatile solvent. Also, liquid electrolyte creates obstacles for the flexible structure
and large-scale solar cell. Quasi-solid-state electrolytes based on ionic liquids can
easily solve the drawbacks of liquid electrolyte efficiently. Organic hole conducting
materials, p-type inorganic semiconductors, or different nano-components (i.e.,
graphene, CNTs) were diffused into ionic liquids to the sensitized quasi-solid-state
electrolyte for DSSC application. Figure 9 shows a basic schematic diagram of a
CNT based electrolyte for DSSC.

3.3 CNT based cathode in DSSC

In recent years, carbon-based materials, such as graphite, carbon black, and
carbon nanotubes, have been studied to replace traditional platinum (Pt) counter

Figure 9.
CNT based electrolyte for DSSC application.
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electrodes for low-cost DSSC. Carbon materials are not only abundant but also
highly resistant to corrosion. Carbon-based material, especially CNT, has attracted
considerable interest because of its fast electron transfer kinetics and large surface
area. Figure 10 shows a basic schematic of a CNT based counter electrode for DSSC.

Different methods have been explored for CNT based counter electrode. Nam
et al. used paste printing and CVD growing methods for the counter electrode. The
paste printing MWCNT based counter electrode based DSSC has lower cell effi-
ciency (8.03%) than the Pt. counter electrode based DSSC’s cell efficiency (8.80%).
However, the CVD has grown MWCNT had higher cell conversion efficiency
(10.04%) than the Pt. counter electrode based DSSC’s cell efficiency (8.80%) [40].
Ramasamy et al. fabricated spray-coated MWCNT counter electrode and showed
the effect of spray time/coating thickness [41]. Widodo also fabricated spray-coated
CNT on FTO glass substrate for counter electrode for DSSC [42]. Prasetio et al. used
different weight (0.01, 0.02 and 0.04 gram) of CNT and observed the cell perfor-
mance of DSSC [43]. Figure 11 illustrates the SEM of (a) the surface and (b) the
cross-section CNT based counter electrode [43].

4. Effect of CNT on the cell performance of DSSC

4.1 Effect of CNT based photoanode on the cell performance of DSSC

As mentioned earlier (in Section 3.1.), adding CNT nanoparticles into
mesoporous structure provides a strong light-harvesting capability and a large sur-
face area for high-efficiency DSSC. Mesoporous semiconductor materials anchor on
the long tubular CNT’s outer surface and this assembly ensure efficient electron
transport through CNTs. CNT improves the electron transport and increases the
coating’s thickness; thus, dye building on the anode material increase. CNT results
in gains in the photocurrent without compromising the electron injection to the
electrode.

From the previous discussion (Section 3.1.), CNT can be used either CNT/semi-
conductor material composite photoanode or counter electrode. For CNT-based
photoanode for different types of dyes, such as metal complex dye sensitizer,
natural dye sensitizer has been explored for DSSC operation.

Figure 10.
CNT based counter electrode for DSSC.
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Zhang et al. used N719 dye on the CNT photoanode-based DSSC. They prepared
two different types of CNT based photoanode: pristine, chemically modified, and
O2 plasma-treated CNT. For chemically modified CNT, 500 mg CNT was mixed
with 100 ml H2SO4/HNO3 solution (1:1) and kept at 140°C for 6 hours. Afterward,
the solution was filtered, cleaned with distilled water, and vacuum dried. For O2

plasma-treated CNT, CNT was treated with O2 plasma treated for 40 minutes at
0.26 Torr (at 50 W) [35].

O2 plasma-treated CNTs/TiO2 photoanode based DSSCs has more uniform holes
and rough surface, which provides higher dye adsorption and less charge recombi-
nation than either TiO2 or chemical modified CNTs/TiO2. The O2 plasma-treated
CNTs/TiO2 photoanodebased DSSC showed 6.34% cell efficiency, which is �75%
higher than the conventional TiO2 photoanode based devices (Table 1). Figure 12
illustrates the I-V characteristics of pristine TiO2, chemically modified CNT/ TiO2,
and O2 plasma-treated CNT/ TiO2 photoanode based DSSC with N719 dye. The
value of the open-circuit voltage of chemically modified CNT/ TiO2 based DSSC
was lower than the TiO2 photoanode based DSSC because of poor adhesion between
chemically modified CNT/TiO2; however, the overall cell conversion efficiency was
28% higher than the traditional TiO2 based DSSC [35].

