POLITECNICO DI TORINO
Repository ISTITUZIONALE

Counter electrode materials based on carbon nanotubes for dye-sensitized solar cells

Original

Counter electrode materials based on carbon nanotubes for dye-sensitized solar cells / Shahzad, Nadia; Lutfullah, Null;
Perveen, Tahira; Pugliese, Diego; Haq, Sirajul; Fatima, Nusrat; Salman, Syed Muhammad; Tagliaferro, Alberto;
Shahzad, Muhammad Imran. - In: RENEWABLE & SUSTAINABLE ENERGY REVIEWS. - ISSN 1364-0321. -
ELETTRONICO. - 159:(2022), p. 112196. [10.1016/j.rser.2022.112196]

Availability:
This version is available at: 11583/2956211 since: 2022-02-23T10:34:08Z

Publisher:
Elsevier

Published
DOI:10.1016/j.rser.2022.112196

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
Elsevier postprint/Author's Accepted Manuscript

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/.The final authenticated version is available online at:
http://dx.doi.org/10.1016/j.rser.2022.112196

(Article begins on next page)

20 March 2024



Counter electrode materials based on carbon nanotubes for dye-

sensitized solar cells

Shahzad, N.2**, Lutfullah®¢, Perveen, T.%, Pugliese, D.t, Hag, S.f, Fatima, N.9, Salman, S.
M.¢, Tagliaferro, A.¢, Shahzad, M. 1.b*

aUS-Pakistan Centre for Advanced Studies in Energy (USPCAS-E), National University of
Science and Technology (NUST), 44000-Islamabad, Pakistan.

b Nanosciences and Technology Department (NS&TD), National Centre for Physics (NCP),
44000-Islamabad, Pakistan.

¢ Department of Chemistry, Islamia College Peshawar (ICP), University Campus, 25120-

Peshawar, Pakistan.
d Department of Chemistry, Quaid-i-Azam University (QAU), 44000-Islamabad, Pakistan.

¢ Department of Applied Science and Technology (DISAT) and RU INSTM, Politecnico di
Torino, 10129-Turin, Italy.

fChemistry Department, Azad Jammu & Kashmir University (AJKU), 13100-Muzaffarabad,

Azad Kashmir, Pakistan.

9 Department of Chemistry, Bacha Khan University (BKUC), 24420-Charsadda, Pakistan.

Corresponding Author:
*Muhammad Imran Shahzad, PhD (imran.shahzad@ ncp.edu.pk)

Nanosciences and Technology Department (NS&TD), National Centre for Physics (NCP),
Quaid-i-Azam University (QAU) Campus, Shahdra Valley Road, 44000-Islamabad, Pakistan

Phone: +92 313 6961143

** Nadia Shahzad, PhD (nadia-shahzad@ live.com)

US-Pakistan Centre for Advanced Studies in Energy (USPCAS-E), National University of
Science and Technology (NUST), 44000-Islamabad, Pakistan



Abstract

Efficiency, stability, and cost-effectiveness are the prime challenges in research of materials
for solar cells. Technologically aswell as scientifically, attention gained by dye sensitized solar
cells (DSSCs) stems from their low material and fabrication costs as well as high efficiency
projections. The aim of this study is to explore the carbon nanotubes (CNTSs) based counter
electrode (CE) materials for DSSCs and to reconnoiter the suitable alternative materials in
place of noble metals such as Platinum (Pt), and Gold (Au) etc. Various classes of CE materials
based on CNTs including pure single walled, double walled, and multiwalled CNTs, doped
CNTs and their hybrid composites with various polymers, and transition metal compounds are
discussed comprehensively in light of the research work started since the inspection of DSSCs
and CNTs. The properties, associated with such materials including surface morphology,
structural determination, thermal stability, and electrochemical activity, are also thoroughly
analyzed and compared. This work provides a thorough insight into the possibility of CNTs as

alternative CE materials.
Keywords

Carbon nanotubes; dye-sensitized solar cell; counter electrode; photovoltaics; cyclic

voltammetry; electrochemistry.



Highlights

The working principle of dye sensitized solar cells and new materials for their

components are discussed.

The effect of counter electrode materials on DSSCs performance is comprehensively

discussed.

The role of carbon nanomaterials, mainly CNTs as effective counter electrodes for

DSSCs is discussed.

Counter electrodes based on pure, doped, and modified CNTSs are comprehensively

reviewed.

Counter electrodes based on different CNTs composites are also extensively reported.
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AC
ACNTs
ALD
APPJ
CB
cBSA
Cal

CE
CFF
CMC
CNTf
CNTY
CPC
CVvD
DBSA
DBSNa
DSSCs
DWCNTSs
EIS
fCNTs
FF
FTO
GO
HFP
HOMO
HSPM
LUMO
MOF
MWCNTs
NBIP
NCs
NF

Activated charcoal

Aligned carbon nanotubes

Atomic layer deposition
Atmospheric pressure plasma jet
Conduction band

Serum bovine albumin

Double-layer capacitance

Counter electrode

Carbon fibre fabric

Carboxy methylcellulose

Carbon Nanotubes fibers

CNTs yarns

Cetylpyridinium chloride

Chemical vapor deposition

Dodecyl benzene sulfonic acid
Sodium dodecylbenzenesulfonate
Dye sensitized solar cells

Double walled carbon nanotubes
Electrochemical impedance spectroscopy
Functionalized CNTs

Fill factor

Fluorine Doped Tin Oxide
Graphene oxide
Hexafluoropropylene

Highest occupied molecular orbital
Poly(maleic acid-co-phydroxystyrene)-block-poly(p-hydroxystyrene)
Lowest unoccupied molecular orbital
Metal Organic Framework

Multi walled carbon nanotubes
N-annulated benzoindenopentaphene
Nanocomposites

Nanofilament



NPs Nanoparticles

P3HT Poly(3-hexylthiophene)

PANI Polyaniline

PCE Power/Photo conversion efficiency
PDA Polydopamine

PDDA Poly diallyldimethylammonium chloride
PEDOT Poly(3,4-ethylenedioxxythiophene)
PEO Polyethylene

PMMA Polymethyl methacrylate

PPy Polypyrole

PSCs Perovskite solar cells

PSS Polystyrene sulfonate

PTh Polythiophene

PVA Polyvinyl acetate

PVDF Polyvinylidene fluoride

PVP Polyvinylpyrrolidone

QDs Quantum dots

Ret Charge transfer resistance

RF Radiofrequency

rGO Reduced Graphene Oxide

Rs sheet resistance

SDBS Sodium Dodecyl Benzene Sulphonate

SWCNTs Single walled carbon nanotubes
TAOB Tetraoctylammonium bromide
ZN Electrolyte diffusion impedance
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1 Introduction

The main challenge for humanity in the current scenario is the development of reliable, clean,
and low-cost energy sources, since the world is going through a phase of energy crisis due to
the rapid increase in population and industrialization. Fossil fuels, which are the primary energy
source, contribute to almost 80% of the world total energy, however they are non-renewable
and destined to run out over time. Furthermore, they also cause carbon dioxide (CO2)emission
that is a greenhouse gas, responsible for global warming. The remaining ~20% of the energy
is provided by utilizing renewable and nuclear energy sources [1, 2]. The renewable resources
such as wind, hydro and solar power etc. are clean energy resources, therefore, it is need of
hour to increase their share in world energy market in order to address the problems associated
with non-renewable energy sources. Solar energy is the most appropriate source among all as
it exploits the abundant energy reserve (~174,000 TW per year) [3]. Therefore, development

of solar power will lessen the problem of energy crisis, limited reserves, and global warming.

Nanomaterials have great potential in developing solar power and increasing its shares because
of their peculiar properties which can provide breakthrough solutions to the problems hindering
the progress of solar technology [4]. They also have enormous prospects in various other fields
including biotechnology [5], energy storage [6], information technology [7], and medicine [8].
Furthermore, the nanomaterials in the form of tubes, rods, particles, and sheets possess unique
physical, structural, chemical, electrical, and mechanical properties, which can bring benefit in
diverse applications. Therefore, using nanomaterials as light harvester, catalyst, electron
accumulator and electron transporter in solar cells will increase the overall efficiency of cells

and ultimately rise world energy share [4].

Solar cells are devices that are used for conversion of sunlight into electricity through the

photovoltaic effect. The share of solar energy in producing electricity was 1.9% toward the end



of 2017 [2], which is 26% higher than that of 2016 [9]. It was further raised to 2.4% by the end
of 2018 [10], thus showing that the adoption of solar energy technologies has experienced a
constant growth in recent times as it is an economical and environmental friendly source of
energy having wide reserves. In recent years, various types of photovoltaics (PV) devices have
been studied which include; 1i). Silicon based first generation solar cells [11] showing power
conversion efficiency (PCE) of 25% [3], ii). Second generation solar cells focused on thin films
of different materials [12] exhibiting PCEs ranging between 20-28% [3], and iii). emerging

photovoltaic technologies commonly known as third generation solar cells [13] (see Fig. 1).
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Fig. 1. Best Research Cell Efficiencies [13] (The plot is courtesy of the National Renewable

Energy Laboratory, Golden, CO.)

First and second generation solar cells are able to provide the highest PCE at present, however,
at the same time they are highly expensive due to their complicated fabrication process and
high material cost. Within this framework, in order to get low cost energy harvesting devices
with reasonable efficiency and stability, emerging PV technologies have been introduced.
These emerging devices include DSSCs [14] (PCE~14.3% [15], theoretically predicted 32%

[16]), perovskite solar cells (PSCs) [17] (PCE~25.2% [13], theoretically predicted 30.5% [18]),



organic/polymer solar cells [19] (PCE ~11.5%) and quantum dotsolar cells [20] (PCE~13.43%
[21], theoretically predicted more than 65% [4]). One of the key elements in such devices is
the electrocatalyst layer which is of paramount significance, as it supports electrons

accumulation from the external circuit and catalyzes the process of electrolyte reduction [22].

DSSCs were firstly introduced by Grétzel in 1991 [23]. Their CE is typically constituted of a
conductive glass, which enhances the rate of electron transfer and decreases the recombination,
coated with an electrocatalyst layer, usually platinum (Pt). It is considered as one of the best
CE material because of its good catalytic activity, electrical conductivity, stability and
efficiency [24], however, the abundance of Ptin the Earth’s crust is very low, which inevitably
leads to high cost and makes its large scale production difficult [25]. Furthermore, Pt has low
corrosion resistance against most frequently used redox couple (I/137) in DSSCs. Therefore,
alternative classes of materials are being investigated and carbon nanomaterials are the most
common among them. Carbon nanomaterials display several nanoforms, i.e. fullerenes [26],
carbon nanotubes (CNTSs) [27], and graphene [28] etc. Due to their exceptional chemical and
physical features, these materials are applied in various fields, particularly in energy harvesting
[29] (solar cells [30] and fuel cells [31]) and energy storage [32] (supercapacitors [33] and
batteries [34]). Owing to unique properties, such as elevated aspect ratio, enhanced specific
surface area, and remarkable electrical conductivity, CNTs have become good alternative

electrocatalyst [30] and have been widely studied as CE material for DSSCs [35].

In this review, the advantages exhibited by CNTs based CEs are comprehensively discussed.
These electrodes have been employed several times in DSSCs, but they might have applications
also in other sensitized solar cells and energy storage devices. Before broadly stating the
progress towards replacing the precious Pt with low cost and easy to fabricate CNTSs electrodes,
we will briefly discuss the components and the working principle of DSSCs, focusing on the

role of the CE in achieving a smooth and efficient functioning of these devices.



2 Working principle and components of DSSCs

DSSCs have great potential in replacing silicon-based solar cells because of their low cost,
flexibility, semi-transparency, durability, and simple assembling process. A typical DSSC
contains a dye-loaded TiO2 electrode deposited on a conductive glass, 17/13~ based electrolyte
solution and a Pt CE (see Fig. 2). The dye molecules introduce electrons into conduction band
of the TiO2 layer upon illumination. The electrons are then diffused through the nanostructured
film of TiO2 and are accumulated at the front contact of FTO. A closed regenerative circuit is
obtained by the redox couple ions present in the electrolyte, which drain the electrons from the

external circuit at the CE and reduce the oxidized dye molecules [36].
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Fig. 2. Working mechanism of a dye-sensitized solar cells (DSSCs)
2.1 Sensitizer

The sensitizer, commonly known as dye, is the key component of a DSSC. The main function
accomplished by the sensitizer is to absorb photons and to produce electrons, which are
successively transferred into the conduction band (CB) of the semiconducting oxide. For its
efficient performance, the sensitizer needs to reveal suitable lowest unoccupied molecular

orbital (LUMO) and highest occupied molecular orbital (HOMO) in order to promote a higher
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charge injection in the CB of the semiconductor oxide, dye regeneration from the redox
electrolyte, enhanced molar extinction coefficient in the visible and near-infrared regions and
improved solubility and photostability [37, 38]. It should also possess groups in its structure
which help its chemisorption on the semiconductor oxide and should be able to sustain redox

turnovers, which correspond to an operation lifetime of 20 years [39, 40].

Numerous sensitizers are employed in DSSCs, like metal complex [41], metal-free organic
[42], hemisquaraine dye [43] and natural dyes [44]. The most common sensitizer for DSSC is
Ruthenium (1) polypyridyl [45], because of its various beneficial characteristics such as high
absorption, extended excited-state lifetime and enhanced metal-to-ligand charge transport
properties. With light absorbing capability extended up to 350 nm [46], the highest PCE
achieved by the Ru (1) dye based DSSCs were 11.2% in 2005 [47] and 11.7-12.1% in 2010
[48]. The relatively low molar extinction coefficient and the high cost are the main drawbacks
showed by Ru (II) dyes [49]. Metal free organic dyes are an alternative class of materials that
are being intensively investigated since 2004, and their employment has led to a noticeable
PCE of around 10% [50]. Co-sensitization of such dyes can further enhance the PCE of DSSCs,
and Yella et al. in 2011 achieved a maximum PCE of 12.3% (which exceeds 13% under a
different light intensity) by co-sensitizing zinc porphyrin dye with another organic dye [51].
The same 13% efficiency was also achieved by Mathew et al. in 2014 using asingle dye without
co-sensitization [52]. The efficiency was further enhanced up to15% by using co-sensitization
of organosilicon based dyes [53]. A study on metal free dyes has reported an efficiency of 12%
using a phenothiazine based metal free organic dye [54]. In the category of metal free
sensitizers, the maximum efficiency of 12.6% has been achieved by employing a noncyclic
aromatic hydrocarbon, N-annulated benzoindenopentaphene (NBIP) based metal free D-A dye
C293 without using any co-adsorbent [55]. Natural dyes are reliable alternatives to expensive

organic dyes thanks to their low cost, easy extraction and non-toxicity. The maximum
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efficiency achieved using these dyes are 2.06% and 2.00% for purple wild Sicilian prickly pear

dye and pomegranate dye, respectively [56].

