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consists of Pt deposited onto FTO plate. Since Pt is rare and expensive metal,
nanostructured carbonaceous materials have been widely investigated as a
promising alternative to replace it. Carbon nanotubes have shown significant
properties such as cost-effectiveness, environmental friendliness, availability,
corrosion resistance and excellent catalytic activity towards the redox species
make them ideal for replacing Pt in the CEs of DSCs. The review presented
below gives a succinct summary of the Carbon nanotubes materials in use as

counter electrode in dye-sensitized solar cells .

INTRODUCTION

Climate change and the decreasing availability of
fossil fuels require society to move towards more
sustainable and renewable energy resources [1]. Solar
energy is the source of nearly all energy on earth.
Among all the renewable power sources, solar energy
is the most easily exploitable, inexhaustible, quiet, and
adjustable to enormous applications [2]. The solar
energy incident on the earth’s surface, whose globally
convertible power is estimated to be 120,000 TW, is
sufficient to satisfy the world’s requirements [3].
Therefore, solar or photovoltaic (PV) technologies,
which can harness solar energy, are of extreme
importance. Solar PVs have the potential to offer a
solution for declining energy reserves as well as the
current climate change issues [4].

Historically, solar cell technologies have evolved
into three generations [5]. First generation is a term
that refers to the p-n junction PV, typically made from
mono- and poly-crystalline silicon doped with other
elements [6, 7]. However, these cells have high
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fabrication cost and composition [8]. Thin film PV cells
are the second generation of PV devices based on
amorphous polycrystalline compound semiconductors.
They are cheaper to produce, but the efficiency, which
is less than 14% in amorphous thin film solar cells is
lower than the efficiency exhibited by the single
junction crystalline photovoltaic cell of the first
generation that can reach as high as 27% [9]. The
development of low-cost PV cells has been the topic of
intensive research over the last three decades. The
third generation PV cell technologies differ from first
and second generation technologies by looking forward
to optimize the efficiency and notably decrease costs
[10]. Some examples of solar cells which fall under this
category are dye-sensitized solar cells (DSCs) [11],
quantum dot-sensitized solar cells (QDSSCs) [12],
colloidal quantum dot solar cells (CQD) [13], organic
solar cells [14], etc. The relation between the PV
production cost per square meter with the solar cell
module efficiency and the cost per unit power are
shown in Fig. 1 [15].

Among the promising low-cost solar cells, DSCs,
which can be fabricated using a non-vacuum printing
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system, have attracted academic and industrial
attention because of the demand for cost-effective,
renewable energy sources [11, 16]. By far, the efficiency
of DSCs sensitized by organometallic complex adsorbed
on the semiconductor nanocrystalline TiO, and Cobalt
(II/TIT)-based redox electrolyte has reached 13% [17].

However, there are a number of challenges facing
further development of DSC technology, mostly
associated with the leakage of liquid electrolytes,
degradation of the dyes, increasing demands for new
transparent electrode materials and need to a precious
metal such as Pt for counter electrode (CE). Pt has been
extensively used in the CE of DSCs due to its high
electro-catalytic nature and high conductivity [18, 19].
However, platinum is an expensive and a rare material
that contributes significantly to the overall cost of DSCs
[19, 20]. Due to concerns of the high cost of platinum,
different type carbonaceous materials have been
investigated as potential low cost replacements for
platinum [21, 22]. Among these compounds, CNTs have
shown significant properties such as cost-
effectiveness, environmental friendliness, availability,
corrosion resistance and excellent catalytic activity
towards the redox species make them ideal for replacing
Pt in the CEs of DSCs [23, 24]. In this review, recent
advances in CNTs and their application as counter
electrode for DSCs are discussed.
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Fig. 1. Efficiency-cost trade-off for the three generations of
solar cell technology, wafers, thin-films and advanced thin-

films (year 2003 dollars)[15].

STRUCTURE AND OPERATION PRINCIPLE OF
DSCS

A schematic representation of operating principles
of typical DSC is illustrated in Fig. 2. [25].