Dembele et al. sensitized an ethanolic suspension of MWCNTs (0.006 g of
MWCNTs in 15 mL of ethanol) and then mixed with a known weight of TiO2 paste

Figure 11.
SEM of the cross-section CNT based counter electrode [43].

Photoanode Jsc
(mA/cm�2)

Voc

(V)

Fill factor

(FF)

Efficiency

(%η)

Improvement

(%)

PristineTiO2 6.48 0.84 0.65 3.63

Chemically modified
CNT/TiO2

8.56 0.83 0.66 4.66 28

O2 plasma treated
CNT/TiO2

11.04 0.85 0.68 6.34 75

Table 1.
Different CNT/TiO2 photoanode based DSSC [35].
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to obtain a fixed percentage of MWCNT/TiO2 composite. The MWCNT/TiO2 com-
posites were tape cast on FTO glass substrate. The concentration of MWCNTs was
varied in the range of 0–0.250 wt. %. The fabricated photoanodes were soaked in a
0.5 mM ethanolic solution of N719 sensitizer. They were increasing the percentages
of MWCNTs in the MWCNT/TiO2 composite, which results in a slight improve-
ment in dye loading (from 0.010–0.020%). In comparison, the average number of
dye mole per volume unit improved almost 3.5 times for the 0.25 wt.% MWCNT/
TiO2film than the pure TiO2film. However, this chemisorption of dye multilayers
are detrimental for overall cell efficiency: for optimum cell efficiency, the dye
should be chemisorbed in a closely packed monolayer. Figure 13 illustrates the SEM
image of the bare TiO2 and MWCNT (0.25 wt.%)/TiO2 film [44].

From Table 2, optimized concentration (0.010–0.020 wt.%) of MWCNTs based
TiO2 photoanode significantly increases the overall cell conversion efficiency.
Introducing a reflection layer into the cell increases the electron lifetime and
decreases recombination, leading to improved overall cell performance and
photoconversion efficiency (9.0%) [44].

Not only DSSC sensitized with metallic dye, but also DSSC sensitized with
natural dye shows similar characteristics to the concentration of CNT (i.e.,
MWCNT). Kabir et al. used natural yellow dye sensitizer extracted from the tur-
meric (Curcuma longa). They have fabricated DSSC with natural yellow dye as a
sensitizing source for TiO2 photoanode with different MWCNT concentrations. The
concentration of MWCNT ranges from 0.005 wt. % to 0.050 wt. %. Figure 14
shows surface morphology of (a) bare TiO2, (b) MWCNTs, (c) MWCNTs/TiO2,
and (d) TiCl4 treated MWCNTs/TiO2 film [45].

The integration of MWCNTs improved the cell efficiency of the DSSC by devel-
oping a special charge carrier transport channel that is distributed uniformly
throughout the TiO2 semiconductor. Cell efficiency of all concentrations of
MWCNT incorporated by TiO2 is higher than that of the without MWCNT incor-
porated by TiO2. The concentration of the MWCNT from 0.000 wt. % to 0.015 wt.
%, cell efficiency has improved dramatically (From Table 3). The optimum con-
centration is 0.015 wt. % MWCNTs have a maximum cell efficiency of 1.653%,
whereas for without MWCNT integrated TiO2, cell efficiency is 0.921%. After
achieving the best possible combination, further increasing the concentration of
MWCNT leads to a negative effect on cell parameters such as Isc, Voc, and FF.

Figure 12.
I-V characteristics of pristine TiO2, chemically modified CNT/ TiO2 and O2 plasma treated CNT/TiO2

photoanode based DSSC with N719 dye [35].
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Higher concentrations of MWCNTs result in a loss of transparency and low
absorption of light, which decreases the photogenerated current [45].

