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Abstract 

Efficiency, stability, and cost-effectiveness of are the prime challenges in research of materials 

for solar cells. Technologically as well as scientifically, attention gained by dye-

sensitized solar cells (DSSCs) stems from their low material and fabrication costs and high 

efficiency projections. The objective of this study is to explore the the carbon nanotubes 

(CNTs) based counter electrode (CE) materials for DSSCs and to reconnoiter the suitable 

alternative materials in place of noble metals such as Pt, Au etc. Various classes of counter 

electrode materials based on CNTs including pure single walled, double walled, and 

multiwalled CNTs, doped CNTs and their hybrid composites with various polymers, metal and 

semiconducting oxides 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 electrochemica l 

activity, are also thoroughly analyzed and compared.  

Keywords  

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

electrochemistry; photovoltaics.  
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Highlights 

 Comprehensive details about the DSSCs, their working principal and new materials for 

their various components are discussed. 

 The role of carbon nanomaterials as counter electrode of DSSCs is discussed. 

 Counter electrode materials based on CNTs are discussed and reviewed in details 

 CEs based on pure CNTs, doped CNTs, CNTs-polymer, CNTs-hybrid, CNTs 

oxide/sulfide composites are reviewed in light of extensive literature survey since the 

inception of DSSCs and CNTs.  
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1 Introduction 

The main challenge for humanity in the present scenario is the development of reliable, clean, 

and low-cost energy sources, since the world is passing 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 consumption. These are non-

renewable energy sources destined to run out over time [1]. Furthermore, they also cause 

emission of carbon dioxide, which is the greenhouse gas most, responsible for global warming 

[2]. The remaining ~20% of the energy is provided by utilizing renewable and nuclear energy 

sources [1]. 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 total world energy market in 

order to address the problems associated with non-renewable energy sources and to keep the 

environment clean. Solar energy is the most appropriate source among all others because it 

exploits the abundant energy reserve of 174,000 TW that is annually provided to the earth by 

the sun [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 

they possess 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 of life, including biotechnology [5], energy storage [6], medicine [7] and 

information technology [8]. Because of their dimensions in the nanometer scale, these materials 

exhibit high specific surface area. Furthermore, the nanomaterials in the form of tubes, 

particles, rods, 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]. 
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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 [1], 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, different types of photovoltaic devices have been 

studied which includes; a) silicon based first generation solar cells [11] showing power 

conversion efficiency (PCE) of 25% [3], b) second generation solar cells focused on thin films 

of different materials [12] exhibiting PCEs ranging between 20 and 28% [3], and c). emerging 

photovoltaic technologies commonly known as third generation solar cells [13] (see Fig. 1).   

 

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 photo-conversion 

efficiency at present, but 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 high efficiency and stability, emerging PV technologies have 
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been introduced. These emerging devices include dye-sensitized solar cells (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 dot solar cells [20] (PCE~13.43% [21], theoretically predicted more 

than 65% [4]). One of the key elements of these third-generation solar cells is the electrocatalyst 

layer. The role of electrocatalyst layer in energy harvesting devices 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 Grätzel in 1991 [23]. The electrocatalyst layer, which is 

commonly known as counter electrode (CE), contains a conductive glass, which enhances the 

rate of electron transfer and decreases the recombination. It is coated with a catalyst, usually 

platinum (Pt), which is considered as one of the best catalytic CE materials used in DSSCs. It 

shows good catalytic activity, electrical conductivity, stability and efficiency [24]. However, 

there are several drawbacks exhibited by Pt electrode. The abundance of Pt in 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 Iodide/Triiodide, which is the most 

common redox couple employed in DSSCs electrolyte. Therefore, alternative classes of 

materials are being intensively investigated. Carbon based materials such as carbon nanotubes, 

carbon black, fullerene and graphene are the most common among them. Carbon nanomater ia ls 

display several forms, i.e. zero dimensional fullerenes [26], 1-dimensional carbon nanotubes 

(CNTs) [27] and 2-dimensional graphene [28]. 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] (batteries [33] and supercapacitors 

[34]). Carbon nanotubes (CNTs) are well recognized for their combined advantages of elevated 

aspect ratio enhanced specific surface area and remarkable electrical and thermal 
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conductivities. Because of these properties, CNTs are good candidates as alternative 

electrocatalyst [30]. In recent years, these materials along with their composites with various 

metal oxides and polymers have been studied as CE materials [35].  

In this review, the advantages exhibited by carbon nanotubes based CEs are comprehensive ly 

discussed. These electrodes have been employed several times as CEs 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 CNTs 

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 Components and Working Principle of DSSCs 

DSSCs have great potential to replace 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 substrate (usually FTO), 

I-/I3
- based electrolyte solution and a Pt counter electrode (see Fig. 2).  

 

Fig. 2. Working mechanism of a dye-sensitized solar cells (DSSCs) 
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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 

counter electrode and reduce the oxidized dye molecules [36].   

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 

charge injection in the CB of the semiconductor oxide followed by dye regeneration from the 

redox electrolyte, enhanced molar extinction coefficient in the visible and near-infrared regions 

and improved solubility and photostability [37]. It should also possess groups in its structure 

which help its chemisorption on the semiconductor oxide and should be able to sustain 108 

redox turnovers, which correspond to an operation life time of 20 years [38, 39]. 

Numerous sensitizers are employed in DSSCs, like metal complex [40], metal-free organic 

[41], and natural dyes [42]. The most common sensitizer for DSSC is Ruthenium (II) 

polypyridyl [43], because of its various beneficial characteristics such as high absorption, 

extended excited-state lifetime and enhanced metal-to-ligand charge transport properties. The 

light absorbing capability of Ruthenium polypyridyl is extended approximately up to 350 nm 

[44]. The highest reported efficiencies achieved by the Ru (II) dye based DSSCs were 11.2% 

in 2005 [45] and 11.7-12.1% in 2010 [46].The relatively low molar extinction coefficient and 

the high cost are the main drawbacks showed by Ru (II) polypyridyl dyes [47]. Metal free 

organic dyes are an alternative class of materials that are being intensively investigated since 
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2004, and their employment has led to a noticeable solar cell efficiency of around 10% [48]. 