In DSCs, light is harvested by dye molecules grafted
on a large surface and wide band gap semiconductor
(suchas TiO,) in contact with an electrolyte containing
aredox pair as a charge mediator (I71,), while the circuit
is closed by a counter electrode, usually made of Pt
[26]. Via absorption of a photon (excitation) by dye
molecules, electron changes from the electronic ground
state (HOMO) to the excited state (LUMO) [27]. The
excitation of the dye upon irradiation is followed by
injection of the resulting electrons into the conduction
band (CB) of the semiconductor, from where they reach
the cell anode [27, 28]. Regeneration of dye electrons
occurs through electron donation from a redox
electrolyte in contact with the dye [29]. Triiodide is
reduced in turn at the counter electrode, while electron
migration from the anode to the cathode (counter
electrode) closes the circuit [30]. The voltage generated
is equal to the difference between the Fermi level of the
electron in the solid TiO2 and the redox potential of the
electrolyte [31].
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Fig. 2. Schematic representation of the composition and the
operating principle of a DSC [25].

The solar energy-to-electricity conversion efficiency
(n) of DSCs can be defined by the following conversion
efficiency formula (Eq. 1) [32, 33]:

Pmax

n= (M

Pin

Where, Pmax is the maximum output power and Pin is
the input power (incident light) measured in mWem™2.
The fill factor (FF) of the DSC is a measure of series
resistance and junction quality of the cell, which can
be defined using as follows (Eq. 2):
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Pmax

FF=——
Isc X Voc

)

Where Jsc and Voc are the short circuit currents (measured
in mAcm?) and the open circuit voltage, respectively.

NANOCARBON MATERIALS

Nanocarbon is a term increasingly used to indicate
the broad range of carbon materials having a tailored
nanoscale dimension and functional properties that
significantly depend on their nanoscale features [34,
35]. The alternative definition (also often used) is
nanostructured carbon. CNT and graphene belong to
this class of materials comprising many more types of
carbon materials, such as nanofibers, -coils, -diamonds,
-horns, -onions, and fullerene [36]. The nanocarbon
class of materials is typically extended to include
carbon nanocomposites with metal ions, metal oxide,
metals, and quantum dots used in various applications
[37, 38] as advanced electrodes for energy conversion
and storage, as well as other applications such as
catalysis. These carbon/inorganic nanohybrids are at
the frontier of research for the development of
advanced devices for sustainable energy and
development, [39] including artificial leaves [40].

Nanodiamond

® 5 &

Graphene

The field of application of nanocarbon materials is
large, because they possess electrical and thermal
conductivity, as well as a mechanical strength and
lightness that conventional materials cannot match [41].
For these reasons, they are extensively studied in
applications going from photonics and optoelectronics
to biotech and nanomedicine, advanced electrodes, and
polymer composites [1]. Fig. 3 provides a schematic
illustration of some nanocarbons. However, carbon
nanomaterials display remarkable electrical, thermal, and
mechanical properties that enable several exciting
applications in DSCs.

CARBON NANOTUBES (CNTS)

CNTs were discovered accidently by Sujimo lijima
in 1991 [42]. While making buckyballs, Iijima noticed
long, needlelike structures (the CNTs) mixed in with
the buckyballs. CNTs are also classified as single-
walled carbon nanotubes (SWCNTSs) or multi-walled
carbon nanotubes (MWCNTs) [43]. Typical diameters
for SWCNTs and MWCNTs are 0.8—2 nm and 5-20 nm,
respectively. Length of nanotubes can vary from less
than 100 nm to few centimeters [44].

Although SWCNTs are potentially preferable for a
number of applications (surface area, for example, may be

Fig. 3. Schematic illustration of some nanocarbon
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5 times higher than that of MWCNTs), the lack of mass
production (at a reasonable cost) is still a limit for their
practical use [45]. SWCNTs resemble a single graphene
sheet rolled up, while MWNT are made up of several
SWCNTs nested inside each other [46-48]. There are three
types of nanotubes: armchair, zig-zag and chiral (see Fig.
3). The three forms are characterized by the orientation of
the hexagonal patterns within the graphene sheets.
Though the structural differences in the three types of
CNTs are subtle, they give rise to very different properties
[49]. The electrical property of CNTs materials depends a
lot on the structure of the nanotubes [50]. For example,
chiral and zigzag CNTs can be semiconductors. Armchair
and some zigzag CNTs are metallic conductors. Metallic
CNTs conduct electricity better than copper because of
the way that electrons travel through the CNT. Since the
CNT is hollow tube, the electrons are confined and travel
only along the surface of the tube. Since the electrons
have fewer directions to move in, they are able to travel
along the CNT and lose a minimal amount of energy. Ina
copper wire, the electrons have three dimensions they
can travel in. This extra dimension increases the amount