4.2 Effect of CNT based electrolyte on the cell performance of DSSC

As mention earlier (Section 3.2.), CNT based electrolyte not only enhance cell
performance of DSSC but also provide improvement in cell structure. Ahmad et al.
sensitized a new type of quasi-solid-state electrolyte by dispersing graphene and
CNT into the 1-methyl 3-propyl imidazolium iodide (PMII) ionic liquid. They also
varied the CNT (i.e., SWCNT) content from 1 wt.% to 16 wt.% in the PMII ionic
liquid. Maximum cell efficiency of 1.43% was observed for 7% SWCNT +93% PMII
ionic liquid electrolyte (Table 4). They have also combined graphene with SWCNT
and observed the effect of SWCNT in the quasi-solid-state electrolyte in DSSC
application. Combining SWCNTand graphene with PMII enhances cell perfor-
mance significantly, which is higher than both SWCNT + PMII combination and
PMII (Table 5) [46].

Lee et al. sensitized MWCNT–polymethyl methacrylate (PMMA) composite
electrolyte by thermal polymerization for solid state DSSC. The MWCNT-PMMA
composite has made a homogenous solution of 0.26 g MWCNT, 5 g of methyl
methacrylate (MMA), and 2-hydroxy-2-methyl-propylphenone (initiator). The
solution was vacuum dried and cleaned thoroughly (with dichloroethane (DCE) to
remove initiator residue). The MWCNT-PMMA composite was mixed with iodide
couples (0.1 M of LiI, 0.015 M of I2, and 0.2 M of t-butyl pyridine) in acetonitrile
solvent and stirred for 20 hours for MWCNT-PMMA composite electrolyte.

Figure 13.
SEM images of (a, b, d, e, f) the 0.25 wt.% CNT photoanode at various magnifications, and (c) bare TiO2

photoanode [44].
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Figure 15 shows the FESEM image of MWCNT and MWCNT-PMMA composite,
and Figure 16 illustrates the TEM and HR-TEM images MWCNT and MWCNT-
PMMA composite [47].

Table 6 lists the photovoltaic performance of DSSC fabricated with MWCNT-
PMMA composite. Lee et al. Lee et al. achieved higher cell efficiency of 2.9% (than
the reference cell’s efficiency of 1.9%), which was possible because of enhanced
amorphous structure and ionic conductivity [47].

4.3 Effect of CNT based counter electrode on the cell performance of DSSC

To achieve high cell performance in a large application area, platinum is used for
its excellent electrochemical activity. However, using Pt as a counter electrode
increases overall cell cost. Many efforts have been made for large surface area and
fast electron transportation to apply CNTs to the cathode. CNTs prices are lower
than Pt, but it has high electrochemical activity, which makes DSSCs commercially
viable. Prasetio et al. sensitized CNT-based cathode by doctor blade method and
observed CNT concentration’s effect by varying the weight of CNT (0.01, 0.02, and
0.04 g). A slurry was prepared by mixing a fixed mass of (0.01 or 0.02 or 0.04 g)
CNT, 0.2 g ethylcellulose, 2 ml ethanol, and 0.8 g terpineol. The slurry was doctor
bladed on FTO substrate and dried in the air, followed by annealing at 450°C for
60 minutes. Figure 17 illustrates SEM images of prepared CNT cathode fabricated
with different CNT masses (0.01, 0.02, and 0.04 g) [43].[Use the similar format for
gram, either g or gr or gram throughout the chapter].

Table 7 lists the photovoltaic performance of DSSC fabricated with different
masses of CNT as a cathode. Increasing the mass of CNT in the cathode increases
the photogenerated current; however, CNT does not increase other cell parameters,
such as open-circuit voltage and fill factor. An increase in short circuit current
resulted in higher cell conversion efficiency.