Other classes of sensitizers include inorganic semiconductor quantum dots (QDs) [57] and
perovskite material based dyes. QDs based dyes exhibit certain significant characteristics such
as variable band gap energy, which strongly depends on the size and shape of QDs, light
absorption coefficients, dipole moments and several extraction and generation features. All
these properties make them suitable sensitizers for DSSCs with efficiency reaching 13% [58].
The maximum efficiency (13.43%) was achieved by using cesium based colloidal QDs [21].
Perovskite materials, displaying a band gap lower than 1.5 eV, were first investigated in 2009
as sensitizer in DSSCs showing a PCE of approximately 4% [59]. Further research on these
materials showed promising results, i.e. an efficiency near 22.1% was achieved by using mixed
halide based perovskite materials [60]. This efficiency was further increased to 23.3% and
another study reported a maximum efficiency of 25.5% in 2019 [13]. Despite their noticeable
photovoltaic performance in DSSCs, nevertheless perovskite materials suffer some important
disadvantages, asthey are not environmental friendly because of hazardous heavy metals, show
phase transition at the solar cell operation temperature range, instability with variation in

ambient conditions and sensitivity to the moisture present in the environment [60].

2.2 Photoanode

A semiconductor film, usually termed as photoanode, plays a vital role in the operation of
DSSCs. The key functions played by the photoanode are to support the sensitizer, accept the
electrons from the sensitizer and to transport those photoexcited electrons to the external
circuit. Therefore, ideally, a photoanode should possess vast surface area for dye loading and
suitable band gap, which will enable it to effectively accept and transfer electrons to the
external circuit. Usually the criteria demand the CB of semiconductor to be 0.2 or 0.3 eV lower

than that of the sensitizer [61]. Apart from that, the band gap should be large enough to
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effectively transfer all the illuminating light to the sensitizer with minimum losses and the
structure should possess least number of crystal boundaries and defects in order to lessen the
recombination process of electrons [62]. However, the nanostructured photoanode should
exhibit a scattering effect to capture and transfer more and more light to the sensitizer.
Additionally, photoanode should also have a bandgap wider than the sensitizer should, so that
the absorption range of sensitizer and photoanode should not overlap with each other. In case
of overlap of absorption band, more light from solar spectrum will be absorbed by the
nanostructured photoanode which may lead to poor charge carrier transport. This effect will

also reduce the light absorption by the sensitizer (see Fig. 3).
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Fig. 3. Energy levels in typical dye sensitized solar cells

DSSCs photoanodes are commonly constituted by a thick film (10 um) of TiO2 [63, 64], as it
displays the advantages of being cheap, abundant, nontoxic, biocompatible, and it also
possesses an appropriate band structure [40]. TiO2 in various morphologies such as one-

dimensional (1D) nanoparticles, nanotubes, nanowires, nanorods and 3D hierarchal structures

13



such as spheres or beads has been employed as photoanode in DSSCs. By utilizing this
morphology engineering strategy, an efficiency as high as 10% was reported by several
researchers [62]. Other semiconductors have also been applied as photoanode in DSSCs
because they possess similar band structure to that of TiO2 and bring their own unique
characteristics to the cell. These semiconductors include ZnO [65, 66] (extensively studied
after TiO2), SnO2 [67], Nb2Os [68], WO3[69], Ta2Os[70], CdSe [71], CdTe [72], CdS [71] and
PbS [73] nanostructures. To improve the performance of the photoanode, these nanostructures
can be doped with various ions such as Zn2*, La%*, Nd3*, Er3* and Ho®* and can also be

decorated with different noble metals such as silver, chromium, copper, and gold [74-79].

The recombination of electrons within the photoanode is a key problem in DSSCs as it lowers
their PCE. To overcome such limitation, a compact layer, usually named as blocking layer [80],
is sometimes introduced between the substrate and the photoanode. Several materials have been
used for the preparation of blocking layers, which include ZnO [81], SnO2[82], TiO2 [83-85],
g-C3N4 [86], Nb20s [87], Nb-TiO2 [88], and Al,O3-TiO2 [89]. Such blocking layers play a key

role in maintaining the efficient charge generation and reduced recombination under light.
2.3 Electrolyte

The electrolyte in DSSCs performs the task of dye regeneration after the electron injection in
the photoanode CB and is responsible for the inner charge carrier transport between the two
electrodes. Therefore, the most relevant electrolyte characteristics include large -electrical
conductivity, rapid distribution of the electrons due to little viscosity, high interfacial
interaction with the nanostructured photoanode and the CE, low affinity for sensitizer
desorption from the oxidized surface, and reduced light absorption in the visible range [40].
The role of the electrolyte is vital as it affects both the stability and the efficiency of DSSCs.
The electrolyte contains redox ions, which act as mediators between the photoanode and the

CE. The most commonly employed electrolyte is based on the iodide/triiodide redox couple
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dissolved into an organic matrix, which allowed achieving an efficiency of 11.7-12.1% [48].
Despite their promising photovoltaic performance, nevertheless the I-/13- based electrolytes
display some important drawbacks, such as leakage and contamination of the environment with
organic components and volatilization of the redox couple, which lowers their concentration
and leads to the increase of the cell’s nternal resistance [90]. Other redox couples have also
been investigated, and recently Kakiage et al. achieved a maximum efficiency of 14.3% by

employing a cobalt-based redox shuttle in combination with a Pt-free CE [53].

To overcome the problems related to the liquid electrolytes such as electrolyte sealing,
volatility of solvents and long term stability [91], several strategies have been proposed such
as replacing liquid electrolytes with quasi-solid [90, 92] and solid [93] ones. Quasi solid-state
electrolytes show the stability of solids and the mobility of liquids as they are prepared by
solidifying liquid electrolytes with the help of organic or inorganic gelators. The maximum
efficiency reported for these electrolytes is higher than 10%, however, they still highlight the
disadvantage of leakage because of liquid component [94]. To overcome the leakage issue, in
recent years, solid state electrolytes based on polyvinylidinefluoride (PVDF), polyethylene
oxide (PEO), and polyvinyl acetate (PVA) etc. have been thoroughly investigated [95]. The
maximum PCE achieved with such electrolytes is 8% except for all solid QDs and perovskite

solar cells, in which PCEs of 13.34% [21] and 20% [60] have been reported, respectively.
2.4 Counter electrode

An electrode is an electronic conductor, which assists the smooth flow of electrons through an
electrolyte or any other medium. Commonly, two electrodes known as cathode and anode
constitute a cell. In the DSSCs system, TiO2 coated over FTO glass substrate constitutes the
photoanode, while Ptcoated FTO acts as cathode, also known as CE. It serves three important
functions, i.e. it accumulates electrons provided by the outer circuit, it catalyzes the process of

electrolyte reduction [22], and it acts as a mirror for the unabsorbed light in order to enhance
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the overall efficiency of the cell [96]. A qualified CE for DSSCs therefore must possess
sufficient exchange current density in comparison to photoanode that is manifested by its
ability for fast reduction of I/ 13~ redox couple and the easy and quick diffusion of triiodide
ions. The reduction reaction of the redox couple at CE is not a spontaneous process. It is

controlled by the intrinsic electrocatalytic ability of the material used as CE.

The electrocatalytic ability in turn depends upon the active surface area of the electrode.
Greater the active surface area, higher number of sites will be available for reduction and faster
will be the reaction rate. Therefore, the measurement of charge transfer resistance (Rct) and
electrolyte diffusion impedance (Zn) are important parameters for the evaluation of a CE
material. These parameters are typically measured using electrochemical impedance
spectroscopy (EIS) of a symmetric DSSC in order to avoid disturbance from its other
components. A typical Nyquist plot obtained using EIS is reported in Fig. 4, where the
semicircle at high frequencies shows the Rct present between the electrolyte and the CE, while
the low frequencies represents the Zn of triiodide ions. Low Rct and Zn values imply high
electrocatalytic activity of the CE material and fast diffusion rate of triiodide ions. These
parameters are effected greatly by morphology, electrode preparation route and material
microstructure [97]. Additionally, the material must possess high conductivity, good chemical
and thermal stability, appropriate energy levels with respect to the redox couple, high corrosion

resistance against the electrolyte, good adhesion to the substrate, and optimum thickness.

Different catalysts have been explored as CEs for DSSC, but the most commonly used is Pt.
Enhanced exchange current density, high electrocatalytic activity, high transparency and
noticeable PCE make Pt electrode a standard choice as CE in DSSCs [40]. Despite these
promising features, it also possesses some disadvantages, such as high cost, limited availability,
corrosive behavior towards the electrolyte and ineffective against other electrolytes such as

Co3*/Co?*, T2/T-, and polysulfide electrolytes. Thus, noticeable research efforts have been
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devoted to develop highly stable and more efficient electrodes featured by a low cost and an
easy fabrication process. For this purpose, various materials such as metals [98], alloys [99],
inorganic metal compounds [100-106], conductive polymers [107], carbon-based materials
[108] and composites [109] have been proposed as CE in DSSCs. Among the various available
materials, carbon nanomaterials and their composites with polymers and transition metal
oxides are potentially suitable to replace the Pt electrode because of their huge abundance,
large-scale production, high conductivity, high catalytic activity, large surface area, high
thermal stability, excellent corrosion resistance towards iodine, and high reactivity towards
iodine redox couple [110-112]. Moreover, the current density obtained in presence of carbon-
based CEs is higher with respect to that of Pt because of the larger availability of catalytic sites.
In the coming Sections, we will highlight the properties of CNTs based CEs for DSSCs and

their progress in the replacement of conventional CE materials (Pt).

Sealing resin

ajel)sqng sse|o

Electrolyte

Fig. 4. Symmetric DSSC, equivalent circuit, and typical Nyquist plot. Rs, Ret, Zn and Cqiare
the sheet resistance, the charge-transfer resistance, the electrolyte diffusion impedance, and the
double-layer capacitance, respectively. (Reproduced with the permission from Ref. [113],

Copyright 2015 Wiley-VCH Verlag).
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3 Carbon nanotubes based CEs for DSSCs

Carbon based materials can generate, store and transport energy. That’s why they can be
employed as promising electrode materials in various electronic devices [114], such as fuel
cells [115], solar cells [116], batteries [117], super capacitors [118], water electrolysis systems
[119], transistors [120], photo catalysis [121, 122] and hydrogen storage devices [123, 124]. It
has already been mentioned that scientifically and technologically, interest gained by DSSCs
is due to their low fabrication and materials costs and high efficiency forecast. CE plays a vital
role in achieving high conversion efficiencies in DSSCs. Carbon nanomaterials are highly
striking to be used in place of Pt CEs in DSSCs, as they possess promising properties. Graphitic
constituents like graphite, graphene [125], CNTs [126], activated carbon [127], carbon black
[128], carbon powder [129], carbon nanofibers [130] and their composites, metal oxide carbon
compounds and poly aromatic hydrocarbon have also been used in DSSC as they are able to
provide sufficient electrical conductivity to the thin film carbon electrodes. The efficiency
achieved with carbon-based materials is quite good, thus encouraging the researchers to work
on them to replace Ptand other rare metals based electrodes. In 1996 Kay and Gratzel used for
the first time a carbonaceous material for the CE fabrication achieving a device efficiency of
6.7% [1], which is lower than that obtained with a conventional DSSC (up to 10%) but still
encouraging. The CE was fabricated starting from an aqueous dispersion of graphite powder,
nanocrystalline TiO2 and carbon black through doctor blading technique. Since then, the

efficiency and stability of various CEs based on carbon materials for DSSCs have been tested.

In recent decades, CNTs have been deeply studied as a sound alternative to the conventional
Ptin view of obtaining a cheaper CE for DSSCs because of their promising properties such as
high electrical and thermal conductivities along with good mechanical strength. They are
defined as 1D allotropes of carbon because they grow only in one dimension (length), the other

2D are in nanoscale and are formed by rolling graphene sheets. CNTs are broadly classified
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into three categories depending upon the number of graphene layers that are rolled i.e. single-
walled CNTs (SWCNTs), double-walled CNTs (DWCNTs) and multi-walled CNTs
(MWCNTS). As the name indicates SWCNTSs are made by rolling one graphene sheet with
outer and inner diameters from 0.4 to 2-3 nm and length in the micrometer range [131].
DWCNTSs are made up of two graphene sheets with outer and inner diameters from 0.5 to 2-5
nm and length in the micrometer range [132-135]. MWCNTSs are made by rolling a number of
graphene sheets with diameters in nm range and length in the pm range [131]. The different

properties of CNTs depend upon the angle of rolling, number of walls and length [131, 136].

DWCNTs structure consists of two homocentric SWCNTSs that interact with each other through
weak Van der Walls inter layer interactions [134]. MWCNTSs structure can be explained by
two models, ie. Parchment’s and Russian Doll’s. In Parchment’s model the single sheet of
graphene is rolled like rolling a paper, where in the latter case the diameters of the inner and
outer tubes do not match. They are stronger and more inert in comparison to SWCNTSs because
the outer walls shield and protect the inner walls [131]. The electronic properties of SWCNTs
depend upon the chirality, that is determined by the rolling angle between the axis of its
hexagonal pattern and the tube axis [136]. DWCNTSs can exist in four different forms, i.e. both
outer and inner tubes are metallic or semiconducting, outer is metallic and inner is
semiconducting, and vice versa. In one case the material becomes semiconducting, while in the
other three the material will show conductivity [134]. MWCNTSs are composed of several
SWCNTSs with at least one of them showing metallic character, therefore they are metallic in
nature and not affected by chirality [137]. In this case, the conductivity is inhomogeneous due
to the presence of semi-conductive nanotubes as well. The conductivity of CNTs is due to the

delocalized m-electrons present in its structure.

CNTs possess high specific surface area. Theoretically, calculated surface area for SWCNTs

is 1315 n?/g, which decreases as the number of shells increases. For DWCNTSs it is in the range
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680-850 m?/g; for five-walled CNTs, it ranges between 295 and 430 m?/g; for MWCNTSs with
40 walls and 35 nm in diameter it has been measured to be 50 m2/g. Diameter also affects the
surface area but its effect is minimal. Another factor that influences the CNTSs specific surface
area is the formation of bundles, either because they are grown in such configuration from a
single catalytic particle, or because Van der Walls forces bring them together after each has
grown from an individual catalytic particle. It was found that asmall bundle of seven SWCNTs
exhibits a specific surface area of 751 m?/g, which decreases to 151 m?/g for a very large bundle
of 217 SWCNTSs. The catalyst used for the growth of CNTs also affects the surface area and
better results were obtained with Cobalt [138]. Due to the presence of strong covalent bonds
between carbon atoms, CNTs possess extremely high mechanical properties with good
flexibility that helps them to maintain their structure under different stresses applied. The
reported Young’s modulus for SWCNTs is 1.25 TPa whereas for MWCNTs is 1.8 TPa, which

is 9 times higher than alloy steel [137, 139].