Co-sensitization of these dyes can further enhance the DSSC photovoltaic performance, and 

Yella et al. in 2011 achieved a maximum efficiency of 12.3% (which exceeds 13% under a 

different light intensity) by co-sensitizing zinc porphyrin dye with another organic dye [49]. 

The same 13% efficiency was also achieved by Mathew et al. in 2014 using a single dye without 

co-sensitization [50]. The efficiency was further enhanced up to15% by using co-sensitiza t ion 

of organosilicon based dyes [51]. A study on metal free dyes has reported an efficiency of 12% 

using a phenothiazine based metal free organic dye [52]. 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 [53]. Natural dyes are reliable alternatives to expensive 

organic dyes thanks to their low cost, easy extraction and non-toxicity. The maximum 

efficiency achieved using these dyes are 2.06 and 2.00% for purple wild Sicilian prickly pear 

dye and pomegranate dye, respectively [54]. 

Other classes of sensitizers include inorganic semiconductor quantum dots (QDs) [55] and 

perovskite material based dyes. QDs based dyes exhibit certain significant characteristics such 

as changeable band gap energy, which strongly depends on the QDs size and shape, greater 

light absorption coefficients, high dipole moments and several extraction and generation 

features. All these properties make them suitable sensitizers for DSSCs with efficiency 

reaching 13% [56]. 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 conversion efficiency of approximate ly 

4% [57]. Further research on these materials showed promising results, i.e. an efficiency near 

22.1% was achieved by using mixed halide based perovskite materials [58]. This efficiency 

was further increased to 23.3% and another study reported a maximum efficiency of 25.5% in 
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2019 [13]. Despite their noticeable photovoltaic performance in DSSCs, neverthe less 

perovskite materials suffer for important disadvantages: they are not environmental friendly, 

since they contain hazardous heavy metals, and they show phase transition at the solar cell 

operation temperature range, instability with variation in pressure and temperature and 

sensitivity to the moisture present in the environment [58].  

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 conduction band of semiconductor to be 0.2 or 

0.3 eV lower than that of the sensitizer [59]. Apart from that, the band gap should be large 

enough to 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 [60]. 

DSSCs photoanodes are commonly constituted by a thick film (10 μm) of TiO2 [61], as it 

displays the advantages of being cheap, abundant, nontoxic, biocompatible, and it also 

possesses an appropriate band structure [39]. TiO2 in various morphologies such as 1D 

nanoparticles, nanotubes, nanowires, nanorods and 3D hierarchal structures such as spheres or 

beads has been employed as photoanode in DSSCs. By utilizing this morphology engineer ing 

strategy, an efficiency as high as 10% was reported by several researchers [60]. 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 [62] (extensively studied after TiO2), SnO2 [63], Nb2O5 [64], WO3 
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[65], Ta2O5 [66], CdSe [67], CdTe [68], CdS [67] and PbS [69] nanostructures. To improve the 

performance of the photoanode, these nanostructures can be doped with various ions such as 

Zn2+, La3+, Nd3+, Er3+ and Ho3+ and can also be decorated with different noble metals such as 

silver, chromium, copper, and gold [70]. 

2.3 Electrolyte 

The electrolyte in DSSCs performs the task of dye regeneration after the electron injection in 

the semiconducting photoanode conduction band and is responsible for the inner charge carrier 

transport between the two electrodes. Therefore, the most relevant electrolyte characterist ics 

are: (i) large electrical conductivity; (ii) rapid distribution of the electrons due to little viscosity; 

(iii) high interfacial interaction with the nanostructured photoanode and the CE; (iv) low 

affinity for sensitizer desorption from the oxidized surface i.e. dye extraction; (v) reduced light 

absorption in the visible range [39]. 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 CE. The most commonly employed electrolyte is based 

on the iodide/triiodide redox couple dissolved into an organic matrix, which allowed achieving 

an efficiency of 11.7-12.1% [46]. Despite their promising photovoltaic performance, 

nevertheless the I-/I3
- 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 its concentration and leads to the increase of the cell’s internal resistance 

[71]. 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 [51].  

To overcome the problems related to the liquid electrolytes such as electrolyte sealing, 

volatility of solvents and long term stability [72], several strategies have been proposed such 

as replacing liquid electrolytes with quasi-solid [71] and solid [73] ones. Quasi solid-state 
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electrolytes are electrolytes possessing the stability of solids and the mobility of liquids. 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 [74]. To overcome the 

leakage issue, in recent years, solid state electrolytes based on poly(vinylidinefluoride), 

poly(ethylene oxide), and poly(vinyl acetate) etc. have been thoroughly investigated [75]. The 

maximum power conversion efficiency achieved with conventional solid-state electrolytes is 

around 8% except for all solid QDs or perovskite solar cells, in which efficiency values of 

13.34% [21] and higher than 20% [58] 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 Pt coated FTO acts as cathode, also known as counter electrode. 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 the overall efficiency of the cell [76]. These functions demand the CE to possess 

specific properties such as high conductivity, high electrocatalytic activity, high reflectance, 

mechanical, chemical, and thermal stability, appropriate energy levels with respect to the ones 

of the redox couple, good adhesion to the substrate, high surface area, and optimum thickness. 

Different catalysts have been explored as CEs for DSSCs, but the most commonly used is Pt. 

Enhanced exchange current density, high electrocatalytic activity, high transparency and 

noticeable power conversion efficiency make Pt electrode a standard choice as CE in DSSCs 

[39]. Despite these promising features, it also possesses some disadvantages, such as high cost, 

limited availability, and corrosive behavior towards the electrolyte. Thus, noticeable research 
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efforts have been 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 

[77], alloys [78], inorganic metal compounds [79-85], conductive polymers [86], carbon-based 

materials [87] and composites [88] 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, low cost, excellent corrosion resistance towards iodine, and high 

reactivity towards iodine redox couple [89-91]. Moreover, the current density obtained in 

presence of carbon-based CEs is higher with respect to that of Pt electrodes because of the 

larger availability of catalytic sites. In the coming sections, we will highlight the progress in 

the replacement of the conventional CE materials (Pt) for DSSCs with CNTs based CEs. 