Ramasamy et al. spray-coated MWCNT on FTO and used it as a cathode. Dis-
persed MWCNT was sprayed onto FTO glass substrate with a spray gun, which was

Anode structure CNTs

(wt

%)

Tannealing

(°C)

Thickness

(μm)

PCE

(%)

FF

(%)

Voc

(mV)

Jsc
(mA cm�2)

Dye loading

(mol mm�3 � 107)

Transparent layer 0 450 12.6 6.5 71.0 745 12.7 1.05

Transparent layer 0.003 450 12.5 5.6 68.0 700 11.9

Transparent layer 0.007 450 11.5 6.4 67.1 695 13.8

Transparent layer 0.010 450 12.8 8.1 71.0 724 15.6 1.05

Transparent layer 0.015 450 9.9 7.9 71.0 734 15.3 1.65

Transparent layer 0.020 450 11.3 7.4 71.0 704 14.8 1.25

Transparent layer 0.045 450 8.8 6.7 71.0 698 13.6 1.35

Transparent layer 0.075 450 10.1 5.9 73.0 707 11.6 1.35

Transparent layer 0.250 450 16.4 1.1 62.0 789 2.2 3.70

Transparent layer
+ reflecting layers

0 500 15.9 7.0 69.0 755 13.6

Transparent layer
+ reflecting layers

0.010 500 16.4 9.0 74.0 758 16.0

Table 2.
Effect of CNT (MWCNT) concentration in the cell performance of N719 bye based DSSC [44].
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Figure 14.
SEM image of (a) bare TiO2, (b) MWCNTs, (c) MWCNTs/TiO2, and (d) TiCl4 treated MWCNTs/TiO2

film [45].

MWCNT

concentration

VOC (V) Isc (mA) FF η% Dye loading

(mol mm�3 � 107)

0 wt.% 0.515 � 0.010 3.792 � 0.024 0.472 � 0.007 0.921 � 0.037 1.13

0.005 wt.% 0.512 � 0.008 4.973 � 0.017 0.535 � 0.003 1.362 � 0.038 1.15

0.010 wt.% 0.513 � 0.001 5.346 � 0.011 0.564 � 0.001 1.546 � 0.008 1.22

0.015 wt.% 0.502 � 0.006 5.995 � 0.028 0.553 � 0.009 1.653 � 0.054 1.37

0.020 wt.% 0.499 � 0.005 5.119 � 0.023 0.549 � 0.010 1.404 � 0.046 1.34

0.025 wt.% 0.498 � 0.001 4.873 � 0.020 0.522 � 0.002 1.267 � 0.017 1.31

0.030 wt.% 0.489 � 0.004 4.543 � 0.018 0.504 � 0.006 1.119 � 0.027 1.28

0.040 wt.% 0.486 � 0.011 4.543 � 0.023 0.499 � 0.008 1.080 � 0.047 1.28

0.050 wt.% 0.481 � 0.013 4.361 � 0.028 0.494 � 0.003 1.036 � 0.041 1.25

Table 3.
I-V performance of different concentrations of the MWCNT incorporated TiO2 based DSSC fabricated with
natural yellow dye [45].

SWCNT content (wt%) Jsc (mA/cm2) Voc (V) FF Efficiency (%)

0% (only PMII) 0.370 0.575 0.64 0.16 � 0.01

1% 0.524 0.573 0.70 0.25 � 0.01

7% 5.19 0.540 0.41 1.43 � 0.13

10% 2.15 0.616 0.36 0.56 � 0.02

13% 1.64 0.614 0.41 0.46 � 0.02

16% 2.09 0.541 0.32 0.40 � 0.02

Table 4.
I-V performance of DSSCs with quasi-solid-state electrolytes containing different wt.% of SWCNTs in
PMII [46].
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connected to an air compressor. Ramasamy et al. varied the spray time and
observed the effect of spraying time on the cell performance of DSSC. Since the
spray time is directly related to the thickness of the MWCNT layer, in other words,
they have observed the effect of MWCNT coating thickness on the cell performance
of DSSC [41].

Content (wt%) Jsc (mA/cm2) Voc (V) FF Efficiency (%)

100% PMII 0.370 0.575 0.64 0.16 � 0.01

85% PMII +3% SWCNT +12% graphene 7.32 0.594 0.44 2.50 � 0.10

85% PMII +12% SWCNT +3% graphene 4.66 0.561 0.43 1.39 � 0.10

Table 5.
I-V performance of DSSCs with quasi-solid-state electrolytes containing different wt.% of SWCNT and
graphene in PMII [46].

Figure 15.
SEM images of (a) MWCNT, and (b and c) MWCNT–PMMA composite film [47].