Fig. 4. Optical photography of the catalyst before (a) and
after (b) the reaction, showing the remarkable increase in
volume during CNT growth. The MWCNT yield is 179
gCNT-gcatalyst”1. (c) SEM image of the MWCNTs and their

external diameter distribution (inset) [62].

of scattering possible, and so electrons lose energy from
colliding with copper atoms [51].

Most importantly, CNT-based heterojunctions are of
particular interest because of their unique geometry as
well as excellent electronic, thermal and mechanical
properties [52]. Free electron/hole pairs excited by
photons can be either separated by an externally applied
voltage [53], by internal fields at the Schottky barriers
[54], at p—n junctions [55] or at defects [56]. A
photocurrent [57] or a photovoltage [57] can be
generated. The photocurrent in CNT junctions shows
band-to-band transitions and photon assisted tunneling
with multiple sharp peaks in the infrared, visible and
ultraviolet. Besides individual CNT, CNT macro-bundles
[58] and films [59] also produce a photocurrent.

High temperature preparation techniques such as
Arc discharge or laser ablation were first used to
produce CNTs but nowadays these methods have been
replaced by low temperature chemical vapor deposition
(CVD) techniques (<800 °C), since the orientation,
alignment, nanotube length, diameter, purity and
density of CNTs can be precisely controlled in the latter
[60]. The most utilized methods and some of other non-
standard techniques like liquid pyrolysis and bottom-
up organic approach are used to CNTs synthesis. Most
of these methods require supporting gases and
vacuum, but the growth at atmospheric pressure has
been already reported [61]. However, gas-phase
methods are volumetric and hence they are suitable
for applications such as composite materials that
require large quantities of nanotubes and industrial-
scale synthesis methods to make them economically
feasible.

CVD is the only method to scale-up the production
of multiwalled CNTs. Tessonnier et al. [62] showed that
in an optimized CVD process, 1 g of spinel-type cobalt-
manganese-based mixed oxide catalyst can produce
about 180 g of MWCNTs, when exposed to an
ethylene/hydrogen feed at 650 °C for 2 h (Fig. 4).

CNTsMATERIALSAS COUNTERELECTRODE FOR
DSCS

For a low-cost DSC, we have to consider a cheap
and abundant material in the earth’s crust as the
material for application in DSCs. However, carbon
which is the sixth most abundant material in the earth’s
crust is the best material to replace in different parts of
DSCs. Mainly due to its core features like cost-
effectiveness, environmental friendliness, availability,



J. Nanostruct., 6(1): 1-16, Winter 2016

e

U ame
w0 az e

Mg+ W0 K

01 02 03 04 05 06 07 08 09
Vaoltage (V)

Fig. 5. SEM images of (a) rGO, (b) rGS-20, (¢) SWCNTs, (d) J-V curves of DSCs with (A) Pt and (B) rGS-20 as the counter

electrode after 7 days [79].

corrosion resistance and excellent catalytic activity
towards the redox species, carbon is an attractive option
[63,064].

Even though Pt is the best preferred material for
DSC, it also possess some disadvantages like high
cost (~$1456.55 per Troy Oz at present), low
abundance of material, diminishing catalytic property
on exposure to dye solution, and stability due to
the corrosive nature of the electrolyte [65, 66]. These
reasons open up a new way for the invention of
other conducting material for the counter electrode
like CNTs [67-71].

The utilization of CNTs in counter electrodes has
attracted a great interest as a replacement for highly
expensive platinum and due to their activity for 13"
reduction, electronic conductivity, and easy availability
[72]. The variety of CNTs also allows for tuning important
features such as electrode thickness, surface area and
porosity [73-75]. There are several reports on the use of
CNTs as counter electrodes in DSCs [1, 44, 72, 76, 77].