3 The role of carbon as CE material 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 [92], such as fuel cells 

[93], solar cells [94], batteries [95], super capacitors [96], water electrolysis systems [97], 

transistors [98], photo catalysis [99, 100] and hydrogen storage devices [101, 102]. We already 

mentioned that carbon nanomaterials are highly striking to be used in place of Pt CEs in DSSCs, 

as they possess promising properties. Graphitic constituants like graphite, graphene [103], 

carbon nanotubes [104], activated carbon [105], carbon black [106], carbon powder [107], 

carbon nanofibers [108] and their composites, metal oxide carbon compounds and poly 

aromatic hydrocarbon have also been used in DSSC as they are able to provide suffic ient 

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 Pt 

and other rare metals based electrodes in DSSCs. In 1996 Kay and Grätzel used for the first 
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time a carbonaceous material for the CE fabrication achieving a device efficiency of 6.7% [2], 

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, nanocrystall ine 

TiO2 and carbon black through doctor blade technique. Since then, the efficiency and stability 

of various carbon-based materials for DSSCs CE have been tested. 

4 Carbon nanotubes based CEs for DSSCs 

Nowadays the stability, efficiency, and cost of solar cells are the main challenges in the field 

of photovoltaics. Scientifically and technologically, interest gained by DSSCs is due to their 

low fabrication and materials costs and high efficiency forecast. CEs play a vital role in 

achieving high conversion efficiencies in DSSCs. In recent decades, CNTs have been deeply 

studied as a sound alternative to the conventional Pt in view of obtaining a cheaper CE for 

DSSCs. CNTs are allotropes of carbon structurally composed of graphene sheets rolled into a 

cylindrical shape. Based on the number of graphene layers staked one up to the others, 

respectively one, two or multiple, CNTs are commonly labeled as single walled carbon 

nanotubes (SWCNTs), double walled carbon nanotubes (DWCNTs) and multi walled carbon 

nanotubes (MWCNTs). Furthermore, CNTs are being used in their pure form as well as in 

composites one (see Fig. 3). 
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Fig. 3. Different forms of CNTs used as CE materials of DSSCs. 

The nanometer scale and the unique geometric structure of CNTs make the electron transfer in 

a CNTs based film faster than in Pt based CE and thus its performance comparable to that of 

Pt. Efficiencies up to 13% were obtained with devices employing CNTs based electrodes [50]. 

4.1 Pure and modified CNTs based CEs 

Pure CNTs of various types (i.e. SWCNTs, DWCNTs, and MWCNTs etc.), in different 

configurations (i.e. 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, first time in history 

SWCNTs were successfully employed as CE material in DSSCs as a result of Suzuki et al. 

[109] efforts and consequently their performance was analyzed and compared with that of other 

electrodes. SWCNTs based CE films were prepared by ultrasonically mixing CNTs in water 

then dropwise placing the obtained suspension on FTO glass or filtering it through a Teflon 

membrane filter. 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.  

DWCNTs were also employed as CE for DSSCs because recently great improvements have 

been achieved in their manufacturing and refinement processes. They exhibit a double walled 

structure, which is intermediate between SWCNTs and MWCNTs, therefore they are expected 

to possess a greater thermal and chemical stability than those shown by the SWCNTs [110]. 

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 [111]. The attained efficiency (~6.05%), catalytic activity and performance 

results were comparable with those of Pt based CEs (showing efficiency~6.80%). The 
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efficiency of DWCNTs based CEs was also investigated by Siuzdak et al. using a ruthenium-

based dye. They achieved a maximum efficiency 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 [112]. 

To boost the efficiency of DSSCs, MWCNTs were also employed for the fabrication of CEs. 

Lee et al. fabricated MWCNTs based CE on FTO glass 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/cm2 [104] (see Fig. 4). The electrode was prepared from a paste containing 

MWCNTs, organic binder and distilled water, along with carboxyl methylcellulose and sodium 

salt. Beside the good efficiency, these MWCNTs based CEs are very stable and show a lower 

charge transport resistance.  
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Fig. 4. a). FE-SEM image of a MWCNTs composite film (Inset: enlarged view of the 

marked portion), b). TEM image of the bamboo-like structure in MWCNTs, c). 

Schematic of a MWCNTs CE based DSSC, d). Current-voltage characteristics of DSSCs 

with MWCNTs (solid line) and platinum (dashed line) counter electrodes. Curve (a) 

shows the performance of devices in the dark. Curves (b), (c), and (d) were measured 

under 0.1, 0.5, and 1 sun illumination (air mass 1.5 G), respectively. (Reproduced with 

the permission from Ref. [104], Copyright 2009 ACS Publications). 

Chen et al. studied the fabrication of CNTs based CEs by screen printing technique followed 

by calcination utilizing an ultrafast technique which made use of a nitrogen atmospheric-

pressure plasma jet (APPJ) instead of a conventional calcination [113]. This method proved to 

be ecofriendly and cost-saving as the energy consumption per unit processing area was 

estimated to be 500 J/cm2, which is approximately 1/5 than that spent for the synthesis of CEs 

via the traditional furnace technique. A maximum conversion efficiency 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. Electrode thickness is 

an important parameter to be considered, since it affects the charge transfer resistance and 

conductivity of the film obtained. Ramasamy et al. [114] prepared a MWCNTs 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 (see Fig. 5).  
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Fig. 5.  FESEM image of spray coated MWCNTs film on FTO substrate (a), performance  

comparison with respect to various spraying times (b), dark current density voltage (c) 

and photocurrent density voltage (d) of the DSSCs. (Reproduced wth the permission from 

Ref. [114], Copyright 2008 Elsevier). 