CNTs electrical conductivity as explained above leads to low Rct and favors fast electron
transport. The tube-like structure usually interconnects to form network-like structures, which
are required for fast ion transport thus leading to low Zn values. CNTs also possess large surface
area that provides various electrocatalytic active sites for the reduction of the electrolyte ions.
Surface area has a direct correlation with electrocatalytic activity, more in detail higher the
surface area higher will be the PCE. They also show excellent corrosion resistance towards
iodine, good thermal and chemical stability, high mechanical strength, and remarkable
flexibility, which make them able to preserve their structure even after prolonged use of the
device where they are used. In light of all these promising features, CNTs are employed in
various forms as CE in DSSCs. They are used in pure state, in the form of random or aligned
tubes or as composites by mixing with polymers, metal oxides, sulfides etc., as represented in

Fig. 5. The unique geometric structure and nanometer scale of CNTs make the electron transfer
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in a CNTs based film faster than in Pt based CE and thus their performance comparable.

Efficiencies up to 13% were obtained with devices employing CNTSs based electrodes [52].

Glass
FTO

Dye Molecules
Photoanode

Electrolyte

Counter Electrode

FTO
Glass

Fig. 5. Different forms of CNTs used as CE materials of DSSCs.

3.1 Pure and modified CNTs based CEs

Pure CNTs of various types (SWCNTs, DWCNTs, and MWCNTS), in different configurations
(bundles, forest, vertically or horizontally aligned etc.), and with different modifications and
functionalization have been studied as CE in DSSCs with promising performance. Owing to
their high surface area and reduced sheet resistance, SWCNTSs were successfully employed for
the first time as CE material in DSSCs by Suzuki et al. [140] and consequently their
performance was analyzed and compared with that of other electrodes. SWCNTSs based CE
films were prepared by ultrasonically mixing CNTSs in water then dropwise placing the obtained
suspension on FTO glass or filtering it through a Teflon membrane. The efficiencies achieved
with such CEs were 3.5 and 4.5%, respectively. The higher efficiency in the latter case was

attributed to the high conductivity and low charge transfer resistance of the membrane.

DWCNTSs were also employed as CE material for DSSCs because recently great improveme nts
have been achieved in their manufacturing and refinement processes; however, a facile

manufacturing process is still under research. They exhibit a double walled structure, which is
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intermediate between SWCNTs and MWCNTS; therefore, they are expected to possess a
greater thermal and chemical stability than those shown by the SWCNTs [113]. Zhang et al.
fabricated a DWCNTs based CE by blending terpineol and ethyl cellulose and depositing the
blend on a conducting FTO substrate via screen printing technique, followed by annealing at
300 °C [141]. The attained efficiency (~6.05%), catalytic activity and performance results were
comparable with those of Pt based CEs (PCE~6.80%). The efficiency of DWCNTSs based CEs
was also investigated by Siuzdak et al. using a ruthenium-based dye. They achieved a
maximum PCE of 4.56%, which revealed to be greater than the 3.96% obtained with Pt. They
made use of a cost effective spray coating technique for the preparation of the CE followed by
annealing at different temperatures, out of which 300 °C annealed film produced the best results
[142]. The better performance was attributed to the 3D network formed by several tangled

DWCNTs that facilitate triiodide ions reduction due to greater surface area.

To boost the efficiency of DSSCs, MWCNTSs were also employed for the fabrication of CEs.
Chen et al. [143] also studied the fabrication of MWCNTSs based CEs by screen printing
technique followed by calcination utilizing an ultrafast approach which made use of a nitrogen
atmospheric-pressure plasma jet (APPJ) instead of a conventional calcination. This method
proved ecofriendly and cost saving as the energy consumption per unit processing area was
estimated to be 500 J/cm?, which is approximately 1/5 than that spent for the synthesis of CEs
via the traditional furnace technique. A maximum PCE of 5.65% was achieved at APPJ
treatment time interval of 5 seconds, while an additional increase in the APPJ treatment time
resulted in a decrease of the photovoltaic performance. Lee et al. [126] fabricated MWCNTS
based CE on FTO glass using tape casting technique and achieved an efficiency of 7.67% (Pt
= 7.83%), which increased up to 7.96% (Pt =8.03%) when light intensity was decreased down
to 54 mW/cm? (see Fig. 6). The electrode was prepared from a paste containing MWCNTSs,

carboxymethyl cellulose, sodium salt and distilled water. Beside the good efficiency, these
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MWCNTSs based CEs are very stable and show a lower charge transport resistance than Pt due

to the presence of a large number of defect-rich edge planes.
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Fig. 6. a). FE-SEM image of a MWCNTSs composite film, b). TEM image of the bamboo-like
structure in MWCNTS, c). Nyquist plot of a thin-layered symmetric cell and its corresponding
equivalent circuit, and d). J-V characteristics of DSSCs, whereas curve (a) shows the DSSC
performance in the dark while the curves (b), (c), and (d) were acquired under 0.1, 0.5, and 1
sun illumination respectively. (Reproduced with the permission from Ref. [126], Copyright

2009 ACS Publications).

CNTs are able to assume various structures like bundle, forest, vertical and horizontal
alignments and random network [144-147]. These structures display a noticeable effect on the
performance of the final device. In 2010 Nam et al. [148] used vertically aligned and randomly

oriented MWCNTSs, synthesized by the chemical vapor deposition (CVD) and screen printing
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techniques, respectively, as CE materials for DSSCs. A maximum PCE of 10.04% was
obtained by using the aligned CNTs based CE, while the devices employing the reference Pt
and the randomly oriented MWCNTSs based CEs showed lower efficiency values equal to 8.80
and 8.03%, respectively. Alignment in the CNTs structure facilitates electron and ion transport
that significantly improve the fill factor (FF) and thus efficiency. Seo et al. synthesized highly
disordered MWCNTs using a low temperature thermal CVD process and successfully
employed them as a CE material for DSSCs [149]. The CNT catalysts were effective in
improving the FF value in DSSCs when used in combination with electrolytes with large
molecules. In particular, the efficiency increased from 6.51 up to 7.13% by interchanging the
traditional Pt catalyst with MWCNTs catalyst and Li* electrolyte with 1-butyl-3-
methylimidazolium cations based electrolyte. Recently Kim et al. [150] also employed CNTs
yarn (CNTY) as a CE for SS fiber-shaped DSSCs. The device structure consisted of Ti wire,
N719 dye impregnated TiOz, SS electrolyte and Pt wire or CNTY CE. They obtained a PCE of
4.00%, which was consistently higher than that shown by the Pt based CE device (2.64%).
After 600 bending cycles and 10 washing cycles the fabricated device maintained more than
90% of the efficiency. This paves the way toward the application of this type of devices in

wearable fiber electronics and energy textiles.

Several kinds of CNTs including SWCNTs, DWCNTs and MWCNTSs have been employed by
Zhang et al. as CEs for DSSCs for comparison purpose [151]. The electrodes were fabricated
by screen printing technique using pastes constituted by the different CNTs and an organic
binder. The PCEs obtained were 8.0, 7.61 and 7.06 for DWCNTSs, SWCNTs, and MWCNTS,
respectively (see Fig. 7). Owing to their high specific area (>450 nm?g1), and chemical strength,
the DWCNTs facilitate the electron transport rate between the CE and the electrolyte. Surface
area of SWCNTs is >400 m?g ! which is comparable to DWCNTs but due to their smaller

diameter they agglomerate easily. MWCNTS possess a very small surface area compared to the
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other two leading to a lower PCE of DSSCs. However, the more complicated growth process
of DWCNTs with respect to the ones of SWCNTs and MWCNTSs represents a significant

drawback of such CE [35].
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Fig. 7. FESEM images of DWCNTSs (a), SWCNTs (b), and MWCNTSs (c) CE layers deposited
on FTO substrates. Corresponding DSSCs photocurrent density-voltage (J-V) characteristics
(d), short term evaluation of photovoltaic parameters (e) and Nyquist plots (f). (Reproduced

wth the permission from Ref. [151], Copyright 2011 Springer).

Functionalization of CNTs is commonly adopted to improve their dispersibility, adhesion to
the substrate and to achieve a smooth and uniform film, which ultimately lead to the
improvement of the performance for the targeted application. CNTs can be functio nalized both
covalently and non-covalently [152]. Different functional groups have been attached to CNTSs,
such as acetonitrile, carboxylic acid and acetyl acetone [153]. Chou et al. [154] prepared a CE
film from SWCNTSs functionalized with Tetraoctylammonium bromide (TAOB) dispersed in
2 different solvents, namely acetyl acetone and N,N-dimethylacetamide. The as-prepared

dispersions were coated onto FTO-covered glasses by drop casting technique and subsequently
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sintered at different temperatures. A maximum efficiency of around 1.2266% (Pt = 1.25%),
ascribable to the better dispersibility of the SWCNTSs, was achieved by employing the acetyl
acetone dispersed SWCNTSs based CE. To further enhance the performance of the CE, a silver
(Ag) film was also placed between the FTO glass and the SWCNTs based electrode, thus
leading to a drastic increase of the cell efficiency up to 1.3037%. Kim et al. [155] also
functionalized MWCNTSs with an acid as well as a base and used them as CEs in DSSCs
employing nanocellulose as dispersant. They observed a higher efficiency for base
functionalized MWCNTS in comparison to pristine and acid functionalized. This was attributed
to the better dispersion of base functionalized MWCNTSs and nanocellulose mixture, in line

with the electrical conductivity trend.

Arbab et al. fabricated CEs for DSSCs composed of MWCNTSs functionalized with different
enzymes (laccase, glucose oxidase and lipase) [156]. The paste of the enzymatic solution of
lipase was prepared in ethanol, followed by the addition of MWCNTs and carboxy
methylcellulose (CMC) in the solution and aging overnight. The CE film was synthesized on
FTO glass through tape casting method. The laccase and glucose oxidase enzymes produced
MWCNTSs with amalgamated structures showing no cracks but less uniformity, while the lipase
enzyme produced a uniform and well-ordered structure with interconnectivity between the
tubes and showed increased adhesion to substrate. This led to the availability of a large number
of active sites for the electrocatalysts of triiodide ions. In addition, TEM analysis revealed high-
density defect-rich edge planes, which allowed increased contact between the CE and the
electrolyte and enhanced the electron transportation, thus leading to a noticeable PCE of 7.52%
comparable to Pt (8.00%). Muino et al. [157] prepared CNTs fibers (CNTf) from direct
spinning floating catalyst CVD method and used them as CE in DSSCs with Co%*/Co3* redox
couple electrolytes. The optimum CNTf sample i.e. highly functionalized and with 9 wt% Fe

impurities, allowed obtaining a DSSC PCE of 2%, which was higher than that achieved using
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aPt CE (1.5%). Their results showed that the surface chemistry of CNTf has a significant effect
on the adsorption process of the redox active cobalt species near the metallic impurities, which
act as catalytic centers. The charge transfer process is facilitated by the presence of metallic
impurities, while functionalization of CNTs helps in electrolyte regeneration. An in-depth
study of the electrochemical stability of the cobalt-based electrolytes towards CNTf CEs is

required to enhance the DSSCs photovoltaic performance.

Siwach et al. [158] prepared acid functionalized MWCNTs and MWCNTSs/Pt based CEs by
utilizing doctor blade technique and compared them with a pure Pt-based CE prepared through
drop casting technique. The DSSCs were assembled by using ZnO photoanode, iodide based
electrolyte and the prepared ITO coated CEs. A maximum PCE of 3.78% was obtained using
the composite electrode followed by Pt (2.69%) and MWCNTSs (2.26%) based electrode.
Mithari et al. utilized a cost effective dip and dry coating technique to produce acid
functionalized MWCNTSs based CEs with different thickness [159]. The latter varied from 0.5
to 3 um when the dip and dry coating cycles were carried out for 10, 15, 18 and 20 times. They
fabricated the DSSCs using a ZnO based anode and Eosin-Y dye instead of ruthenium based
dye to reduce the overall cost of the cell. The films made with 18 cycles showed the nearest
performance (0.295%) to that of the Pt based CE (0.797%) as compared to all other CEs. The
best performance exhibited by the 18-cycle film was ascribed to the availability of a greater
number of MWCNTSs on the surface of the electrode with lower agglomeration in comparison
to the others. This led to a greater number of active sites available for the triiodide ions

reduction, with consequent DSSC lower charge transfer resistance and greater current density.

Electrode thickness is an important parameter to be considered, since it affects the charge
transfer resistance and conductivity of the film obtained. Ahn et al. [160] prepared transparent
conductive MWCNTs based CEs on FTO glass by aerosol deposition process, achieving a

maximum PCE of 5.18% when the deposition was carried out for 60 h and the thickness of the
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film obtained was equal to 42.5 um. The efficiency was slightly higher than the one shown by
the Pt based electrode (4.96%). By increasing the deposition time and consequently the
thickness of the film, the overall conversion efficiency and current density of the CEs enhanced
because of the low charge transfer resistance as well as improved catalytic activity. Ramasamy
et al. [161] prepared a MWCNTSs based CE on FTO conductive glass through spray coating
technique, and a maximum efficiency of 7.59% was attained when the spraying time was
increased to 200 second (see Fig. 8). This was attributed to the decrease in MWCNTS charge

transfer resistance while increasing the spraying time.
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Fig. 8. FESEM image of spray coated MWCNTSs film on FTO substrate (a), dark current
density voltage (b) and photocurrent density voltage (c) of the DSSCs. (Reproduced wth the

permission from Ref. [161], Copyright 2008 Elsevier).

Noticeable research effort has been devoted nowadays to substitute the liquid electrolyte with
solid or quasi-solid electrolytes. Sun etal. [162] evaluated the compatibility of a CE based on
lipase functionalized MWOCNTSs coated over FTO with liquid filled, gel filled and pristine
electro-spun PVDF-co-hexafluoropropylene (PVDF-HFP) membranes. As discussed above,
Lipase functionalization promoted the formation of a uniform highly interconnected defect-
rich edges structure. DSSCs PCE values of 6.66% (liquid), 5.77% (gel) and 6.04% (membrane),
analogous to the one exhibited by the Pt based CE, were achieved. Similarly, Arbab et al. [163]
fabricated a quasi-SS DSSC in which the electrolyte was made up of a 5wt% PEO gel infused

PVDF-HPF membrane. An iodine based redox couple and a TiO2 based photoanode were used.
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The CE was constituted of an ink made by functionalizing MWCNTSs with cationic lipase
enzyme followed by mixing with CMC and aging overnight. The uniform black ink was then
spin coated over a chopped carbon fiber (CFF). The fabricated cell delivered an efficiency of

8.90%, which was slightly lower than that showed by a Pt/CFF based DSSC (9.78%).