SWCNTs have a high longitudinal conductivity.
Suzuki et al. used of SWCNTs for the CE [78], which

were deposited on both FTO-glass and a Teflon
membrane filter achieving conversion efficiencies of
3.5% and 4.5%, respectively. SWCNTSs are good triiodide
reduction catalysts. In addition, the sheet resistance
of the SWCNTs on the Teflon membrane (1.8 QQ cm-2)
is four times lower than that of FTO-glass (ca. 8-15
Qcm-2) rendering them an attractive choice for large-
area DSC modules.

To increase the Voc of DSCs, it is crucial to enhance
the photovoltaic efficiency of DSCs. Zheng and
coworkers reported an effective method to significantly
improve the Voc and photovoltaic efficiency of DSCs
by using gel-coated composites of reduced graphene
oxide (rGO) and SWCNTs as the counter electrode (Fig.
Sa-c) [79]. The Voc and power conversion efficiency
(PCE) were 0.86 V and 8.37% for fresh DSCs with the
composite of 80 wt % rGO and 20 wt % SWCNTs (rGS-
20), significantly higher than those (Voc=0.77 V, PCE =
7.79%) of control DSCs with Pt fabricated by pyrolysis
as the counter electrode. The Voc value of DSCs with
rGS-20 as the counter electrode further increases to 0.90
V after one week (fig. 5d). The high Voc and PCE were
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Fig. 6. Microstructural characterization of multiwall CNTs: (a) FE-SEM image of a multiwall CNT/CMC composite film on a
fluorine-doped SnO2-conducting glass substrate. Inset: enlarged view of the marked portion. (b) TEM image of the bamboolike
structure in multiwall CNTs used in this study. (c) Schematic of the bamboolike-structure multiwall CNT. (d) J-V characteristics of
DSSC with multiwall CNT (solid line) and platinum (dashed line) counter electrodes. Curve (A) shows the performance of devices in

the dark. Curves (B-D) were measured under 0.1, 0.5, and 1 sun illumination (air mass 1.5 G), respectively [21].

ascribed to the synergetic effects of rGO and SWCNTs
in reducing the over potential of the 13" reduction. The
rGO with high specific surface area can have high
electrocatalytic activity, whereas SWCNTSs give rise to
high conductivity for the composites and facilitate the
penetration of the redox species into rGO sheets by
preventing the agglomeration of the rGO sheets.

Also, Lee et al. used the bamboolike-structure
MWCNT as counter electrodes for 13- reduction in
DSCs (Fig. 6a, b) [21]. Through taking advantage of
the defect-rich edge planes along the tube fast electron
kinetics at the electrode-electrolyte interface could be
facilitated. Results showed that a CE based upon these
bamboolike tubes was comparable to that obtained
when a Pt CE was employed. The catalytic performance
of the CE was examined through the rate of charge
transfer (RCT) across the CE. Values for this electrode
dropped from 1.8 Ucm™ (Pt) to 0.82 Uem'. The reasons
for such high catalytic activity has been attributed to
the high surface area of the CE and the defect-rich
basal plane, it has also been debated that this may also

be attributed to residual catalyst particles located in
the nanotubes (Fig. 6 ¢). Overall the device performed
well and achieved an efficiency of 7.67% which
compared to 7.83% for the Pt based cell (Fig. 6 d).

CNT/polymer composite as CE for DSCs

In CNT/polymer composite materials, advantages
including high surface area, excellent electrical and
electrocatalytic properties, and high stability from CNTs
with good flexibility, abundant supply, and easy
fabrication from polymers are combined [68, 80]. In the
current composite electrodes, however, CNTs are typically
interconnected to form networks, and the generated
charges have to hop through a lot of boundaries among
CNTs. He et al. were synthesized polyaniline-single wall
nanotube (PANi-SWCNT) complexes using a reflux
technique which are employed as counter electrodes (CEs)
for DSCs (Fig. 7a, b) [68]. Owing to the facile charge
transfer between PANi (N atoms) and SWNT (C atoms)
by a covalent bond (Fig. 7c), electrical conduction,
electrocatalysis, and therefore conversion efficiency have
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Fig. 7. SEM photographs of (a) PANi and (b) PANi-4wt%SWCNT complex CEs. (¢) proposed complexation mechanism between PANi
and SWCNT. (d) J-V characteristics of DSSCs from pure PANi and PANi-SWCNT complex CEs [68].

been markedly elevated in comparison with that of PANi-
only CE. The DSC employed PANi-4%wt SWCNT
complex CE gives an impressive power conversion
efficiency of 7.81% (Fig. 7d). The high conversion
efficiency, facile charge-transfer in combination with
simple preparation, relatively low cost and scalability
demonstrates the potential use of PANi-SWCNT complex
in robust DSCs.