This was attributed to the decrease in MWCNTs charge transfer resistance while increasing the 

spraying time. Ahn et al. [115] prepared transparent and conductive MWCNTs based CEs on 

FTO glass by aerosol deposition process, achieving a maximum efficiency value of 5.18% 

when the deposition was carried out for 60 h and the thickness of the film obtained was equal 

to 42.5 m. 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. 
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CNTs are able to keep various structures like bundle, forest, vertical and horizontal alignments 

and random network [116-118]. These structures display a noticeable effect on the performance 

of the final device. In 2010 Nam et al. [119] used vertically aligned and randomly oriented 

MWCNTs, synthesized by the chemical vapor deposition (CVD) and screen printing 

techniques, respectively, as CE materials for DSSCs. A maximum photo-conversion efficiency 

of 10.04% was obtained by using the aligned CNTs based CE, while the devices employing the  

reference Pt and the randomly oriented MWCNTs based CEs showed lower efficiency values 

equal to 8.80 and 8.03%, respectively. The higher efficiency exhibited by the aligned CNTs 

based CE was because of the higher surface area of the electrode. Seo et al. synthesized highly 

disordered MWCNTs  using a low temperature thermal CVD process and successfully 

employed them as a CE material for DSSCs [120]. The CNT catalysts were effective in 

improving the fill factor (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. 

Several kinds of CNTs including SWCNTs, DWCNTs and MWCNTs have been employed by 

Zhang et al. as CEs for DSSCs for comparison purpose [121]. The electrodes were fabricated 

by screen printing technique using pastes constituted by the different CNTs and an organic 

binder. The conversion efficiencies obtained were 8.0, 7.61 and 7.06% for DWCNTs, 

SWCNTs and MWCNTs, respectively (see Fig. 6). Owing to their high specific area and 

chemical strength, the DWCNTs facilitate the electron transport rate among the CE and the 

electrolyte. However, the more complicated growth process of DWCNTs with respect to the 

ones of SWCNTs and MWCNTs represents a significant drawback of such CE [35]. 



21 
 

 

Fig. 6. FESEM images of DWCNTs (a), SWCNTs (b), and MWCNTs (c) CE layers 

deposited on FTO substrates. Corresponding DSSCs photocurrent density-voltage (J-V) 

characteristics (d), short term evaluation of photovoltaic parameter (e) and Nyquist plots  

(f). (Reproduced wth the permission from Ref. [121], Copyright 2011 Springer). 

Despite nanocrystalline, TiO2 revealed to be the most employed and efficient photoelectrode 

material in DSSCs, nevertheless it suffers from 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 SnO2. Recently, MWCNTs have also been investigated as CE material for DSSCs based 

on such alternative photoanodes. Younas et al. successfully employed MWCNTs as CE for 

nWO3-SnO2 photoanode based DSSCs [122]. A maximum efficiency of 6.12%, which was 

better than that showed by Pt CE (5.18%), was achieved when keeping to 1% the concentration 

of nWO3 in the TiO2 matrix. Similarly, Siwach et al. used MWCNTs 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 [123].  
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Noticeable research  have been done nowadays to substitute the liquid electrolyte solid or quasi-

solid electrolytes because the former suffers from the disadvantage of leakage, which 

ultimately affects the life time of DSSCs. MWCNTs were applied as CEs for those DSSCs as 

well. Arbab et al. [124] fabricated a quasi-solid state dye sensitized solar cell in which the 

electrolyte was made up of 5 wt% polyethylene (PEO) gel infused Poly(vinylidene fluoride-

co-hexafluoropropylene (PVDF-HPF) with iodine based redox couple and the photoanode was 

based on TiO2. The counter electrode, instead, was constituted by an ink made by 

functionalizing MWCNTs 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%). Similarly, Sun et al. [125] evaluated the 

compatibility of a CE based on lipase functionalized MWCNTs coated over FTO with liquid 

filled, gel filled and pristine electro-spun PVDF-HFP membranes. The efficiencies obtained 

for the different electrolytes containing DSSCs were 6.66% (liquid), 5.77% (gel) and 6.04% 

(membrane), which were analogous to the one obtained with Pt based CE. Chew et al. [126] 

also prepared gel polymer electrolyte based DSSCs and tested their efficiencies using as CE 

MWCNTs mixed with polyvinylpyrrolidone-co-vinyl acetate and coated on FTO using two 

techniques, i.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 than/near the one achieved with Pt based CE (5.75%).  

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 [127]. Different functional groups have been attached to CNTs, 
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such as acetonitrile, carboxylic acid and acetyl acetone [128]. Chou et al. prepared a CE film 

from SWCNTs functionalized with Tetraoctylammonium bromide (TAOB) dispersed in 2 

different solvents, namely acetyl acetone and N,N-dimethylacetamide [129]. The as-prepared 

dispersions were coated onto FTO-covered glasses by drop casting technique and subsequently 

sintered at different temperatures. A maximum efficiency of around 1.2266% (Pt = 1.25%), 

ascribable to the better dispersibility of the SWCNTs, was achieved by employing the acetyl 

acetone dispersed SWCNTs 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%. Arbab et al. fabricated CEs 

for DSSCs composed of MWCNTs functionalized with different enzymes (laccase, glucose 

oxidase and lipase) [130]. 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 

enzymatic functionalization of the MWCNTs allowed increasing the contact points between 

the CE and the electrolyte and enhancing the electron transportation, thus leading to a 

noticeable conversion efficiency of 7.52%.  

The CNTs based CEs for DSSCs are commonly fabricated either by CVD method or by coating 

on FTO starting from a dispersion. Both these methods highlight some disadvantages, such as 

high cost, low scalability for the former while the latter suffers from pre-functionalizat ion, 

which is essential to prepare a proper dispersion. To address these issues, recently Bernal et al. 

has recently employed few layer highly porous and well crystalline interconnected CNT fibers 

(CNTf), also known as CNTs yarns, both as CE and current collector in DSSCs [131]  (see Fig. 