Despite nanocrystalline, TiO2 revealed to be the most efficient photoelectrode material in
DSSCs; nevertheless, it suffers low inherent electron mobility. Consequently, materials with
better conductivity have been commonly incorporated into TiO2 or the latter has been replaced
with other semiconducting materials displaying a greater mobility, such as ZnO and SnO..
Recently, MWCNTSs have also been investigated as CE material for DSSCs based on such
alternative photoanodes. Younas et al. successfully employed MWCNTSs as CE for nWO3-TiO>
photoanode based DSSCs [164]. A maximum PCE of 6.12%, better than Pt CE (5.18%), was
achieved when keeping the concentration of nWO3 1% in the TiO2 matrix. Similarly, Siwach
et al. used MWCNTSs for ZnO-graphene based DSSCs, and an efficiency of 2.04%, which is

slightly lower than 3.17% of Pt CE based DSSCs, was obtained [165].

The CNTs based CEs for DSSCs are commonly fabricated either by CVVD method or by coating
on FTO starting from a dispersion. Both these methods highlight some drawbacks, such as high
cost, low scalability for the former while the latter suffers from pre-functionalization, which is
essential to prepare a proper dispersion. To address these issues, Bernal et al. have recently
employed few layer highly porous and well crystalline interconnected CNT fibers (CNTf), also
known as CNTs yarns (CNTY), both as CE and current collector in DSSCs [166] (see Fig.
9c). Aremarkable PCE of 8.8% was obtained, which was higher than the 8.7% achieved with
Pt based CE. Previously, Chen et al. applied aligned carbon nanotubes (ACNTS) fibers as both
photo-electrode and CE of DSSCs achieving an efficiency of 2.94%, which was comparable to
that of Pt (3.3%) [167] (see Fig. 9a). Similarly, Pan etal. [168] has used ACNTSs fibers both as

photoanode and counter electrode of a DSSC and achieved efficiencies of around 7.33 and
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5.97% employing organic thiolate/disulfide and iodine redox couples, respectively (see Fig.

9b). The efficiencies were remarkably higher than that obtained with a Pt based CE (2.06%).
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Fig. 9. Schematic illustration of various configurations; a). Wire-shaped DSSC fabricated from
two CNT fibers (Reproduced with the permission from Ref. [167], Copyright 2012 ACS
Publication), b). Photovoltaic wire with a CNT fiber as the CE. (Reproduced with permission
from Ref. [168], Copyright 2013 ACS Publication), and c) Typical and symmetric cells with

CNTf based CE (Reproduced with the permission from Ref. [166], Copyright 2019 Elsevier).

To summarize, all the three types of CNTs are thoroughly investigated as CE for DSSCs, but
most research is conducted on MWCNTSs. The different types of CNTs as well as the same type
of CNTs have shown different efficiencies when employed in the solar device. This variation
in the photovoltaic performance can be attributed to the different strategies used for their
manufacturing, that lead to the presence of different types of impurities and surface areas for
catalytic activity and different types of networks for ion diffusion. Comparative study
performed by Zhang etal. [151] indicated better results for DWCNTSs due to their larger surface

area as compared to the other two types of CNTs. However, they show the disadvantage of

30



high cost in comparison to MWCNTs and do not have a well-commercialized preparation
process. SWCNTSs represent a good choice but they also possess the disadvantage of having
high cost as well as a weak structure stability due to their single wall and small diameter.
MWCNTSs exhibit small specific surface area and inhomogeneous conductivity, but they can
be easily manufactured, are cheap, and are always conductive. Their structure can be easily
modified as the outer wall usually interacts only with the attacking reagents, while the integrity
of inner walls remains preserved. Various reagents are commonly adopted to modify
MWCNTSs, such as enzymes, acids, and bases. A comparative study between acid and base
functionalized CNTs showed better performance for base functionalized CNTs. Enzyme
functionalization is also a good strategy to produce defects-rich highly interconnected and
uniform CNTsfilms with good adhesion to the substrate. The more effective enzyme was found
to be lipase, which allowed achieving even better efficiencies than Pt CEs. Aligned, porous,
and highly interconnected CNTs morphologies revealed better or comparable results with
respect to Pt as they facilitate electron and ion transport, thus leading to lower Rct and higher
efficiency. The aligned CNTs are usually manufactured directly over FTO through CVD
process. Self-standing CNT yarns having highly interconnected and well crystalline structure
also showed better performance than Pt based CEs. The electrocatalytic behavior of MWCNTSs
is still controversial: some researchers associate it with the defects present in the structure,
others with the metallic impurities generated during the manufacturing process. MWCNTS are
also employed as CE in SS or quasi-SS DSSCs, in combination with different photoanodes
than conventional TiO2 and cobalt and thiolate based redox shuttles. In all the cases,

comparable and even better performance with respect to Pt was obtained.

The main characteristics and the photovoltaic performance of DSSCs assembled with pure and

modified CNTSs based CEs are reported in Tab. 1.
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Tab. 1. Main features and photovoltaic performance of DSSCs fabricated with pure and modified CNTs based CEs

Redox

PCE

PCE vs

No. CE material Deposition method Photoanode  Sensitizer couple (%) Pt (%) Ref.

1 MWCNTs Doctor blading TiO, N719 1571 7.67 7.83 [126]
Drop wise placement on FTO . - 3.5

2 SWCNTs Filtration through membrane Tio, N719 Is71 4.5 >4 [140]

3 DWCNTs Screen printing TiO; D102 I/ 6.05 6.80 [141]

4 DWCNTs Spray coating TiO; N3 I3/ 4.59 3.96 [142]

5 MWCNTs Screen printing + AJJP calcination TiO; N719 I/ 5.65 n.a. [143]

VA-MWCNTSs CvD . " 10.04

6 RO-MWCNTSs Screen printing o, N719 I571 8.03 8.80 [148]

7 Disordered MWCNTSs Low temperature CVD TiO, N719 I5/1 7.13 6.52 [149]

8 CNTY n.a. TiO2 N719 I/ 4.00 2.64 [150]
SWCNTSs 7.61

9 DWCNTs Screen printing TiO; N719 I/ 8.03 8.49 [151]
MWCNTSs 7.06

f-SWCNTs . . - 1.2266

10 Ag Paste+-SWCNTs Drop casting TiO, N719 1571 13037 1.25 [154]
MWCNTSs 2.89
Laccase-f-MWCNTSs . . . 4.79

11 Guicose oxidase-f--MWCNTS Doctor blading TiO, D719 1571 587 8.00 [156]
Lipase-f-MWCNTSs 7.52
MWCNTSs . . 2.26

12 MWCNTs-Pt Doctor blading ZnO N749 1571 378 2.69 [158]
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13
14
15

16

17
18
19
20
21

22

MWCNTSs (18 cycle film)
MWCNTSs
MWCNTSs

Lipase f-MWCNTSs

Cationic lipase -MWCNTSs
MWCNTSs

MWCNTSs

Mesoporous CNTSs fibers
ACNTSs fiber

ACNTSs fiber

Dip and dry coating
Aerosol deposition

Spray coating

Doctor blading

Spin coating
Doctor blading
Doctor blading
n.a.

n.a.

n.a.

Zn0O
TiO,
TiO,

TiO,

TiO,
nWO;-TiO,
Zn0-GO
TiO,
CNT-TIO;

TiO,

Eosin-Y

N719
N719

D719

N719
N719
D749
N719
N719

N719

I/
I3/
I3/
Liquid
Gel (1571
Membrane
I3/
I/
I3/
I3/
I/

I5/1-
thiolate

0.293
5.18
7.59

6.66
5.77
6.04

8.90
6.12
2.04
8.8
2.94

5.97
7.33

0.797
4.96
n.a.

7.32
6.83
6.53

9.78
5.18
3.17
8.7
3.3

2.06

[150]
[160]
[161]

[162]

[163]
[164]
[165]
[166]
[167]

[168]
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3.2 CNTs-polymer composites based CEs

Certain polymers possess electrical conductivity in the range of few to 500 S/cm in the doped
state due to the presence of conjugated double bonds [97]. They also exhibit electrocatalytic
ability to reduce triiodide ions. Therefore, polymers are commonly combined with CNTs due
to their collective benefits including high specific surface area, brilliant electrical conductivity,
noticeable electrocatalytic properties, and high durability typical of CNTs, and good flexibility,
rich supply, strong adhesion, and easy manufacturing typical of polymers. For this purpose,
several conducting polymers, such as Poly(3,4-ethylenedioxxythiophene) (PEDOT) [169] and
Polyaniline (PANI) [170] have been used. Due to the different structural features and degree
of polymerization of polymers, inconsistent results are observed when the composites are
utilized as CE in DSSCs. Several processes have been tested for the CNTs-polymer composites
synthesis. Certain non-conducting polymers such as PVP [171] and PVDF [172] are also used
as carbon coating source in the preparation of CEs. Polymers can serve various functions in
preparing composite CEs. They can be used as conductive agent, dispersant and both carbon
source plus dispersant to intensify the properties of CNTs, which can act as either matrix or
filler. Electrodes conductivity is strictly affected by the CNTs amount and the thickness of the
polymer layer. With decreasing thickness of the polymer layer, the porosity of the film

increases, which leads to a better penetration of the electrolyte and reduced diffusion resistance.

Park et al. [171] used PVP as dispersant for synthesizing SWCNTs based CEs (see Fig. 10)
using a simple casting technique followed by calcination in order to remove binder and convert
PVP, which was wrapped smoothly around SWCNTs into carbon. The PVP presence resulted
in a smooth and uniform film without aggregation of CNTs. The film was subsequently
employed as CE of a DSSC and showed a PCE of 4.5%, which was higher than that exhibited
by the bare SWCNTSs film (2.34%). The improved PCE can be attributed to the lower charge

transfer resistance induced by the presence of PVP.
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Fig. 10. SEM and TEM (inset) images of SWCNTs based electrodes without (a) and with (b)
PVP, cyclic voltammetry in acetonitrile (c), and J-V curve of DSSCs under light intensity of

100 mwW/cm? (d). (Reproduced with the permission from Ref. [171], Copyright 2012 Elsevier)

Hi et al. [173] prepared covalently bonded SWCNTs/PPy composites by mixing pyrrole with
SWCNTs through refluxing followed by in-situ polymerization. Different concentrations of
SWCNTSs were added and a maximum PCE of 8.30% was obtained with a concentration as
high as 2.0 wt %. The better performance with respect to the one showed by bare PPy
(PCE~6.31%) was attributed to the lower charge transfer resistance. With SWCNTs, PPy and
PANI are found to be the main conductive polymers for CE fabrication through in-situ
electrochemical polymerization. Better results were obtained for PPy polymer. Li et al.
synthesized honeycomb PPy using sacrificial template method. PMMA was deposited by spin

coating technigue over an acid functionalized MWCNTs-FTO substrate followed by
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dissolution in chloroform solvent after electrodeposition of PPy [174]. The obtained CE was
applied in bifacial DSSCs. The efficiencies for front and rare illuminations were 7.07 and

4.11%, respectively, which were higher than that obtained with flat PPy.

Recently, Lee et al. synthesized a PPYMWCNT/SDS based CE using electrochemical
polymerization and applied it in DSSCs and SS-DSSCs obtaining PCEs of 6.15 and 1.79%,
respectively. These values are comparable to those exhibited by Pt CE, i.e. 6.36% in DSSCs
and 2.5% in SS-DSSCs. The EIS data revealed low charge transfer resistance at the interface
between the electrolyte and CE and enhanced electrocatalytic activity for the electrolyte [175].
MWCNTs-PPy composites were fabricated and employed as DSSCs CE by Hou et al. (see Fig.
11). The MWCNTSs were spin-coated on FTO substrate, while the PPy was electrodeposited on
MWCNT layer by means of a CVD technique. An excellent PCE of 7.15% was obtained, that

can be attributed to the enhanced catalytic activity due to the presence of PPy [176].
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Fig. 11. SEM images of the bare FTO (a), PPy (b), MWCNTSs (c), and PPy/MWCNT (d) based
CEs. Schematic diagrams of the MWCNTs preparing on the FTO substrate (e), Pyrrole
monomer absorbing on the surface of the MWCNTSs (f), catalytic mechanism of PPy onto the
MWCNTs (g), cyclic voltammetry at 75 mV s'1scan rate (h). (Reproduced with the permission

from Ref. [176], Copyright 2016 Elsevier).
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Recently, Rafique et al. synthesized Cu-PPy acid functionalizzd MWCNTSs by two-step
electrochemical deposition method on stainless steel substrate and utilized them as CE in
DSSCs. An efficiency of 7.1% was obtained, which was greater than that shown by Pt CE
(6.48%). This was attributed to the presence of Cu in the structure, which led to higher current

density and low charge transfer resistance as indicated by Tafel and EIS results [177].

MWCNTs were also applied as filler or matrix with different polymers including PEDOT,
PEDOT:PSS, PANI etc. PEDOT:PSS can be used to improve the dispersion of MWCNTS in
the solvent aswell as their electronic conductivity. Fanetal. fabricated CEs by using MWCNTS
dispersion prepared with the help of PEDOT:PSS or polystyrene sulfonate acid (PSSA) as
dispersing agent [178]. The solution was coated over FTO utilizing spin coating technique and
the DSSC efficiencies obtained with the two different dispersants were 6.5 and 3.6%,
respectively. The difference between the PCEs of the two dispersants containing composites is
linked with the different nature of the interactions involved. The =m-m interactions present in the
PEDOT:PSS containing composite are responsible for the increase in the electron transport,
while PSSA containing composite is featured by hydrophobic interactions which lead to an
insulating barrier for electron transport, as PSSA itself is non-conducting. The efficiencies were
lower than that showed by the Pt based CE (8.5%) but still promising. Shin et al. developed
CNT/PEDOT composite based CE for DSSCs by chemical oxidative polymerization using iron
chloride (FeClyand dodecyl benzene sulfonic acid (DBSA) as oxidant and surfactant,
respectively [179] (see Fig. 12). PVDF was employed as a binder and the viscous paste
obtained was directly painted over FTO for CE fabrication. An enhanced PCE of about 4.62%

was achieved, in comparison to those obtained with pure CNT (3.88%) and PEDOT (4.32%).
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Fig. 12. Schematic illustration for the synthesis of CNT/PEDOT core/shell nanostructures (a).
TEM images of PEDOT (b), CNTs (c), and the CNT/PEDOT (d) nanostructures. J-V curves of
DSSCs using various CE materials (e). Reproduced with the permission from Ref. [179],

Copyright 2011 Elsevier)