Figure 16.
TEM and HR-TEM images of (a, c) MWCNT and (b, d) MWCNT–PMMA composites [47].
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Table 8 lists the I-V parameters of various spraying times of the MWCNT
counter electrode. The value of open-circuit voltage is more or less independent of
the spray time; however, both short circuit current and fill factor showed a strong
dependence on the spraying time of MWCNTs. The charge transfer resistance of the
MWCNT cathode in the iodide/tri-iodide electrolyte solution was decreased by
increasing the spraying time, which results in a significant improvement in the cell
performance of the MWCNT counter electrode based DSSC [41].

Nam et al. used two different methods for CNT counter electrode-based DSSC:
screen printing and chemical vapor deposition. Screen printed MWCNT cathode
based DSSC showed lower cell performance (8.03%) than the reference Pt cathode
based DSSC’s cell performance (8.80%) because of unfavorable contact resistance
between the MWCNT and FTO. On the contrary, chemical vapor deposited

Sample Differential scanning calorimetry

(DSC) data

Conductivity

(mS/cm)

Photovoltaic performance

Melting

temperature Tm

(°C)

Heat of melting

ΔH (J/g)

Jsc
(mA/

cm2)

Voc

(V)

FF

(%)

Efficiency

(%)

PEO 74.3 119..5 1.2 5.7 0.61 53.4 1.9

MWCNT-
PMMA

81.2 97.8 2.3 8.9 0.57 61.8 2.9

Table 6.
I-V performance of DSSC fabricated with MWCNT-PMMA composite [47].

Figure 17.
SEM images of prepared CNT cathode fabricated with different masses of the CNT (a, b) 0.01 gram (c, d)
0.02 gram, and (e, f) 0.04 gram [43].

Mass of CNT in cathode

(in gram)

Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%)

0.01 2.093 0.49 31 0.32

0.02 4.829 0.48 32 0.74

0.04 6.413 0.45 32 0.91

Table 7.
I-V performance of DSSC fabricated with different mass of CNT as cathode [43].
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MWCNT cathode based DSSC showed higher cell performance (10.04%) due to
aligned MWCNT and improved charge carrier conduction path (Table 9) [40].

Xiao et al. used Pt/SWCNT film to spray onto the ITO coated polyethylene
naphthalate substrate using a vacuum thermal decomposition method at 120°C. The
fabricated cathode showed higher light transmittance, higher chemical stability,
higher electrocatalytic activity for redox electrolyte, and lower charge carrier
transfer resistance [48]. Table 10 lists the photovoltaic properties of DSSC
fabricated with different H2PtCl6.6H2O and SWCNT content [48].

5. Prospects of CNT in DSSC application

DSSCs have attracted considerable attention due to their simple fabrication
process, inexpensive raw materials, and employment of eco-friendly materials.
Recently, to take advantage of their lower electrical resistance, excellent
electrocatalytic operation, mechanical integrity, low cost, and flexibility, CNTs

Spraying time (s) Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%)

Bare FTO 0.428 1.48 0.07 0.04

5 0.772 8.03 0.11 0.68

10 0.784 12.81 0.15 1.51

30 0.773 15.67 0.28 3.39

60 0.778 15.92 0.47 5.82

100 0.778 15.86 0.57 7.03

200 0.783 15.64 0.62 7.59

Table 8.
I-V performance of DSSC fabricated with MWCNT based cathode [41].

Cathode Jsc (mA/cm2) Voc (V) FF (%) Efficiency (%)

Reference Pt coated cathode 17.68 746.27 0.65 8.80

Paste printed MWCNT cathode 15.27 738.43 0.69 8.03

CVD grown MWCNT cathode 17.62 755.89 0.73 10.04

Table 9.
I-V performance of DSSC with different MWCNT based cathode (different deposition method for
MWCNT) [40].