Yang group developed a perpendicularly aligned and
penetrated CNT/polymer composite film through a
simple slicing technique (Fig. 8 a-f) [80]. This novel
composite film exhibits good transparency, high
flexibility, excellent electrical conductivity, and
remarkable electrocatalytic activity, and may be widely
used for various electrode materials. As a demonstration,
DSCs using these composite films ranging from 10 to 40
pm in thickness were fabricated and tested under AM
1.5 illumination. As a comparison, the cell derived from

the composite film with thickness of 10 im without
optimization showed slightly decreased V. and FF but
increased J . under the same conditions.

Core-shell structures of CNTs and polymers are also
used as CE material in DSCs. Shin et al. [81] synthesized
highly conductive and thermally stable CNT/PEDOT
core/shell nanostructures by a modified emulsion
polymerization technique (Fig. 9). CNT/PEDOT core-
shell structures as counter electrode in DSCs showed
an efficiency of 4.62% with a high fill-factor. Moreover,
the core-shell nanostructures exhibited higher thermal
stability and electrical conductivity compared to pure
PEDOT [82, 83].

Aligned carbon nanotube-oriented PEDOT:PSS
composites show an unexpectedly high catalytic
activity which greatly exceeds the aligned individual
components, the non-aligned composite counterpart,
and even conventional platinum. When they are used
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Fig. 8. (a) A schematic illustration of fabrication of the
perpendicularly aligned and penetrated CNT/polymer
composite film. (b) The structure of a DSC using the composite
film as a counter electrode. (c, d) Photographs of a composite
film with different morphologies. (¢) SEM image from a top
view, (f) SEM image from a side view [80].
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Fig . 9. (A) Schematic illustration for the synthesis of CNT/
PEDOT core/shell nanostructures.(B, C) TEM images of

the CNT/PEDOT nanostructures [81].

as counter electrodes in dye-sensitized solar cells, the
aligned composites also exhibit a highest energy
conversion efficiency of 8.3% [84]. The synergetic i-i
interaction between the nanotubes and polymers by
aligned organization is the key to this new phenomenon
(Fig. 10).

Also, by Yun et al. the dispersion of MWCNT in
PEDOT:PSS solution was studied and various
concentrations of MWCNT/PEDOT:PSS solution were
evaluated [85]. The MWCNT/PEDOT:PSS composite
films showed much lower sheet resistance in the range
of 730-2150 Q.cm2, and higher surface roughness in
the range of 25-110 nm than the pure PEDOT:PSS film
(980 k Q2.cm2,and 0.82 nm) depending on the MWCNT
content in the composite. The high conductivity and
roughness of MWCNT/PEDOT:PSS films enhanced its
performance as a catalytic counter electrode in the DSC.

Metallic/CNT composite as CE for DSCs

Metallic/CNT composites have recently been
shown to have extremely promising results for CE
applications in DSCs.

Liu et al [86] reported a solvothermal technique for
obtaining a CE with a composite film of Pt/CNT. The film
was used directly as the counter electrode (CE) in a DSC,
which exhibited a Jsc of 16.6+0.2 mA c¢cm-2 and a 1 of
6.96+0.09% at 100 mWcm-2 illumination. The CE in this
case shows both high electric conductivity and high
roughness, and thereby an extraordinary catalytic ability
for the reduction of triiodide ions. These results are
comparable with DSCs based on conventional Pt-CE, and
feasible for replacing the conventional transparent
conductive oxide (TCO) conductive layer in DSCs. Taking
advantage of the high surface area of MWCNTs and the
catalytic properties of both Pt and MWCNTs has led to
the development of MWCNT-Pt composite materials for
DSSCs by Ho et al [87]. Pt nanoparticles dispersed on
MWCNTSs were shown to have ¢ of 8.00=0.23% compared
to ¢ 0f6.92+0.07% for the Pt cell. The enhancement in the
efficiency of these devices is attributed to the higher Jsc
value obtained which increased from 14.62+0.19 to
18.01£0.91 mA cm™ (Fig. 11). From examination of the
surface morphologies it was concluded that the Pt-
MWCNT CE had a rougher surface and hence a higher
catalytic activity than that of the Pt CE.