Lee et al. also prepared PEDOT and PEDOT/MWCNTSs based CEs for application in DSSCs
[180]. The efficiency achieved with PEDOT was 7.44% when PEDO T/imidazole was kept
equal to 2.0. The efficiency was slightly lower than that exhibited by Pt-sputtered electrode
(7.77%) which may be attributed to the increase in the reaction rate of the redox couple
regeneration because of the large specific surface area. They further incorporated MWCNTS
into PEDOT and spin coated them on different substrates at different spin rates. The highest
efficiency of 8.08% was achieved with stainless steel substrate at a spin rate of 370 rpm and
MWCNTSs concentration of 0.6%. Ali et al. modified a highly aligned MWCNTSs fiber using
PEDOT:PSS conductive polymer and subsequently fabricated a CE through a simple dip
coating method to be applied in DSSC [181]. Modified MWCNTSs based CE exhibited a
noticeable improvement in catalytic performance in comparison to the pristine MWCNTSs fiber
electrode and led to an overall conversion efficiency of 5.03%, slightly higher than that
obtained in presence of a traditional Ptelectrode (4.98%). Good photovoltaic performance even
after bending up to 90° was also successfully obtained. Li et al. prepared a honeycomb
PEDOT/MWCNTSs based CE by using spin coating technique for MWCNTSs and polymethyl

methacrylate (PMMA) deposition followed by electrodeposition of PEDOT [182] (see Fig.
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13). The dissolution of PMMA in chloroform gave rise to the honeycomb morphology. The
as-prepared film was employed as CE in bifacial DSSCs. High efficiencies equal to 9.07 and
5.62% were achieved for front and rare illumination, respectively, in comparison to 7.51 and

3.49% obtained in presence of the bare PEDOT CE.
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Fig. 13. SEM images and electron transport paths in f-PEDOT (a), -PEDOT/MWCNT (b), h-
PEDOT (c) and h-PEDOT/MWCNT (d) based CEs. Cyclic voltammetry (e), Nyquist plots (f)
and J-V characteristics (g) of DSSCs under front illumination. (Reproduced with the

permission from Ref. [182], Copyright 2017 Elsevier)

Recently, Samir et al. prepared PANI-SWCNTSs electrode through an in-situ electrochemical
polymerization obtained an efficiency of 1.55%, that was better than 0.64% of bare PANI
[183]. Similarly, Bumika et al. prepared a -COOH functionalized SWCNT-PANI-ZnO
composite and employed it as CE in DSSCs. They used functionalized SWCNTSs dispersion
obtained through the use of sodium dodecyl benzene sulfonate (SDBS) surfactant, which was
added into a solution containing ZnO and aniline. This solution was stirred overnight and
coated over FTO through electrochemical polymerization. They obtained an efficiency of

3.81% for the ternary composite, which was higher than that shown by the binary SWCNTs-
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ZnO composite (3.16%) [184]. The results were supported by the EIS analysis that showed a
reduced charge transfer resistance for both the fabricated composite CEs. Wu et. al. [185]
prepared a PANI-MWCNTSs based CE doped with different cations by coating MWCNTS via
an airbrush spraying technique followed by electropolymerziation of aniline monomer
containing different cations (see Fig. 14). The presence of Ni?* and Co?*ions improved the
catalytic activity, while Cu?* showed the opposite effect and Mn?* showed no effect. The
highest DSSC efficiency of 6.00% was achieved with Ni?*-doped MWCNTs-PANI CE. These
distinct behaviors can be probably attributed to the different doping procedures used for metal
ions, which are strongly influenced by the empty d-orbital of the metal. Ni2* and Co2*can form
a typical octahedral structure with ammonium cationic ligands favorable for electron transport.

Conversely, Mn2* exhibits a tetrahedral structure with ammonium cationic ligands and Cu?*

establishes a planar structure with the ligands, which retards the electron transport.
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Fig. 14. SEM images of MWCNT (a), MWCNT-PANI (b), MWCNT-PANI-N2* (c),
MWCNT-PANI-Co?* (d), MWCNT-PANI-Mm?* (¢), and MWCNT-PANI-CW?* (f). J-V
characteristic curves of DSSCs (g), CV of symmetrical cells (h), and Nyquist plots (i) of

different CEs. (Reproduced with the permission from Ref [185], Copyright 2016 Elsevier)

Other complex polymers are also used for functionalization of MWCNTSs. Choi et al. used
pyrene functionalized block copolymer poly(maleic acid-co-phydroxystyrene)-block-poly(p-
hydroxystyrene) (HSPM) for functionalization of MWCNTSs and obtained an efficiency of
5.94%, which was slightly higher than that achieved with a bare CNTs (10 wt%) based CE
fabricated by screen printing technique (5.69%) [186]. Chew et al. [187] also prepared gel
polymer electrolyte based DSSCs and tested their efficiencies using a CE made up of
MWCNTs mixed with polyvinylpyrrolidone-co-vinyl acetate and coated on FTO using two
techniques, 1.e. spin coating and dropping methods. The electrolyte consisted of sodium iodide
salt, polyacrylonitrile polymer, and 1-Hexyl-3-methyl-imidazolium iodide ionic liquid. The
obtained efficiencies were 7.07 and 4.25% for spin coating and dropping methods, respectively,

which revealed to be higher and then the one achieved with Pt based CE (5.75%).

Recently, Nguyen et al. [188] prepared flexible CE based on CNT mixed with
polydiallyldimethylammonium chloride (PDDA), which was deposited over a flexible stainless
steel mesh substrate through electrophoresis deposition. The fabricated CE was used in quasi-
solid DSSCs made of TiO2 photo anode, organic MK-2 dye, and PMMA iodide/triiodide redox

couple. The resulted device showed an efficiency of 2.5%.

Tab. 2 details the main characteristics and the photovoltaic performance of DSSCs assembled

with CNTs-polymer composites based CEs.
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Tab. 2. Main features and photovoltaic performance of DSSCs fabricated with CNTs-polymer composites based CEs

No. CE material Deposition method Photoanode  Sensitizer  Redox PCE PCEvs Ref.
couple (%) Pt (%)
1 SWCNTs Simple casting TiO, N719 I/ 2.4 n.a. [171]
SWCNTs-PVP (1%) 4.5
2 PPy In-situ polymerization over FTO TiO; N719 I/ 6.03 n.a. [173]
PPy-SWCNTSs (2%) 8.30
3 flat-PPy Spin coating and electrodeposition TiO, N719 I/ 5.78 n.a. [174]
MWCNTs-f-PPy 6.18
honeycomb-PPy 6.32
MWCNTSs-h-PPy 7.07
4  PPy-SDS-DSSCs Electro polymerization TiO, N719 I/ 5.84 6.36 [175]
PPy-fMWCNTs-SDS-DSSCs 6.15
PPy-SDS-ssDSSCs 1.64 2.5
PPy-fMWCNTs-SDS-ssDSSCs 1.79
5 PPy Spin coating and electrodeposition TiO, N719 I/ 5.72 7.76 [176]
MWCNT 1.72
PPy-MWCNTSs 7.15
6 PPy Two step electrodeposition  on TiO, N719 I/ 3.04 6.48 [177]
PPy-FMWCNTSs Stainless steel 5.49
Cu- PPy-FMWCNTSs 7.1
7 PSSA-MWCNTs Spin coating TiO, N719 I/ 3.6 8.5 [178]
PEDOT:PSS-MWCNTSs 6.5
8 MWCNTs Simple casting TiO; N719 I/ 3.88 n.a. [179]
PEDOT 4,32
MWCNTs-PEDOT 4.62
9 PEDOT Spin coating TiO, N3 I/ 7.44 8.08 [180]
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3.3 CNTs-Transition metal compounds composites based CEs

Transition metal compounds commonly show high catalytic activity but suffer from low
conductivity. To overcome this drawback, they are employed in combination with other
conductive materials for the fabrication of CEs. Due to their high conductivity, CNTs are a
promising material to be incorporated in metal compounds to enhance the cell performance. A
number of metal compounds are used for the CE application. The most common oxides include
nickel oxide (NiO) [193], tungsten oxide (WO32) [194], lanthanum oxide (La20O3), and sulfides
include nickel sulfide (NiS) [195], cobalt sulfide (CoS) [196], tungsten sulfide (WS2) [197],
molybdenum sulfide (Mo0S2) [198], vanadium sulfide (VS2) [199] and bismuth sulfide (Bi2S3)

[200]. Some reports on nitrides[201] and selenides [202]are also present.

Wu et al. [197] fabricated a CE based on glucose aided WS2-MWCNTshybrid by hydrother mal
process and gained an efficiency of 7.36%. The as-prepared CE exhibited higher surface area
and decreased charge transport resistance, which were responsible for an improved catalytic
activity comparable to that showed by the Pt based CE. Because of promising results shown by
WSz, other group members combined with CNTs were also studied as CE materials for DSSCs.
Tai et al. fabricated MWCNTs-MoS2 NCs and used it as CE in DSSCs [203]. The synthesis of
the catalyst was carried out via simple blending of MoSz2and MWCNTSs into an acidic solution
followed by the transformation of the compact intermediate into MWCNT-MoS2 NCs at an
elevated temperature of 650°C in hydrogen flow. The prepared CE revealed an enhanced
efficiency of 6.45%, analogous to the 6.41% shown by Pt CE. Recently, Theerthagiri et al. [204]
developed flower-like MoS, microspheres by using hydrothermal technique that was subsequently
mixed with different carbon based materials in order to increase their conductivity. An efficiency as
high as 3.17% was reached with the carbon nanofibers based CE, followed by the one based on

MWCNTSs (3.08%). Theerthagiri et al. [205] also suggested NiS-MWCNTSs composite could also be

used as cost-effective CE for the fabrication of Pt-free DSSCs.



Recently, Maiaugree et al. decorated Ni;S, over MWCNTSs and coated over FTO by hydrothermal
procedure. The CE delivered an efficiency of 7.48%, which was even higher than Pt based CE. This
was attributed to the increase in active surface area for triiodide reduction and decrease in charge
transfer resistance [206]. Lu et al. [207] prepared various DSSCs CE materials, namely Pt, Ni;S,,
MWCNTSs Ni;S,/MWCNTSs composite, through hydrothermal method and subsequently analyzed their
performance (see Fig. 15). The highest PCE of 6.87% was achieved with the Ni;S,/MWCNTSs

composite. This value resulted to be higher than the ones obtained with MWCNTSs and Ni;S; electrodes

taken individually and almost equivalent to the one attained with Pt based CE.

—O— Pt
—0— NiS, 10
—&— MWCNT

30 —o— NiS,/NWCNT-NC

il mA cm?
=3
Jy. | Acm?®

—o— Pt
—o— NiS,

—a— MWCNT
—o— Ni,S, IMWCNT-NC

3 " i L 3
08 -06 -04 02 00 02 04 06 08 10 20 30 40 50 60 70 0 01 02 03 04 05 06 07 08
E/Vvs. Pt Z'/ ohm EIV

Fig. 15. HR-TEM images of un-annealed (a and b), and annealed (c and d) NizS2/MWCNT-
NCs, CV curves of I2/13” system (e), Nyquist plots (f), J-V curves (g) of the symmetrical DSSCs
assembled with the various CEs. (Reproduced with the permission from Ref. [207], Copyright

2014 Elsevier)

VS2/CNTs NCs were employed as CE for DSSCs by Yue etal. [199]. An in situ hydrothermal
technique was used for the fabrication of the composite material and doctor blading technique
for coating the material over FTO. A promising PCE of 8.02%, far higher than that obtained
by using a Pt based CE (6.49%), was achieved because of high catalytic activity at the

electrode-electrolyte interface. Tai et al. [208] synthesized NCs constituted of carbon
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nanotubes and cobalt sulfide in two different forms, i.e. CNT@Co09Ssand CNT@Co0S:1.097. Both
of the forms were prepared on a conducting glass substrate with the help of simple and
straightforward spray coating technique and then annealed in nitrogen atmosphere at 400°C
and 600°C, respectively. Despite its comparatively lower surface area, the CNT@ Co9Ss CE
displayed improved electrocatalytic performance as compared to CNT@Co0S1.097based CE. As
aresult, CNT@CogSg CE based DSSCs exhibited a noticeable efficiency of 7.78%, which was

greater than that obtained with CNT@ Co0S1.097 NC CEbased (7.29%) and Ptbased CE (7.46%).

Memon et al. [200] also prepared a BizS3-MWCNTSs composite based CEs by tape casting over
FTO substrate and employed it in quasi-solid state DSSCs. The heteromaterials were mixed in
different ratios and a highest PCE of 8.24%, comparable to that achieved with Pt CE (8.47%),
was obtained when MWCNTSs were kept at 0.8 wt%. Peter et al. [209] synthesized Sh2S3
nanorods-MWCNTs composite materials by using microwave irradiation method. They were
utilized as CE in DSSCs and a remarkable efficiency of 5.02% was achieved when the
composite contained 30 mg MWCNTSs. The efficiency was comparable to that of Pt based CE,
which was due to the faster reaction Kinetics and stronger electro catalytic behavior as revealed
by Tafel and EIS analysis. Furthermore, CuS-MWCNTs composite in different ratios were
prepared by Zhang et al. and deposited over FTO to be used as CEs in quasi-solid state DSSCs.
A maximum PCE of 5.254% higher than that achieved with Pt (PCE~2.680%) was observed
when CuS content was kept at 100 wt%. The better PCE of the above mentioned electrode with
respect to the standard Pt based one was attributed to its greater catalytic activity and lower
charge transfer resistance [210]. Similarly, Lin et al. [211] prepared a CoS-MWCNTSs
composite based CE for application in DSSCs. MWCNTSs were oxidized and deposited over
FTO through electrophoresis followed by cathodic deposition of CoS (see Fig. 16). The DSSC
made with such CE delivered an efficiency of 6.96%, which was higher than the one achieved

in presence of a Pt-sputtered CE (5.99%).

46


mailto:CNT@CoS1.097
mailto:CNT@CoS1.097
mailto:CNT@CoS1.097

—O0— Sputter Pt
—O— MWONT
—0— (oS

0 CeSMWONT

00 0.1 02 03 04 05 06 07 08 -10 08 06 04 02 00 02 04 06 08 10
EIV E/V vs. Pt

Fig. 16. SEM images of various thin film materials a) Sputtered Pt, b) MWCNTSs, c¢) CoS, and
d) CoS/MWCNT, e) J-V characteristics, and f) CV at a scan rate of 10 mVs™. (Reproduced

with the permission from Ref. [211] Copyright 2011 Elsevier)

Beside sulfides, transition metal oxides are also used as CEs. Mehmood et al. synthesized
MWCNTs-TiO2 NC in which TiO2 acted as binder while MWCNTS provided catalytic activity.
They obtained an efficiency of 8.81 % when the concentration of MWCNTS in the composite
was increased to 4%. The results were found comparable to Pt (9.40%) [212]. Recently,
compounds that were rarely investigated such as La2O3 were employed as CE layer for DSSCs
in combination with MWCNTSs. Wu et al. prepared various La20O3-MWCNTSs based NCs and
employed them in DSSCs as CE. La203 was synthesized through solid phase reaction followed
by mixing with MWCNTSs in different ratios, i.e. 5:1, 3:1 and 1:1, by ball milling. The as-
obtained composite was finally spray coated over FTO substrate and a maximum PCE of 5.20%
was achieved when the La2O3-MWCNTS ratio was kept at 5:1. The PCE of all the prepared
composites was higher than the one showed by the Pt based electrode (4.54%) [213]. The

synthesis of a CE based on the composite of MWCNTs and NiO using a hydrothermal method
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was performed by Al-bahrani et al. [214] (see Fig. 17). The NiO nano filament (NF) coated on
the MWCNTSs was verified through various structural and morphological techniques. The NiO-
NF/MWCNTs composite showed high catalytic activity because of high surface area and low
charge transfer resistance at the interface between the CE and the electrolyte. A PCE of 7.63%

was achieved, which is higher than showed by the Pt (6.72%) when employed as CE in DSSCs.
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Fig. 17. Schematic illustration of the preparation of NiO-NF/MWCNT CE (a), SEM (b) and
TEM (c) Images of NiO-NF/MWCNT composite, J-V characteristics of the various CEs (d).
(Reproduced with the permission from Ref [214], Copyright 2015 Elsevier)

Singh etal. prepared Ni?* enriched NiO and Ni,S;-MWCNTs NCs using hydrothermal technique and

utilized them as CE in DSSCs. They obtained better efficiency for NiO based composite having an

efficiency of 3.80% among all other electrodes, which was found comparable to Pt. This was attributed
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to the presence of higher content of Ni?* ions as well as greater surface area of 286.10 m?/g which

provided more active sites to the reduction of electrolyte and thus improved efficiency [215].