7c). A remarkable photoconversion efficiency 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%, 
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which was comparable to that of Pt (3.3%) [132] (see Fig. 7a). Similarly, Pan et al. [133] has 

used ACNTs fibers both as photoanode and counter electrode of a DSSC and achieved 

efficiencies of around 7.33 and 5.97% employing organic thiolate/disulfide and iodine redox 

couples, respectively (see Fig. 7b). The efficiencies were remarkably higher than that obtained 

with a Pt based CE (2.06%). 

 

Fig. 7. Schematic illustration of various configurations; a). Wire-shaped DSSC 

fabricated from two CNT fibers. (Reproduced with the permission from Ref. [132], 

Copyright 2012 ACS Publication), b). Photovoltaic wire with a CNT fiber as the counter 

electrode. (Reproduced with permission from Ref. [133], Copyright 2013 ACS 

Publication), and c) Typical and symmetric cells with CNTf based CE (Reproduced with 

the permission from Ref. [131], Copyright 2019 Elsevier).  

Z. Wei et al. [134] fabricated and compared different CE materials for DSSCs using untreated 

MWCNTs, acid-oxidized MWCNTs, graphite and platinum. They were able to achieve an 

efficiency of 3.1% with the CE containing nanographite, and acid-oxidized MWCNTs, which 

are higher than those, are obtained with all the other CE materials except Pt. The MWCNTs, 
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having diameters and lengths in the 10-20 and 100-500 nm ranges, respectively, were oxidized 

by an acidic mixture of H2SO4 and HNO3. Due to the oxidation of MWCNTs, the photovolta ic 

performance of DSSCs showed an improvement as the resistance of the electrode based on 

treated CNTs was lower than that of untreated MWCNTs CEs. 

Summarizes of the main characteristics and the photovoltaic performance of DSSCs assembled 

with pure CNTs-based CEs are tabulated in Tab. 1. 
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Tab. 1. Main features and photovoltaic performance of DSSCs fabricated with pure CNTs based CEs 

No. CE Material Deposition method Photoanode  Sensitizer  
Redox 

couple 

PCE  

(%) 

PCE vs 

Pt (%) 
Ref.  

1 MWCNTs Doctor blading TiO2 N719 I3
-/I- 7.67 7.83 [104] 

2 SWCNTs Filtration through membrane TiO2 N719 I3
-/I- 4.5 5.4 [109] 

3 DWCNTs Screen printing  TiO2 D102 I3
-/I- 6.05 6.80 [111] 

4 DWCNTs Spray coating  TiO2 N3 I3
-/I- 4.59 3.96 [112] 

5 MWCNTs 
Screen printing  

+ AJJP calcination 
TiO2 N719 I3

-/I- 5.65 n.a. [113] 

6 MWCNTs Spray coating  TiO2 N719 I3
-/I- 7.59 n.a. [114] 

7 MWCNTs Aerosol deposition  TiO2 N719 I3
-/I- 5.18 4.96 [115] 

8 
VA-MWCNTs 

RO-MWCNTs 

CVD 

Screen printing  
TiO2 N719 I3

-/I- 
10.04 

8.03 
8.80 [119] 

9 Disordered MWCNTs Low temperature CVD TiO2 N719 I3
-/I- 7.13 6.52 [120] 

10 
f-SWCNTs 

Ag Paste+f-SWCNTs 
Drop casting  TiO2 N719 I3

-/I- 
1.2266 

1.3037 
1.25 [129] 
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11 

SWCNTs 

DWCNTs 

MWCNTs 

Screen printing  TiO2 N719 I3
-/I- 

7.61 

8.03 

7.06 

8.49 [121] 

12 MWCNTs Doctor blading  ZnO-GO D749 I3
-/I- 2.04 3.17 [123] 

13 Cationic f-MWCNTs Spin coating  TiO2 N719 I3
-/I- 8.90 9.78 [124] 

14 Lipase f-MWCNTs Doctor blading TiO2 D719 I3
-/I- 6.66 7.32 [125] 

15 MWCNTs 
Spin coating  

Dropping method 
TiO2 N719 I3

-/I- 
4.25 

7.07 
5.75 [126] 

16 Mesoporous CNTs fibers n.a. TiO2 N719 I3
-/I- 8.8 8.7 [131] 

17 ACNTs fiber n.a. CNT-TiO2 N719 I3
-/I- 2.94 3.3 [132] 

18 ACNTs fiber n.a. TiO2 N719 
I3

-/I- 

thiolate 

5.97 

7.33 
2.06 [133] 

19 E-MWCNTs Doctor blade  TiO2 D719 I3
-/I- 7.52 8.00 [130] 

20 MWCNTs Doctor blading  nWO3-TiO2 N719 I3
-/I- 6.12 5.18 [122] 
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4.2 Polymer coated CNTs and Polymer Composites based CEs 

CNTs-polymer composite materials represent one of the most promising candidates for DSSC 

CEs due to their collective benefits including high specific surface area, brilliant electrical 

conductivity, noticeable electrocatalytic properties, high durability, good flexibility, rich 

supply, strong adhesion, and easy manufacture typical of polymers. For this purpose, several 

conducting polymers, such as Polyaniline (PANI) [135], Poly(3,4-ethylenedioxxythiophene) 

(PEDOT) [136], Polyvinylpyrrolidone (PVP) [137] and Polyvinylidene fluoride (PVDF) [138] 

have been used. Various processes have been tested for the CNTs-polymer composites 

synthesis. Electrodes conductivity is strictly affected by the CNTs amount and the thickness of 

the polymer layer. When the thickness of the polymer layer decreases, the porosity of the film 

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

Polymer can serve various functions in preparing CEs. It can be used as conductive agent, 

dispersant and both carbon source plus dispersant to intensify the properties of MWCNTs as 

well as SWCNTs, which can act either as matrix or filler. 

Hi et al. prepared covalently bonded SWCNTs/Polypyrole (PPy) composites by mixing pyrrole 

with SWCNTs through refluxing followed by in-situ polymerization [139]. Different 

concentrations of SWCNTs were added and a maximum efficiency 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 (6.31%) was attributed to the lower charge transfer resistance as the covalent bonding 

is established between the filler and the matrix.  