Guo group newly were developed a novel strategy
to prepare hybrid nanomaterials of platinum
nanoparticles and multi walled carbon nanotubes (Pt—
MWCNTs) (Fig. 12a) [73]. A thin layer of sulfur on
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Fig. 10. (a) Schematic illustration of the oriented PEDOT:PSS
on aligned CNTs for efficient DSCs. The grey, white, yellow
and red colors correspond to elements C, H, S and O,
respectively. (b) Schematic illustration of the included angle

(0) between the polarized and CNT-aligned directions [84].

MWCNTs absorbed and binds the Pt precursors from
solution on the MWCNTSs’ surface and also restricts
their particle growth during reduction which resulted
in ultrafine dispersions of metal nanocrystalline due
to the strong affinity of sulfur for noble metals. The
morphology and elemental composition of Pt—
MWCNTs were characterized by SEM, TEM and EDS
(Fig. 12b-e). The composite material was applied as
the counter electrode (Pt-MWCNTs CE) for DSCs
and the FF and ¢ of the DSC with Pt-MWCNTs CE
were 0.63 and 7.69%, respectively. The corresponding
values of the DSC with bare Pt CE were 0.55 and 6.31%.

A free radical assisted strategy was introduced into
the functionalization of counter electrode materials for
the first time by Yang et al [24]. They were claimed that,
with the assistance of a radical initiator, short-chained
thiol groups can be attached on a multi-walled carbon
nanotube (MWCNT) surface covalently, which was
confirmed to be beneficial for both controlling the
particle growth of platinum (Pt) on MWCNTs and
improving the electron transfer between counter
electrode materials and the substrate (Fig. 13a, b). The
obtained Pt-MWCNT composite has been applied as a
counter electrode material for DSCs, and the ¢ was
detected to be 8.62%, surpassing that of the cell with a
conventional Pt counter electrode (n=7.56%) (Fig. 13c¢).

Recently, some inorganic compounds have also been
introduced into DSCs as electrocatalysts, such as
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MWCNT CE measured at 100 mW cm”2 and in the dark. The
insert is the IPCE curves for the corresponding devices [87].

nitrides [88, 89], sulfides [90, 91], selenides [92], and
carbides[93, 94], which show good catalytic activity
as CE materials.

Lin et al. were successfully synthesized One-
dimensional (1D) hierarchical nanostructures
composed of CoS1.097 nanoclusters directly grown on
CNT backbone (CNT@Co0S1.097) by a facile glucose-
assisted hydrothermal method (Fig. 14a-f) [95]. It was
found that glucose acted as a binder to assist the
hierarchical CoS1.097 nanoclusters grown on the
surfaces of CNTs with uniform coverage along the
longitudinal axis. The extensive electrochemical
measurements confirmed that the CNT@Co0S1.097
nanocomposite indeed provided simultaneously
enhanced electrical conductivity and superior
electrochemical activity as electrode materials for DSCs
and supercapacitors (SCs). The DSC assembled with
the CNT@Co0S1.097 nanocomposite counter electrode
(CE) achieved an enhanced photovoltaic conversion
of 7.18% to those of DSCs based on the Pt, CNT, and
CoS1.097 CEs (Fig. 14g-1).

The use of MWCNT webs as a CE was investigated
by Noureldine et al.[96]. The CE was made of 20 layers
of MWCNT webs surpassed CoS and Pt as
electrocatalytic materials on FTO (Fig. 15 a, b). The good
performance (n=4.12%) of these webs was attributed to
their better electroactivity towards the regeneration of
the electrolyte system at the cathode (Fig. 15 ¢, d).