Metal sulfides and oxide possess low inherent electrical conductivity and two-fixed chemical
composition. To overcome these problems researchers tried to synthesize multinary transition
metal chalcogenides by adjusting component elements, engineering morphology, and structure
designing. Therefore, Saravanakumar et al. prepared thiospinal like nickel tin sulfide
(NixSn2xS4x) composited with MWCNTSs by hydrothermal as well as co-precipitation method
to form CEs for DSSCs. An efficiency of 4.76% was achieved for hydrothermally synthesized
MWCNTSs containing 20 wt. % MWCNTSs. The efficiency was comparable to that of Pt, which
was attributed to the rapid charge transfer at the electrode/electrolyte interface due to the
presence of MWCNTSs in the composite sample [216]. Similarly, Yue et al. prepared hedgehog
ball structure Moln2S4-MWCNTSs composites using hydrothermal technique and utilized them
as CE in DSSCs. A high efficiency of 8.38% was achieved for the composite containing 20 mg
MWCNTSs. The efficiency was higher than Pt based CE, which was attributed to high specific
surface area of the composite sample and low charge transfer resistance that enhanced the
electrocatalytic activity [217]. Likewise, in another work Di et al. synthesized NiCoP-
MWCNTs composite using hydrothermal method followed by phosphorization. Different mass
dosages of Ni#*and Co?*were used but their ratio was kept to 1:1. The best efficiency of 7.24%
was achieved when the mass dosage used was 15 mM. The efficiency was higher than Pt

electrode, which was attributed to the synergistic effects of both components. [218]

Polyoxometalates (POMSs) covers a class of molecular clusters of transition metal oxides of V.
Mo, W, Coetc. they possess well defined structures and can undergo multi-electron reduction
with little modification in structure, therefore are regraded as remarkable active materials in
catalysis. Wang et al. have thus prepared a number of structurally and functionally robust

POMS/CNTs composites including PMo12-CNTs, P2Mo018-CNTs. PW12-CNTs, P2W18-
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CNTs and Co4PW9-CNTs. They were achieved by Nano patterning various POMSs on the
surface of CNTSs through a simple ultrasonic driving mechanism. They achieved remarkable
efficiency of 7.60% for Co4PW9-CNTs, which was higher than Pt electrode. This was
attributed to the synergistic effect of CNTs conductivity and POMs electrocatalytic ability. The

CEs show remarkable cycling stability with almost no decay after 34 days.[219]

Similarly, carbon nanotube aerogel (CAN) and CoS: nanoparticle based hybrid CE was
prepared by Liu et al. This novel CAN-CoS2 CE showed a high PCE 8.92% than the
conventional Pt based CE 7.32% because of the fast ion diffusion and electron transport [220].
In a very interesting work, Lee et al. synthesized MWCNTs and SWCNTs based CEs for
DSSCs starting from a powder of CNTs mixed with PtCls solution and an electrolyte [221]. To
increase the total conversion efficiency, CNTs were incorporated into the treated PtCls
electrode and into the electrolyte. The highest efficiency value of 4.36% was attained with the
MWCNTSs electrode. The SWCNTs and MWCNTSs based films were prepared through arc

discharge and chemical vapor deposition methods, respectively.

Tab. 3 reports the main characteristics and the photovoltaic performance of DSSCs fabricated

with CNTs-transition metal compounds composites based CEs.
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Tab. 3. Main features and photovoltaic performance of DSSCs assembled with Transition metal compound-CNTs based CEs.

Redox

PCE

PCE vs

No. CE Material Deposition method Photoanode  Sensitizer couple (%) Pt (%) Ref.
WS, 5.32

1  MWCNTSs Doctor blading TiO, N719 Pyl 4.34 7.54 [197]
(G-A)WS,-MWCNTSs 7.36
VS, . . - 6.49

2 VS,-CNTs Doctor blading TiO, N719 1571 8.02 6.49 [199]
Bi,S; 451

3  MWCNTs Tape casting method TiO, N719 I/ 6.82 8.47 [200]
Bi,S;-MWCNTS (0.8) 8.24
MoS, 4.99

4  MWCNTs Drop casting TiO, N719 I/ 3.53 6.41 [203]
MWCNTs-MoS, 6.45
Ni;S; 6.21

5 FMWCNTs - TiO, N719 I/ 1.66 7.24 [206]
NizS,-MWCNTSs 7.48
Ni,S; 577

6 MWCNTs Doctor blading TiO, N719 Fylh 3.76 7.24 [207]
Ni,S3-MWCNTSs 6.87
MWCNTSs-C0S; 497 . . " 7.29

7 MWCNTs-C0,Ss Spray coating TiO, N719 15/l 778 7.46 [208]
CoS 6.96

8 MWCNTs Electrophoresis and electrodeposition TiO; N719 I/ 291 5.99 [211]
CoS-MWCNTSs 5.86
TiO2 . " 0.10

9 Tio2-MWCNTSs-2% - Tio, N3 it 753 939 [212]
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10

11

13

15

16

17

19

TiO2-MWCNTs-4%
TiO2-MWCNTs-6%

La,03
MWCNTSs
La,0s-MWCNTSs (5:1)

MWCNTSs

Ni3S2
Ni3S2-MWCNTs
NiO
NiO-MWCNTSs

MWCNTSs
NiO-NF-MWCNTSs

MWCNTSs

M0|n284
Moln,S,-MWCNTs-10
Moln,S,;-MWCNTSs-20
Moln,S,-MWCNTs-30

NiCoP
NiCoP-MWCNTSs-5
NiCoP-MWCNTSs-10
NiCoP-MWCNTs-15
NiCoP-MWCNTSs-20

CNTs
PW,,-CNTs
PMo,,-CNTs
P2W18'CNTS
PzMOlg'CNTS
Co,PW,-CNTs.

CAN-CoS,
CAN

Spray coating

Doctor blade technique

Doctor blading

Hydrothermally grown over FTO

Doctor blade technique

Drop casting technique

Hydrothermal & direct
pasting

TiO;

TiO,

TiO,

TiO,

TiO,

TiO,

TiO,

N719

N719

N719

N719

N719

N719

N719

I/

(Fylh

(Fylh

Pyl

|3-/|_

(Fylh

Pyl

8.81
6.56

0.77
3.94
5.20

2.80
0.46
3.74
0.75
3.80

4.87
7.63

3.62
7.44
8.16
8.38
8.31

4.71
6.64
6.94
7.24
7.09

5.74
6.57
6.93
6.37
6.49
7.60

8.92
8.28

4.54

3.90

6.72

8.01

7.12

6.59

7.32

[213]

[215]

[214]

[217]

[218]

[219]

[220]
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3.4 Doped and metal coated CNTs based CEs

CNTsare one of the most important and easily available dopable material for the manufacturing
of CEs for DSSCs, and different heteroatoms can be used for their doping. Heteroatom doping
results in lattice distortion and charge redistribution in the conjugated carbon matrix, as they
possess different electronegativity and atomic sizes. They do not only enhance intrinsic activity
of CNTs but also increases the number of active sites. The most common doped heteroatom in
CNTs is nitrogen (N) followed by boron (B). N-doped CNTSs are extensively investigated as
CE in DSSCs while some literature on B- aswell as O-doping is also present. The incorporation
of N heteroatoms in CNTs results in the production of more active sites for the catalysis of
redox couple due to the presence of lone pair over N atoms, which is incorporated in the large
n-conjugated system. Because of electronegativity difference, polarization is induced in CNTs
structure, which results in increased electrical conductivity. Lee et al. [222] prepared arrays of
vertically aligned N-doped MWCNTS, which were readily transferred to glass substrates. The
efficiency obtained from above CE based DSSC was 7.04%, slightly lower to the PCE by the
Pt based CE (7.34%). This outstanding performance was attributed to the vertical alignment,
which provides large surface area and straight path for electron transfer and ion diffusion, and

to the electron rich N-doping that increases the active sites as well as the conductivity.

N-doped CNTs are also used to form complex hybrids with other metals as well as carbon
materials. The efficiency achieved with such materials is sufficiently large due to synergistic
effect, large surface area, and unique structures. Zheng et al. prepared Pod-like N-doped CNTs
with encapsulated FeNi alloy NPs through direct pyrolysis of NizFe(CN)s in inert atmosphere.
CEs attained by this process are environmental friendly, non-toxic, in-expensive and extremely
competent [223]. The Pod(N)-FeNi catalyst demonstrated excellent electrocatalytic activity,
low peak separation among the anodic and cathodic peaks, low charge diffusion resistance,

higher exchange current density, and enhanced electrochemical stability under extended

53



cycling with respect to that of sputtered Pt electrode. The DSSCs employing the Pod(N)-FeNi
as the CE showed an overall PCE of 8.82%, higher than that of the sputtered Pt CE (8.01%)
(See Fig. 18). The incapsulated FeNi NPs themselves did not show good catalytic activity,
therefore, other metals that are able to interact differently with CNTs have been explored. They
further incorporated Ni and Co NPs into N-doped MWCNTs, which revealed good
electrocatalytic performance and made possible to achieve efficiencies in DSSC up to 8.39 and

7.75%, respectively which were higher than Pt sputtered electrode [224].
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Fig. 18. SEM image (a), TEM image (b) of the Pod (N)-FeNi (inset: HRTEM image of the
FeNialloy nanoparticle), TEM images (c) and elemental mapping of Fe (d) and Ni (e) elements
in the metal NPs in boxed area of (c), Sequential cyclic voltammograms for Pod(N)-FeNi (f)
and d sputtered Pt CEs (g), J-V curves of the DSSCs assembled with different CEs.

(Reproduced with the permission from Ref. [223], Copyright 2014 Wiley-VCH )

Arbab et al. [225] synthesized organic N-doped MWCNTSs using an organic compound cationic
Bovine Serum Albumin (cBSA) protein complex, which upon cationization releases huge

number of activated nitrogen acting as a dopant source. The prepared material, when used as
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CE in DSSCs, gave apromising PCE of 9.55%, comparable to the one exhibited by the Pt based
CE (9.89%). This performance was attributed to the charge polarization due to the
electronegativity difference and to the structural strain caused by the presence of the organic
compound. Wang et al. [226] prepared multi metal (Co-Fe-Ni-Mo) incorporated N-doped
MWCNTSs by using polyoxometalates (POM)-intercalated layered double hydroxide pyrolysis
method. They first synthesized CoFe-NiMos intercalated material that was subsequently mixed
with dicyandiamide (DCA) acting as both carbon and nitrogen source for producing N -doped
MWCNTSs. They varied the DCA/CoFe-NiMog mass ratio and annealed the mixture at various
temperatures and for different times. When DCA and CoFe-NiMoe precursors were pyrolyzed
at 800 °C for 5 h at a mass ratio of 6 or 7, hierarchical architectures were observed, in which
2D carbon layer and 1D CNTs sufficiently interconnected. At a higher mass ratio of 8, the
hybrid consisted of nanotubes entirely, increasing active surface area. With further enhancing
the mass ratio to 9 or 10, completely covered nanotubes gradually disappeared. The CEs for
DSSCs were prepared by screen printing technique. A PCE of 6.46%, higher than that shown
by Pt based electrode (6.05%), was obtained when using the film annealed to 800 °C for 5 h

with a DCA/CoFe-NiMos mass ratio of 8.

Ou et al. [227] embedded Co NPsin N-doped MWCNTSs by using one-step pyrolysis of ZIF-
67 metal organic framework (MOF) under hydrogen atmosphere (see Fig. 19). The composite
was then spin coated over FTO and the as-obtained film was applied as a CE in a DSSC
studying the effect of annealing temperature over its PCE. An efficiency of 8.18%, which was
higher than that exhibited by a standard Pt based CE (7.54%), was attained when the film was
annealed at 800 °C. This was attributed to the presence of a large number of Co NPsand N-
doped atoms in the MWCNTS structure that provide greater active sites for catalytic activity.
The efficiency decreased as the temperature was increased to 900 °C because of the aggregation

of MWCNTSs and loss of N-doped atoms.

55



(a)
pyrolysis
s

’

’
N ’ -~
S ’

Counter electrode

. f
Ve i (€)% [ co@ncnT-700 oxa  OxB (f)
S 45 Ermmmmmm——II—N. & Co@NCNT-800 X
mmm«m‘“.:. B
T} vonereeity £ 2 Co@NCNT-300
.‘z’ —~—
> . Pt " z
G g[ + CO@NCNT-700 th 2
§ [ . Co@NCNT-800 “ SO0
= gl + Co@NCNT900 ; £
3 s} $ 3 2}
L | i Red-A
01 02 03 04 05 06 07 08 06 -03 00 03 06
Voltage / V Potential / V

Fig. 19. Schematic diagram of fabrication process of CO@NCNT CE materials for DSSCs (a),
SEM image of ZIF-67 (b), SEM and (c) TEM (d) images of Co@ NCNT-800, J-V curves of
DSSCs assembled with Co@NCNT and Pt CEs () CV curves at a scan rate of 50 mV s

(Reproduced with the permission from the Ref. [227], Copyright 2018 Elsevier)

Imbrogno et al. [228] used KrF-laser deposition technique for the preparation of MWCNTSs
decorated with Co-NiNPs to be used as CEs for DSSC. The efficiency of the developed CEs
varied with varying the number of laser ablation pulses (NLp) (500-60000) due to the different
structure, surface roughness and coverage of Co-NiNPsformed over MWCNTS. An optimum

PCE of 6.68%, that was better than both pristine MWCNTSs and Pt based DSSCs, was achieved
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at 40000 Nip. The Co-NiNPswere found to partially cover the MWCNTSs when Npp was lower
than 20000, while enhancing the Npp the coverage was complete and the surface roughness was
also increased. The Co-NiNPs layer exhibited a cauliflower-like highly porous structure over
MWCNTSs showing large surface area, which was lowered at a higher Nrp 0f 600000 due to the
coalescence of large aggregates. In addition, the work function of the electrode was found to
decrease from 4.8 eV of pristine MWCNTSs to 3.9 eV, which was an additional factor that

influenced the catalytic activity of the CE.