Park et al. used polyvinylpyrrolidone (PVP) as dispersant and carbon source for synthesizing 

SWCNTs based CEs (see Fig. 8). They used simple casting technique for obtaining the film 

followed by calcination in order to remove binder and convert PVP (1wt%) 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 

https://en.wikipedia.org/wiki/Polyvinylpyrrolidone


29 
 

showed a photoconversion efficiency of 4.5%, which was higher than that exhibited by the bare 

SWCNTs film (2.34%). The improved photovoltaic performance is mainly because of the 

lower charge transfer resistance induced by the presence of PVP [137].  

 

Fig. 8. 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 mW/cm2 (d). (Reproduced with the permission from Ref. [137], Copyright 

2012 Elsevier)  

MWCNTs were also applied as filler or matrix with PEDOT polymer for preparing CEs. Lee 

et al. prepared PEDOT and PEDOT/MWCNTs based CEs for application in DSSCs [140]. The 

efficiency achieved with PEDOT was 7.44% when PEDOT/imidazole was kept equal to 2.0. 

The efficiency was slightly lower than that exhibited by Pt-sputtered electrode (7.77%) which 
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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 MWCNTs concentration 

of 0.6%. Shin et al. developed CNT/PEDOT composite based CE for DSSCs by chemica l 

oxidative polymerization using iron chloride (FeCl3) and dodecyl benzene sulfonic acid 

(DBSA) as oxidant and surfactant, respectively [141] (see Fig. 9) . PVDF was employed as a 

binder and the viscous paste obtained was directly painted over FTO for CE fabrication. An 

enhanced efficiency of about 4.62% was achieved, in comparison to those obtained with pure 

CNT CE (3.88%) and PEDOT CE (4.32%).  

 

Fig. 9 Schematic illustration for the synthesis of CNT/PEDOT core/shell nanostructures  

(a). SEM images of PEDOT (b), CNTs (c), and the CNT/PEDOT (d) nanostructures. J–V 

curves of DSSCs using various counter electrode materials  (e). Reproduced with the 

permission from Ref. [141], Copy right 2011 Elsevier) 

PEDOT:PSS can be used to improve the dispersion of MWCNTs in the solvent as well as their 

electronic conductivity. Fan et al. fabricated CEs by using MWCNTs dispersion prepared with 

the help of PEDOT:PSS or polystyrenesulfonate acid (PSSA) as dispersing agent  [142]. The 

solution was coated over FTO utilizing spin coating technique and the DSSC efficiency 

obtained with the two different dispersants were 6.5 and 3.6%, respectively. The difference 
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between the efficiency of the two dispersants containing composites is linked with the different 

nature of the interactions involved. The π-π 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. Recently, Yun et al. [143] prepared 

PEDOT:PSS dispersed MWCNTs based CEs by spin coating technique and achieved an 

efficiency as high as 6.1% . They used MWCNTs with various purities and diameters and 

carried out an acid treatment. The highest efficiency was achieved for MWCNTs with >85% 

purity, diameter in the range 8-15 nm and subjected to acid treatment. 

Recently, Ma et al. [144] also utilized PEDOT:PSS as well as Triton-X100 and a blend of the 

two polymeric materials for aligned MWCNTs functionalization. The best efficiency of 3.85% 

was achieved for PEDOT:PSS modified aligned MWCNTs due to the low charge transfer 

resistance. Other complex polymers are also used for functionalization of MWCNTs. Choi et 

al. used pyrene functionalized block copolymer poly(maleic acid-co-phydroxystyrene)-block-

poly(p-hydroxystyrene) (HSPM) for functionalization of MWCNTs 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%) [145]. 

Recently, Li et al. prepared a honeycomb PEDOT/MWCNTs based CE by using spin coating 

technique for MWCNTs and PMMA deposition followed by electrodeposition of PEDOT 

[146](see Fig. 10).  The dissolution of PMMA in chloroform gave rise to the honeycomb 

morphology. The as-prepared film was employed as CE in bifacial DSSCs. High efficienc ies 

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. 10.  SEM images and electron transport paths in f-PEDOT (a), f-

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. [146], Copyright 2017 Elsevier)  

A. Ali et al. modified highly aligned MWCNTs fiber composite and starting from it they 

subsequently fabricated a CE through a simple dip coating method to be applied in DSSC [147]. 

Modified MWCNTs based CE exhibited a noticeable improvement in catalytic performance in 

comparison to the pristine MWCNTs fiber electrode and led to an overall conversion efficiency 

of 5.03%, slightly higher than that obtained in presence of a traditional Pt electrode. Good 

photovoltaic performance even after bending up to 90° was also successfully obtained.  

Composites of MWCNTs were also prepared utilizing other polymers such as 

poly(diallyldimethylammonium chloride) (PDDA),, PPy, PANI and polythiophene (PTh). X. 

Mao et al. [148] prepared MWCNTs-poly(diallyldimethylammonium chloride) (PDDA) 

composite based CE through spin coating technique . MWCNTs were first purified with HNO3, 

then PDDA was mixed in presence of sodium chloride solution in a separated flask and fina lly 

the composite was coated on FTO glass with a final thickness up to 30 m. Results revealed 
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that PDDA/MWCNTs electrode exhibited reduced charge transport hindrance and high 

electrocatalytic activity, which led to a noticeable conversion efficiency of 5.66%. 

MWCNTs-polypyrrole (PPy) composites were fabricated and employed as DSSCs CE by Hou 

et al. (see Fig. 11). The MWCNTs were spin-coated on conducting glass, while the PPy was 

electrodeposited on MWCNT layer by means of a CVD technique. An excellent 

photoconversion efficiency of 7.15% was obtained, that can be attributed to the enhanced 

catalytic activity due to the presence of PPy [149]. 