Yue group were synthesized multi-wall carbon
nanotubes decorated with tungsten sulfide (MWCNTs-
WS2) by using a hydrothermal method, and used as a
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Fig. 12. (a) Schematic illustrating the nucleated-growth synthesis of MWCNT-supported Pt. (b) SEM image of Pt-loading MWCNT
(scale bars: 1mm). (d) EDS spectrum of Pt-MWCNTs (inset SEM with scale bar: 3mm). (¢) TEM image of monodispersed Pt
nanoparticles on MWCNTSs (scale bar: 5 nm) and (e) nanocrystallite size distribution of Pt nanoparticles loaded on MWCNTs (based
on a count of 100 crystallites, inset TEM with scale bar: 10 nm). (f) J-V of the DSCs with Pt CE, Pt=-MWCNTs CE and MWCNTs
CE [73].
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of DSCs with different CEs [24].
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CNT@C0S1.097, respectively. (¢”f) TEM and HRTEM images of CNT@Co0S1.097. (g, h) Nyquist plots and Tafel polarization curves
of the symmetric cells composed of two identical CEs. (i) Photovoltaic characteristics of the DSCs assembled with different CEs [95].
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Fig. 15. SEM image of MWCNT web (a) Magnification 100 o
and (b) 20 000 o. (c) J-V curves of device A with Pt CE (dotted)
and device B with CoS CE (solid). (d) J-V curves of device C with
5 layers (dotted), device D with 10 layers (dashed) and device

Fig. 16. SEM (a, b) and TEM (c, d) images of MWCNTs-
WS, [97].
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low-cost platinum-free counter electrode for DSC [97].
Fig. 16a-d shows SEM and TEM images of MWCNTs-
WS2. The combination of WS2 with MWCNTs increased
the electrocatalytic activity due to the large specific area
and high conductivity of MWCNTs. A DSC based on
this counter electrode achieved a high power conversion
efficiency of 6.41%. This efficiency is comparable to
6.56% for a DSC with Pt counter electrode.

The high performance NiS/MWCNT/Ti hybrid film
was firstly used as a Pt free CE in DSCs by Xiao et al.
[98]. In this work, MWCNTs were deposited on a Ti
foil substrate by using electrophoresis, then, a NiS layer
was deposited on the MWCNTSs by using a pulse
potentiostatic method. The resultant MWCNTs were
uniformly wrapped with a nano-corallines NiS thin film
in the thickness of about 45 nm (Fig .17a-d). The
characterization of CVs and EIS indicated that nano-
corallines NiS had high electrocatalytic activity for 13-
reduction (Fig .17¢, f). Under full sunlight illumination,
the DSCs based on the NiS/MWCNT/Ti CE achieved a
light-to-electric energy conversion efficiency of 7.90%,
which was higher than the DSCs based on the Pt/Ti CE
(6.39%) (Fig. 17g).

CONCLUSION

The efficiency of DSCs is approaching the efficiency
level needed for commercialization. However, Pt is an
expensive noble metal and for the worldwide
commercialization of DSCs, this needs to be replaced
with inexpensive materials. Mainly due to its core features
like cost-effectiveness, environmental friendliness,
availability, corrosion resistance and excellent catalytic
activity towards the redox species, CNTs is an attractive
option. It has been clearly demonstrated that different
types of CNTs and their various combinations such as
metallic/CNT and CNT/polymer were used as CE
materials. In this work, electrochemical properties of
various types of CNs materials as CEs and their effects
on DSCs performance were reviewed. Further, the role
of functional groups on electrocatalytic behavior of
CNTs CEs was presented.

Though tremendous amount of work has been done
to optimize various aspects of CNTs materials as
counter electrode, most of the reported DSC
performance is still lower when compared to Pt CEs.
Further improvement in DSCs performance using CNTs
CEs requires morphologies with higher surface area
and higher conductivity. Dimensions such as
nanostructure diameter and length can be optimized

for maximizing conductivity and surface area. Surface
defects can be optimized so as to enhance catalytic
activity without significantly reducing conductivity.
For composite structures employing platinum, loading
of platinum should be minimized to minimize cost. Also,
more accurate electrical models should be developed
to better understand and minimize various internal
resistances.
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