A complex hybrid constituted by ordered mesoporous carbon (OMC) showing a 3D ordered
carbon network for fast electron transport to the embedded NPsand 3D interconnected channel
for fast ion diffusion has been reported by Chen et al. [229]. The hybrid consisted of Ni-
encapsulated and N-doped MWCNTs pinned on N-doped ordered mesoporous carbon
(NOMC) by using a two-step strategy. They utilized these composite materials as CE for
DSSCs and obtained a maximum PCE of 8.39%. This noticeable photovoltaic performance
was attributed to the reduced particle size and shortened channel length of the NOMC that
facilitate ion diffusion along with highly interconnected 3D conductive network of Ni-N-doped
MWCNTSs that accelerate electron transport. In another work, Mehmood et al. [230] prepared
a Ni impregnated MWCNTSs composite using tape casting technique and TiO2 as binder to be
utilized as CE for DSSCs. A PCE of 9.72%, higher than that exhibited by Pt based CE (8.85%),
was achieved when impregnating MWCNTSs with 3% Ni. This was attributed to the highest
surface area of 180.85 m?/g and greater number of active sites shown by the 3% Ni composite
that led to a lower charge transfer resistance as evidenced by EIS analysis. The morphology of
highly interconnected MWCNTSs with little or no damage to the tubes after impregnation and
the uniform distribution of Ni over MWCNTSs also played an important role in the higher
efficiency. Chen etal. [231] synthesized Niencapsulated N-doped MWCNTSs by facile thermal

decomposition method and evaluated them as CE material in DSSCs (see Fig. 20). An
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efficiency of 8.94%, which was higher than the one delivered by Pt based CE (7.53%), was
obtained and attributed to the homogeneously distributed Ni-C interfaces, porous structure with

various defects, good electrical conductivity as well as corrosion resistance.
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Fig. 20. Schematic illustration of mechanism of synthesis for preparation of Ni- and N-doped-
CNT (a), Schematic layout of electrocatalytic activity of the Ni-NCNT CE(b), J-V curves of
NIiNC-x (c), YNI-NCNTs (d) and reference-CE-based DSSCs (d). (Reproduced with the

permission from Ref. [231], Copyright 2017 American Chemical Society).

In addition to metal incorporated N-doped MWCNTSs, some researchers have made their
hybrids with porous carbon materials as well. Usually they use metal organic framework

(MOF) to form these complexes; this strategy allows preparing materials that show
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homogenous distribution, a strong interaction between carbon skeleton and metal NPs, and a
large number of available active sites. MOFs possess a strong covalent bond between the
central metal ion and the organic ligand and an open crystalline framework with high porosity
and surface area. After mixing with MOFs precursors, the material is usually pyrolyzed at high
temperature in inert atmosphere to form a carbon skeleton with high conductivity and a porous
structure with vast surface area for catalytic activity. The use of direct carbonization method
for the formation of MOFs based hybrid composites mostly causes agglomeration of either NPs
or carbon material which decreases active surface area and hence the efficiency. In addition,
the NPs do not form an effective network, which hinder the charge transport process. The
formation of 1D nanomaterials using MOFs template is difficult to achieve mainly due to the
preference to form polyhedron but is desirable due to shorter diffusion length and easily

accessible surface area.

Template assisted strategy to form 1D nanomaterial by using MOFs template is reported by Li
et al. they prepared nitrogen doped porous carbon which are coated over hollow CoSe NPs
pinned over N-doped MWCNT by using polypyrrole assisted ZIF-67 template. The efficiency
achieved with the material used as CE was reported to be 7.58% that was higher than Pt based
CE (7.27%). This was attributed to the large number of active sites available for triiodide
reduction in the form of CoSe N-doped porous carbon NPs. In addition, the metal nitrogen
bond facilitate electron transfer from carbon to the active sites that benefits electrocatalytic
activity [232]. Recently, Huang et al. [233] used ZIF-67 as template to form CoTe2 NPs
encapsulated in N-doped CNTs-grafted polyhedron (see Fig. 21). When utilized as CE in
DSSC, the material delivered an efficiency of 9.02%, which was higher than that exhibited by
Pt based CE (8.03%). This was attributed to the synergistic effect between CoTe2 NPs and N-

doped CNTs in addition to the unique polyhedron structure with high surface area.
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Fig. 21. Schematic of synthesis protocol of the CoTe2@NCNTs and CoTe2@NGC (a), SEM
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i) of CoTe2@NCNTSs, J-V Characteristics Curves (j), and Nyquist plots for the symmetrical
cells fabricated with different CEs (k). (Reproduced with permission form Ref. [233],

Copyright 2019 Elsevier).

Beside nitrogen, other heteroatoms are commonly used to dope CNTs. Among them, Boron
with deficiency of an electron is prominent, as it enables to modify the chemically inert sp?
carbon structure, thus resulting in a large number of free-flowing = electrons. Leu et al.
synthesized B-doped MWCNTs and drop casted them on FTO slices to prepare CEs for the
fabrication of DSSCs. They annealed the prepared CEs at different temperatures and the highest
PCE of 7.91% was achieved at 500°C. The achieved efficiency, is comparable to the one
delivered by the counterpart Pt based electrode (8.03%) [234]. Similarly, Yeh et al. prepared
B-doped MWCNTSs based electrodes using various concentrations of Borons and used them as

CE for DSSCs. The highest PCE of 7.17%, comparable to that showed by the Pt based electrode
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(7.98%) was obtained when the doping concentration was 0.04% and attributed to the higher

catalytic activity and conductivity [235].

In addition to B- and N-doped MWCNTSs, oxygen (O)-doped CNTs have also been recently
investigated. The research is limited because O-doping may lower the electrical conductivity
of CNTsthat is unfavorable for the electrochemical process. However, O-doping displays other
advantages, such as increasing defects in the structure, enhancing polarity and producing a
redistributed electronic structure. Recently Hong et al. investigated the effect of O-doped
MWCNTs as CE in DSSCs both experimentally and theoretically [236]. The O-doped
MWCNTSs were prepared by simple oxygen plasma treatment. Argon (A) plasma treated CNTs
were also synthesized for comparison and delivered a lower efficiency. The DSSC, which was
assembled using CE made of O-doped MWCNTSs, achieved PCE of 8.35%, better than that
exhibited by Pt based CE (8.04%). This was attributed to the increased number of edge sites,

open ends due to plasma treatment, and activated sidewalls due to introduced O species.

The doping of CNTs with different heteroatoms and the formation of complexes with metal
NPs and other porous carbon structures have proved to be effective strategies for the
development of DSSC CEs alternative to Pt. Various hybrids materials were prepared
incorporating metal NPs in doped CNTs, and such materials have exhibited higher efficiencies
than Pt. Beside this, the combination of metal NPs incorporated N-doped CNTs and organic
porous carbon structures to form complex hybrids also provided higher efficiencies due to
lower charge transfer resistance (Rct) and diffusion resistance (Zn). O-doped MWCNTS have
shown exceptional performance, however, limited work has been done on such dopant
materials. Tab. 4 summarizes the main characteristics and the photovoltaic performance of

DSSCs fabricated with doped CNTSs based CEs.
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Tab. 4. Main characteristics and photovoltaic performance of DSSCs fabricated with doped CEs

Redox

PCE

PCE vs

No. CE Material Deposition method Photoanode  Sensitizer couple (%) Pt (%) Ref.
NMWCNTSs 4.87

1 Pod-Fe Spray coating TiO; N719 I5/1° 6.12 8.01 [223]
NMWCNTs-FeNi 8.82
NMWCNT-Co . . n- 71.75

2 NMWCNT-Ni Spray coating TiO, N719 1571 8.39 7.67 [224]
CoFeNiMo@NCNT-800-6-5 5.76
CoFeNiMo@NCNT-800-7-5 6.30

3 CoFeNiMo@NCNT-800-8-5 Screen printing TiO; N719 I5/1° 6.46 6.05 [226]
CoFeNiMo@NCNT-800-9-5 6.12
CoFeNiMo@NCNT-800-10-5 5.59
NMWCNT-Co-700 7.92

4  NMWCNT-Co-800 Spin coating TiO; N719 I5/IF 8.18 7.54 [227]
NMWCNT-Co-900 7.22
NOMC 6.59
Ni-N-doped MWCNTSs 6.20
NOMC-Ni-N-doped MWCNTSs-2 . . . 7.31

5 NOMC-Ni-N-doped MWCNTs-4 Doctor blading TiO, N719 57/l 794 7.60 [229]
NOMC-Ni-N-doped MWCNTSs-8 8,39
NOMC-Ni-N-doped MWCNTSs-12 7.71
MWCNTSs 7.31
Ni-MWCNTSs (1%) 9.04

6 Ni-MWCNTSs (3%) Tape casting TiO, N3 I5/1° 9.72 8.85 [230]
Ni-MWCNTSs (5%) 8.84
Ni-MWCNTSs (7%) 8.06

7 NMWCNTSs Direct coating TiO, N719 I5/1IF 4.24 7.53 [231]

62



10

11

12

13

NMWCNTSs-Ni

CoSe-N-Porous-C-NMWCNT (small NPs)
CoSe-N-Porous-C-NMWCNT (large NPs)

CoSe-N-Porous C
NMWCNT

CoTe,
NMWCNT
CoTe,-NMWCNT

MWCNTSs (400°C)

BMWCNTs(300°C)
BMWCNTs(400°C)
BMWCNTs(450°C)
BMWCNTs(500°C)

MWCNTS

BMWCNTSs (0.40 %)
BMWCNTSs (2.09 %)
BMWCNTS (3.38 %)
BMWCNTS (3.92 %)

MWCNTSs
Ar-P-MWCNTSs
O-P-MWCNTs

MWCNTSs

ACMWCNTSs-0.4%
ACMWCNTSs-0.8%
ACMWCNTSs-1.6%
ACMWCNTSs-3.2%

Doctor blading

Spin coating

Drop casting

Drop coating

Doctor blading

Tape casting

TiO,

TiO,

TiO,

TiO,

TiO,

TiO,

N719

N719

N719

N719

N719

D719

I/

I57/1IF

1571

|3-/|-

|3-/|-

|3_/|_

8.94

7.58
6.60
5.88
3.96

7.19
6.18
9.02

6.02
5.01
6.53
7.21
7.91

5.98
7.17
6.86
6.78
6.37

7.29
7.59
8.35

7.16
8.82
10.05
9.52
7.81

7.27

8.03

8.03

7.98

8.04

9.30
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[236]

[237]

63



3.5 CEs based on hybrid materials

CNTs can be used in pristine as well as in combination with other materials to form hybrid
CEs. The composite of CNTs with organic and inorganic materials is a useful strategy, as each
component material possesses both weaknesses and strengths. In combination, the individual
properties may combine and thus structures can be achieved showing synergistic properties
leading to remarkable efficiencies. Beside this, the combination of CNTs with various carbon
nanomaterials particularly graphene related materials have also been an interesting option for
CEs. CNTs possess the advantage of fast electron transfer due to the ballistic and diffusive
transport as their tubular structure make the electron easily available for iodide reduction and
can reduce electrolyte diffusion resistance. While graphene show a flat surface that favor

electrode-electrolyte contact, thus promote faster diffusion of ions (see Fig. 22).
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Fig. 22. Schematic representation of charge transfer mechanism in hybrid CE materials based
on 1D and 2D matrix materials. (Reproduced with permission from Ref. [238], Copyright 2010

American Chemical Society).

CNTs and Graphene combination would lead to the formation of a highly interconnected
structure. Both of them contribute to faster electron and ion transfer in addition to better

electrode-electrolyte contact because of lower values for both Rct and Zn. In addition, graphene
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usually suffers from the problem of restacking due to strong m-m interactions that are prevented

by incorporating CNTs in their structure in addition to the use of surfactant [97, 238].

Hybrid electrodes show a number of benefits compared to the CEs made of graphene or Pt
because of lower internal resistance and higher charge transport rate. A 3D graphene-SWCNTs
aerogels CE was developed and a remarkably high PCE~10.56% was achieved which reached
amaxima of 10.69% in the stability test when a mirror was placed under the cell. In the absence
of mirror, the device delivered PCE~ 9.24%. This attributes to the 3D structure with huge
number of active sites, better conductivity, faster electron, and ion diffusion. In addition, the
incorporation of SWCNTSs decreases agglomeration of rGO and therefore the specific surface
area of rGO increases from 271.27 m?g! to 325.81 nm?g! [239]. Similarly, a hybrid material
consisting of MWCNTs and graphene was prepared through solution based method and
employed as a CE, leading to an overall device PCE of 4.66% [240]. Furthermore in another
work reported by Kumar et al. [241] a CE was prepared for DSSCs based on graphene
nanosheets infused with MWCNTSs paste and coated them on glass micro slides using 3-
Aminopropyl triethoxysilane (APTES). The CE delivered an efficiency of 3.08 % while
pristine graphene-CNT delivered an efficiency of 4.66% that was comparable to Pt. This was

attributed to the better conductivity of CNTs along graphene flakes and the uniqgue morphology.

It is already mentioned that N-doping can enhance the catalytic activity of graphene as well by
addition of extra electrons and induction of polarization. A 3D N-doped graphene/reduced
hydroxylated CNTs composite aerogel (NG/CNT-OH) was developed through a two-steps
hydrothermal reaction using hydroxylated CNTs (CNTs-OH) and graphene oxide (GO) as
reactants [242]. NG/CNT-OH composite aerogel exhibited good electrocatalytic performances
for I/13- redox couple, mainly attributed to its hierarchical porosity structure with large numbers
of exposed active edge sites, which provide the efficient pathways of electrons and ions

transport. The as prepared NG/CNT-OH composite aerogel was then compressed to form
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carbon paper and was used as flexible TCO-free CEs. The fabricated CEs showed excellent
carrier transport ability, high electrocatalytic activity, and exceptional mechanical flexibility.
The DSSCs assembled with the optimizezd NG/CNT-OH CE achieved a noticeable

PCE~6.36%, higher than that obtained by Pt based CE in similar conditions (PCE~5.74%).
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Fig. 23. Preparation protocol of NG/CNT-OH and NG/CNT-OH paper (a), SEM images of
NG/CNT-OH composite aerogel (b) and cross sectional image of NG/CNT-OH paper (c),
Digital images of NG/CNT-OH paper CE (d), Schematic illustration of inner structures of
NG/CNT-OH aerogel (e) and paper (f), J-V Characteristics curves (g). (Reproduced with the

permission from Ref. [242], Copyrights 2016 Elsevier).