 

Fig. 11. SEM images of the bare FTO (a), PPy (b), MWCNTs (c), and PPy/MWCNT (d) 

based CEs. Schematic diagram of the MWCNTs preparing on the FTO substrate (e), 

Pyrrole monomer absorbing on the surface of the MWCNTs (f), catalytic mechanism of 

PPy onto the MWCNTs and FTO substrate (g), cyclic voltammetry at a scan rate of 75 

mV s-1 (h). (Reproduced with the permission from Ref. [149], Copyright 2016 Elsevier) 

Recently, Li et al. synthesized honeycomb PPy using sacrificial template method. PMMA was 

deposited by spin coating technique over an acid functionalized MWCNTs-FTO substrate 

followed by dissolution in chloroform solvent after electrodeposition of PPy [150]. 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. 
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Furthermore, Kuliček et al. synthesized PPy-MWCNTs based CEs using electro 

polymerization technique using different surfactants and achieved an efficiency of 2.89% when 

sodium dodecylbenzenesulfonate (DBSNa) was employed [151].  

Blends consisting of MWCNTs, poly(3-hexylthiophene) (P3HT) and PPy were successfully 

synthesized by radiofrequency (RF)-rotating plasma polymerization method to act as CEs of 

DSSCs [152]. Pure MWCNTs exhibited a tube-shaped permeable structure. On the other hand, 

composite films showed disordered granulated structure. Results displayed that the 

P3HT/MWCNTs cell showed an efficiency of 1.24%, whereas the PPy/MWCNTs based one 

exhibited an efficiency of 0.80%. Composites of MWCNTs and different conductive polymers 

such as PEDOT, PANI and polythiophene (PTh) were effectively synthesized via 

radiofrequency (RF)-rotating plasma grafting technique to play the role of CEs in DSSCs. 

These latter revealed efficiencies of 2.07, 1.61 and 1.32% when using PANI/MWCNTs, 

PTh/MWCNTs and PEDOT/CNTs based CEs, respectively. These results highlight the highest 

catalytic activity for PANI polymer, thus resulting in a higher efficiency [153].  

Tab. 2 details the main characteristics and the photovoltaic efficiencies of DSSCs based on 

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

No. CE Material Deposition method Photoanode  Sensitizer  
Redox 

couple 

PCE  

(%) 

PCE 

vs 

Pt 

(%) 

Ref.  

1 
SWCNTs 

SWCNTs-PVP (1%) 
Simple casting  TiO2 N719 I3

-/I- 
2.4 

4.5 
n.a. [137] 

2 
PPy 

PPy-SWCNTs(2%) 

In-situ polymerization over FTO 

 
TiO2 N719 I3

-/I- 
6.03 

8.30 
n.a. [139] 

3 
PEDOT 

PEDOT-MWCNTs (0.6%) 
Spin coating  TiO2 N3 I3

-/I- 
7.44 

7.77 
8.08 [140] 

4 

MWCNTs 

PEDOT 

MWCNTs-PEDOT 

Simple casting  TiO2 N719 I3
-/I- 

3.88 

4.32 

4.62 

n.a. [141] 

5 
PEDOT 

PEDOT-MWCNTs 

Spin coating and 
electrodeposition  

TiO2 N719 I3
-/I- 

7.51 

9.07 
7.71 [146] 

6 
PSSA-MWCNTs 

PEDOT:PSS-MWCNTs 
Spin coating  TiO2 N719 I3

-/I- 
3.6 

6.5 
8.5 [142] 
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7 PEDOT:PSS-MWCNTs Spin coating  TiO2 N719 I3
-/I- 6.1 n.a. [143] 

8 

ACNTs 

ACNTs-PEDOT:PSS 

ACNTs-Triton-X100 

ACNTs-Both 

Doctor blading TiO2 N719 I3
-/I- 

2.96 

3.85 
3.22 

3.58 

n.a. [144] 

9 
MWCNT-10% 

MWCNT-HSPM (10/5%) 
Screen printing  TiO2 N719 I3

-/I- 
5.69 

5.94 
7.15 [145] 

10 

AMWCNTs fiber 

PEDOT:PSS modified 
MWCNTs fibers 

Dip coating  TiO2 N719 I3
-/I- 

2.79 

5.03 
4.98 [147] 

11 

PPy 

MWCNT 

PPy-MWCNTs 

Spin coating and 

electrodeposition 
TiO2 N719 I3

-/I- 

5.72 

1.72 

7.15 

7.76 [149] 

12 
P3HT-MWCNT 

PPy-MWCNT 
RF rotating plasma TiO2 Z907 I3

-/I- 
1.24 

0.80 
n.a. [152] 

13 

PANI-MWCNTs 

P3HT-MWCNTs 

PEDOT-MWCNTs 

RF rotating plasma TiO2 Z907 I3
-/I- 

2.07 

1.61 

1.32 

 [153] 
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14 
MWCNTs 

PDDA-MWCNTs 
Spin coating  TiO2 N719 I3

-/I- 
4.48 

5.66 
6.73 

[148] 

  

16 

flat-PPy 

MWCNTs-f-PPy 

honeycomb-PPy 

MWCNTs-h-PPy 

Spin coating and 
electrodeposition 

TiO2 N719 I3
-/I- 

5.78 

6.18 

6.32 

7.07 

n.a. [150] 

17 

MWCNTs 

PPy-DBSNa 

PPy-MWCNTs-DBSNa 

Doctor blading and 
electropolymerisation 

TiO2 N719 I3
-/I- 

2.50 

2.75 

2.89 

4.92 [151] 
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4.3 Metal oxides, sulfides, nitrides & phosphides 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 DSSC CEs. Due to their high conductivity, CNTs 

are a promising material to be incorporated in metal oxides to enhance the cell performance. A 

number of metal compounds are used for the above-mentioned application. The most common 

are nickel oxide (NiO) [154], tungsten oxide (WO2) [155], lanthanum oxide (La2O3), nickel 

sulfide (NiS) [156], cobalt sulfide (CoS) [157], tungsten sulfide (WS2) [158], molybdenum 

sulfide (MoS) [159], vanadium sulfide (VS2) and bismuth sulfide (Bi2S3). 