H2PtCl6.6H2O

(%)

SWCNT

(%)

Light transmittance

(%)

Jsc
(mA/cm2)

Voc

(V)

FF

(%)

Efficiency

(%)

0.24 0 87 7.29 0.74 0.56 3.00

0.48 0 83 9.42 0.74 0.68 4.71

0.72 0 72 5.86 0.75 0.67 2.91

0.48 0.03 81 9.61 0.75 0.68 4.88

0.48 0.06 80 11.20 0.75 0.71 5.96

0.48 0.012 74 8.53 0.75 0.68 4.33

Table 10.
I-V performance of DSSC fabricated with different H2PtCl6.6H2O and SWCNT content [48].
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have been incorporated into DSSCs. Kongkaland et al. used a different approach
using carbon fiber electrodes (CFE) than conventional transparent conduction
oxide, such as ITO, FTO, etc. They have deposited TiO2 semiconductor material on
the CFE and CFE-SWCNT film. The incorporation of SWCNT in the CFE increased
cell performance from 7.36–16%. This two times improvement in the cell

Figure 18.
SEM of a (A) CFE before surface modification; (B) deposition of TiO2 on CFE film; (C) electrophoretic
deposition of SWCNT on CFE; (D) after deposition of deposition of TiO2 on CFE-SWCNT film [49].

Figure 19.

Coaxial single-wire structure DSSC [50].
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performance indicates that CNTs can serve a valuable role in facilitating charge
collection in DSSC application. Figure 18 illustrates the SEM image of CFE and
CFE-SWCNT base anode for DSSC application [49].

Figure 20.
SEM image of (a) different parts of the wire, (b) a wire section uniformly wrapped by CNT film. (c) CNT
network deposited on porous TiO2, and (d) CNT-TiO2 nanotubes [50].

Figure 21.
(a) Basic structure of a textile DSC (b) SEM images of a textile DSC with 560μmpitch distances (c) SEM
images of a textile DSC with 164 μm pitch distances, (d) A textile DSC before and after stretch by 30%, and
(e) A textile DSC after 30%stretch [51].
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Powering next-generation wearable/implantable biomedical devices, or smart
textile, have gained extensive attention in recent years. Among the developed
energy harvesting devices, DSSCs cell structures have become ideal candidates for
developing practical self-powered biomedical devices or smart textile due to their
lightweight, flexibility, high power-per-weight ratios, and superior mechanical sta-
bility/robustness. The conventional planar-shaped DSSCs with sandwich-like con-
figuration includes five primary parts: TCO, an anode (semiconductor material),
dye, redox electrolyte, and cathode (Pt/C). Based on the conventional planar struc-
ture, DSSCs can also be made into flexible configurations. Zhang et al. fabricated
fiber-shaped DSSC and made a double-wire structure (shown in Figure 19). They
have manufactured a flexible DSSC structure on a single wire (Ti-TiO2) and wrap
the CNT around the tube array. CNT provides full contact with the active layer,
unlike Pt, and provides uniform light absorption throughout the entire circumfer-
ence ofDSSC [50]. Figure 20 illustrates the fabricated fiber shaped DSSC [50].

Yang et al. further developed a wearable DSSC textiles method based on electri-
cally conducting fibers. They have prepared fiber electrodes by aligning winding
multiwalled carbon nanotube (MWCNT) sheets on rubber fibers. The working
fiber electrode was prepared by incorporating modified Ti onto the MWCNT fiber
electrode (Figure 21c). The wire-shaped DSSCs could weave into wearable photo-
voltaic textile solar cells. The maximum cell efficiency of the wire-shaped DSSC
reached 7.13% [51].

6. Conclusion

Incorporating CNT in the DSSC increases the interaction between electrodes and
electrolyte, enhancing the cell performance of DSSC. In addition, incorporating
CNT in the semiconductor material decreases resistance to the grain boundaries. It
provides a unique charge carrier transport channel distributed uniformly in the host
semiconductor to absorb the charge carrier from the collector. Cell performance of
CNT based photoanode can be improved by optimizing the CNT concentration and
deposition method. For CNT based electrolyte, the ionic electrolyte can be an
alternative for traditional redox electrolyte. Also, CNT based ionic electrolyte pro-
vides better cell performance with enhanced durability. Finally, the CNT-based
cathode can offer a large surface area and fast electron transportation, which
reduces the chances of recombination.

Lastly, incorporation of CNTs into DSSC will serve a significant role in produc-
ing solar cells that produce energy at an affordable rate relative to the existing
energy generation approaches. New methods are frequently being published and
will present opportunities for innovation in both research and industrial growth.
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