Metal-based compounds possess great ability for reducing electrolyte but possess the limitation

of lower electrical conductivity. When these metal compounds are distributed over the
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graphene-CNT matrix than it will mitigate the lower intrinsic catalytic activity problem of
CNTs that will act as effective conductive network for transport of electrons and ions. Khan et
al. [243] decorated SnS2 nanoflakes over functionalized MWCNTSs and single crystal rGO. The
synthesized electrode delivered an efficiency of 8.7%, better than reference Pt CE. In another
work, Khan et al. [244] also prepared Co30O4decorated functionalized MWCNTSs entangled
with N-doped rGO, which delivered an efficiency of 8.42% that was higher than Pt based CE.
Recently, Zhang et al. synthesized sunflower like the one SrCo2S4 nanoflakes decorated over
functionalized MWCNTSs and nitrogen reduced GO. The material delivered an efficiency of

8.06% that was even better than Pt CE [245].

Such type of work was also conducted by Lin et al. who synthesized through a facile
electrophoretic deposition technique of a novel hybrid material by combining molybdenum
disulfide (MoS:2) and reduced graphene oxide NCs with CNTs (MoS2/rGO-CNTSs) and its
exploitation as a low cost CE [246]. The incorporation of CNTs conductive grids provided
extra pathways for electronic transportation, thus resulting in the increase of the charge transfer
rate at the CE/electrolyte interface and in a markedly enhanced electrocatalytic activity in the
hybrid electrode compared with that of MoS2/rGO alone. The DSSC assembled with the
MoS2/rGO-CNTs CE revealed a highest PCE of 7.46%, exceeding the PCE values measured

with DSSCs based on MoS2/rGO CE (6.82%) and on Pt CE (7.23%).

Because of the presence of conjugated double bonds, conducting polymers with 3D structures
possess higher electrocatalytic activity for the reduction of triiodide ions. Consequently, there
combination with CNTs-Graphene or metal compounds/CNTs will result in remarkable
efficiencies due to synergistic effects. Al-bahrani et al. [247] prepared a graphene nanosheets-
MWCNTs and polyaniline (GNS/MWCNT/PANI) rough and porous NCs via an in-situ
polymerization method and successfully applied as a low cost and highly efficient CE for

DSSCs using a spin coating (see Fig. 24). The combination of the greater intrinsic catalytic
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performance of PANI and excellent electrical conductivity of GNS/MWCNT led to a reduced
charge transfer resistance at the electrolyte/CE interface, along with the consequent increase of
both the catalytic activity as well as photovoltaic performance of the hybrid composite CE.
When incorporated in the DSSC, the GNS/MWCNT/PANI CE showed a noticeable PCE of

7.52% greater than that obtained with the Pt CE (6.69%) in similar conditions.
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Fig. 24. Synthesis protocols for graphene nanosheets GNS/CNT/PANI composite (a), TEM
images of PANI (b), CNT/PANI (c), GNS/PANI (d), and GNS/CNT/PANI (e), CV comparison
for Pt and GNS/CNT/PANI electrodes (f), EIS analysis of various CEs and equivalent circuit
(9). J-V curves of various CEs based devices (h). (Reproduced with the permission from Ref.

[247], Copyright 2014 Elsevier).

Likewise, in another work, Liu et al. prepared fiber shaped graphene/MWCNTSs hollow tube,
which was further functionalized with PANI. The composite when utilized as CE in DSSCs

delivered an efficiency of 4.20%, higher than bare Ptwire. This was attributed to the fast charge
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transport due to the covalently linked graphene-MWCNTSs fiber and to the synergistic effect of
the composite and PANI. The tube also showed good mechanical stability when bent at various
angles. This work may be further modified by using other polymers or active materials
decoration over the fiber [248]. Yue et al. prepared glucose and PEDOT: PSS assisted
SWCNTs-MoS2 composite based CEs using an in-situ hydrothermal method. A promising PCE

of about 8.14%, analogous to that shown by the Pt CE (7.78%), was achieved [249].

The film thickness noticeably affects the owverall performance of the cell. In particular, an
increase in the film thickness leads to the rise of the overall device efficiency, due to the
simultaneous increase of fill factor, voltage, and current density. Al-bahrani et al. synthesized
rGO-MWCNTs-NIO NC CE that delivered an efficiency of 8.13%, higher than all other
electrodes. The efficiency increased with increasing film thickness and maxima was achieved
at 12.32 pm thick film [250]. The remarkable performance of these materials were attributed
to the presence of metal based nanomaterials over graphene-CNTs, which provide greater
number of active sites and better electrical conductivity and electrode electrolyte contact, which
reduce charge transfer and ion diffusion resistance. This increases the electrocatalytic activity

of these materials towards triiodide.

Metal oxide particles, in combination with MWCNTSs and polymer composite are also used as
CE materials for DSSCs. Xiao et al. carried out the synthesis of a MWCNT and PANI/cobalt
sutfide (PANI/MWCNT@Co0S1.097) NC via drop casting techniqgue followed by in situ
electropolymerization on FTO glass substrate (see Fig. 25). The prepared electrode displayed
an enhanced electrocatalytic activity compared to PANI and MWCNT@Co0S1.097, When
employed as a metal free CE for DSSCs [251]. This can probably be attributed to the high
intrinsic  electrocatalytic activity of MWCNT@Co0S1.097 and to its increased adhesion to the
FTO glass substrate guaranteed by the conducting PANI. Furthermore, the DSSC based on the

PANI/MWCNT@Co0S1.097 CE achieved an enhanced efficiency of 7.02% with great chemical
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and electrochemical stability, which is close to that of the DSSC with Pt CE (7.16%) and higher

than those of the DSSCs using PANI (6.06%) and MWCNT@ Co0S1.007 CES (5.54%).
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Fig. 25. SEM images of the FTO substrate (a), PANI (b), MWCNT@Co0S1.097 (C), and
PANI/MWCNT@Co0S1.097 (d). Schematic illustration for electrocatalytic mechanisms in PANI
(), MWCNT@Co0S1.097 (f), and PANI/MWCNT@C0S1.097 (g). Cyclic voltammetry (h),
Nyquist plots (i), and J-V characteristics of DSSCs (j) based on various CEs. (Reproduced with

the permission from Ref. [251], Copyright 2014 Elsevier).

Instead of using combination of graphene and CNTs, a layer-by-layer formation is also
employed as CE in DSSCs. Ma et al. synthesized a bilayer rGO-ACNT CEs with the assistance
of different surfactants. The first layer deposited was consisted of ACNT while the second layer
was of rGO. The aggregation of rGO was inhibited by the use of different surfactants namely
Triton X-100, SDBS and cetylpyridinium chloride (CPC), out of which CPC functionalized

rGO showed better performance (PCE~3.9%). This was attributed to the uniform coating of
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rGO achieved over ACNT with the help of CPC which lead to decrease in Rct and Zn [252].
Similarly, Wahyuono et al. also prepared bilayer CE consisting of MWCNT layer deposited
over graphene layer using a simple double self-assembly procedure. The film was then
annealed under N2 atmosphere that enhanced conductivity as well as catalytic activity of the
electrode. The graphene-MWCNT annealed CE provided PCE of 4.1 % that was much better
than Ptbased CE as well as CEs in which graphene and MWCNTSs are only used. The annealing
results in surface roughness of both graphene and MWCNTSs and increases the surface area that
results in great catalytic activity of the composite. These CEs are also mechanically stable

which allows recycling without loss of performance [253].

In addition to the above discussed hybrid materials, MWCNTSs are also combined with other
carbon related compounds, such as graphite, carbon black, and mesoporous carbon. Zhang et
al. prepared CE using different carbon materials including MWOCNTSs, graphite, carbon black
and graphene. A PCE of 6.29% for the optimum mixture containing the above mentioned
carbon materials in the ratio 30:12:03:05. This was due to the fine morphology of the film and
high conductivity. When the hybrid formed was employed as flexible CE in DSSCs than still

a PCE of 4.32% was achieved [254].

Based on efficiency, stability, and cost aspects, this hybrid electrode can be regarded as a
suitable alternative material to Pt for the CE of DSSCs because of the synergistic effects of the
various components of such materials, which provide low charge transfer and ion diffusion
resistance and high electrocatalytic activity. Furthermore, conducting polymers when used in
combination with CNTs, graphene and metal compounds as CE for DSSCs, lead to higher
efficiencies than Pt. Tab. 5 summarizes the main characteristics and the photovoltaic

performance of DSSCs fabricated with hybrid CEs.
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Tab. 5. Main characteristics and photovoltaic performance of DSSCs fabricated with CNTs based hybrid CEs

. . . Redox PCE PCEvs

No. CE Material Deposition method Photoanode  Sensitizer couple (%) Pt (%) Ref.
rGO 7.25

1  rGO-SWCNT Drop coating TiO; N719 I/1F 9.24 7.64 [239]
rGO-SWCNT (mirror) 10.56
CNT 3.39
Graphene 0.0009

2 CNT-APTES Doctor blading TiO; N719 I5/1F 0.915 5.66 [241]
CNT-Graphene 4.66
CNT-Graphene-APTES 3.08
SnS; 5.4
FMWCNTSs 5.2
rGO . . e 6.3

3 SnS,-rGO Doctor blading TiO; N719 1571 6.1 7.9 [243]
SnS,-FMWCNTS 6.5
SnS,-FMWCNTSs-rGO 8.7
C030, 0.71
C0;0,-FMWCNTSs . . - 6.88

4 C0,04-N doped rGO Doctor blading TiO; N719 1571 7 95 7.81 [244]
C03;04,-FMWCNTSs-rGO 8.42
SrCo,S, 5.37

5 SrCo,S,-FMWCNTSs Tape casting TiO; N719 I5/1F 7.21 7.51 [245]
SrCo,S,-FMWCNTSs-N doped rGO 8.06
NiO 2,71
rGO . . - 6.77

6 NiO-rGO Doctor blading TiO, N719 1571 2 63 N.A [250]
NiO-rGO-MWCNTSs 8.13
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11

12

13

14

PANI

GNS/PANI
MWCNT/PANI
GNS/MWCNT/PANI

Graphene
Graphene-MWCNTSs
Graphene-MWCNTs-PANI

MWCNTSs-MoS;
(G-A)MWCNTs-MoS,
(G-P-A)MWCNTs-MoS;

PANI
MWCNTSs-CoS; 97
PANI-MWCNTSs-Co0S; g97

ACNT

ACNT-rGO
ACNT-rGO-CPC
ACNT-rGO-Triton X-100
ACNT-rGO-SDBS

Graphite-carbon black

Graphite-carbon black-MWCNTSs
Graphite-carbon black-Graphene
Graphite-carbon black-Graphene-

MWCNTSs

MWCNTSs
Graphene
MWCNTs-Graphene

Graphitic-C3N,
MWCNTSs
Graphitic-C3N,-MWCNTS

Spin coating

Fiber

Doctor blading
Drop casting &

electropolymerization

Spray coating

Doctor blading

Spray coating

Doctor blading

TiO,

TiO,

TiO,

TiO,

TiO,

TiO,

CdS

TiO,

N719

N719

N719

N719

N719

N719

N719

N719

Pyl

Pyl

(Fylh

(Fylh

|3-/|'

I3/

I/

Pyl

3.1
6.14
5.35
7.52

1.29
2.54
4.20

7.33
7.63
8.14

6.06
5.54
7.02

3.14
3.14
3.90
3.56
3.33

5.32
5.61
4.94
6.9

0.044
0.037
0.056

1.95
4.27
6.34

6.69

3.41

7.78

7.16

N.A

N.A

N.A

6.84

[247]

[248]

[249]

[251]

[252]

[254]

[255]

[256]

73



4 Concluding Remarks

In recent decades, CNTs have attracted broad interests in the energy community due to their
gifted advantages of high conductivity, superior chemical stability, excellent catalytic activity,
mechanical flexibility, and long-term stability. Their high performances made them good
candidates to be used as CE materials in substitution of the conventional Pt electrode. In this
perspective, this review systematically summarized the significant progress in preparing
various types of CNTs based CEs for DSSCs, and the pivotal factors in determining PCE of
such electrodes were highlighted in detaill. The authors have reviewed more than few
viewpoints of using CNTs based materials as alternative to Pt. Astoundingly, in most cases, the

PCE of CNTs based CEs revealed to be comparable to that of Pt electrodes, or even superior.

CNTs can be used as CE in pristine forms as well as in combination with other verity of
materials. Their tubular structure also facilitates rapid iodide reduction and reduces electrolyte
diffusion resistance because of fast electron transfer. While using CNTs and their composite
materials as CEs, they have shown diverse performance in term of efficiency and stability
because of varied synthesis and manufacturing strategies. All kind of CNTs are thoroughly
investigated, however, most of the research is conducted on MWCNTSs based CEs because of
their low cost and easy manufacturing. Comparative study under same condition indicated that
DWCNTSs are better candidate due to their larger surface area, however, they are highly
expensive. SWCNTSs represent a good choice but they also possess the disadvantage of weak
structure stability and high cost. In contrast, MWCNTSs exhibit relatively low specific surface
area and inhomogeneous conductivity. However, their structure can be easily tuned using
various reagents while keeping the strength of the inner walls intact, though their
electrocatalytic performance is still controversial and cannot be clearly associates neither to

structural defects nor metallic impurities generated during the synthesis process. The aligned
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and self-standing CNT have performed even better than Pt as they are well crystalline and

highly interconnected.

Doping is another way of tuning CNTSs to act as good catalyst as it does not only enhance the
intrinsic  activity of CNTSs but also increases the number of active sites. N-doped CNTs are
extensively investigated as the incorporation of N-heteroatoms in CNTs results in the
production of more active sites for the catalysis of redox couple due to the presence of lone
pair over N-atoms. Polymers composites have shown inconsistent performance as CE
materials, because of their complex structural features and degree of polymerization. Multinary
transition metal compound can also be synthesized by adjusting component elements,
engineering morphology, and structure designing, as transition metal compounds possess low
inherent electrical conductivity. Based on efficiency, stability, and cost, the hybrid CEs can be
regarded as a suitable alternative material to Pt as the combination of two or three materials to
form CE is a useful strategy. Each component of a hybrid material possesses both strengths
and weaknesses, thus, in combination, the lone properties may combine, and the structures can
be achieved showing synergistic properties leading to remarkable efficiencies. Beside the type
of material, the film thickness noticeably affects the overall performance of the device. In
particular, an increase in the film thickness leads to the rise of the overall device efficiency,

due to the simultaneous increase of fill factor, voltage, and current density.

Nevertheless, in view of the definitive commercialization of the DSSCs, an intense research
effort has yet to be performed in order to find new effective strategies to further enhance the

solar cell PCE and long-term stability and at the same time to reduce its costs.
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