Metal sulfide-CNTs composites based CE materials were developed by L. Zhang et al. by using 

a solution based method, and a device efficiency value of 3.13% was obtained for CoS/CNTs. 

Other different CEs based on Pt/FTO, Pt/CNTs and NiS/CNTs composites were also prepared, 

and their performance was compared to each other. The better performance exhibited by the 

CoS/CNTs based CE arises from the homogenous deposition of the CoS nanoparticles [160].  

Wu et al. fabricated a CE based on glucose aided WS2-MWCNTs hybrid by hydrothermal 

process and gained an efficiency of 7.36% [158]. Doctor blade technique was used for the 

preparation of the CE. 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 reference electrode. Due to promising results shown by tungsten sulfide, 

other group members combined with CNTs were also studied as CE materials for DSSCs. Tai 

et al. fabricated MWCNTs-MoS2 nanocomposite and used it as CE in DSSCs [161]. The 

synthesis of the catalyst was carried out via simple blending of MoS2 and MWCNTs into an 

acidic solution followed by the transformation of the compact intermediate into MWCNT-

MoS2 nanocomposite 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. 
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Recently, Theerthagiri et al. developed flower-like MoS2 microspheres by using hydrothermal 

technique that were 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 MWCNTs (3.08%) [162]. 

Lu et al. [163]  prepared various DSSCs CE materials, namely Pt, nickel sulfide, MWCNTs 

and nickel sulfide/MWCNTs composite, through hydrothermal method and subsequently 

analyzed their photovoltaic performance (see Fig. 12). The highest efficiency of 6.87% was 

achieved with the nickel sulfide/MWCNTs composite. This value resulted to be higher than 

the ones obtained with MWCNTs and nickel sulfide electrodes taken individually and almost 

equivalent to the one attained with Pt based CE. Theerthagiri et al. suggested NiS-MWCNTs 

composite could also be used as cost-effective CE for the fabrication of Pt-free DSSCs [164]. 

 

Fig. 12. HR-TEM  images of un-annealed (a and b), and annealed (c and d) 

Ni3S2/MWCNT-NCs. CV curves of I2/I3
- system (e), Nyquist plots (f), J-V curves (g) of the 

symmetrical DSSCs assembled with the Pt, Ni3S2, MWCNT and Ni3S2/MWCNT-NC CEs. 

(Reproduced with the permission from Ref. [163], Copyright 2014 Elsevier)  
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Vanadium sulfide/ MWCNTs composites were also employed as CE for DSSCs by Yue et al. 

They used an in situ hydrothermal technique for the fabrication of the composite material and 

doctor blade technique for coating the material over FTO. A promising efficiency 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 [165]. The CNTs content was 0.05% and 

the hydrothermal temperature was fixed to 180oC during the synthesis.  

Tai et al. synthesized nanocomposites constituted of carbon nanotubes and cobalt sulfide in 

two different forms, i.e. CNT@Co9S8 and CNT@CoS1.097. 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 [166]. 

Despite its comparatively lower surface area, the CNT@Co9S8 CE displayed improved 

electrocatalytic performance as compared to CNT@CoS1.097 based CE. As a result, 

CNT@Co9S8 CE based DSSCs exhibited a noticeable efficiency of 7.78%, which was greater 

than that obtained with CNT@CoS1.097 nanocomposite CE based (7.29%) and Pt based CE 

(7.46%). 

Memon et al. prepared a Bi2S3-MWCNTs composite based CE by tape casting over FTO 

substrate and employed it in quasi-solid state DSSCs. The hetero-materials were mixed in 

different ratios and a highest efficiency of 8.24%, comparable to that achieved with Pt CE 

(8.47%), was obtained when MWCNTs were kept at 0.8 wt% [167]. 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 photo-conversion efficiency of 

5.254% (Pt based CE DSSC efficiency = 2.680%) was achieved when CuS content was kept 

at 100 wt%. The better photovoltaic performance 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 [168]. Similarly, Lin et al. prepared a CoS-MWCNTs composite based CE 

mailto:CNT@CoS1.097
mailto:CNT@CoS1.097
mailto:CNT@CoS1.097
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for application in DSSCs. MWCNTs were oxidized and deposited over FTO through 

electrophoresis followed by cathodic deposition of CoS (see Fig. 13). 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%) [169].  
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Fig. 13. SEM images of various thin film materials; a). Sputtered Pt, b). MWCNTs, c). 

CoS, and d). CoS/MWCNT, e) J-V characteristics, and f) CV at a scan rate of 10 mVs−1 

of DSSCs based on sputtered-Pt, MWCNTs, CoS, and CoS/MWCNTs CEs. (Reproduced 

with the permission from Ref.  [169], Copyright 2011 Elsevier)  

Recently, compounds that were previously rarely investigated such as La2O3, Bi2S3 and CuS 

were employed as CE layer for DSSCs in combination with MWCNTs. Wu et al. prepared 

various La2O3-MWCNTs based composites and employed them in DSSCs as CE. La2O3 was 

synthesized through solid phase reaction followed by mixing with MWCNTs 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 efficiency of 5.20% was achieved when the La2O3-MWCNTs 

ratio was kept at 5:1. The photo-conversion efficiency of all the prepared composites was 

higher than the one showed by the Pt based electrode (4.54%) [170]. 

The synthesis of a CE based on the composite of MWCNTs and nickel oxide (NiO)  using a 

simple hydrothermal method was performed by Al-bahrani et al. [171] (see Fig. 14) . The NiO 

nanofilament (NF) coated on the MWCNTs 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. When employing it in a DSSC, an efficiency of 7.63% was achieved, which 

is higher than that showed by the Pt counterpart (6.72%). 



43 
 

 

Fig. 14. Schematic illustration of the preparation of NiO-NF/MWCNT CE (a), SEM and 

TEM images of NiO-NF/MWCNT composite (b), J-V characteristics of the Pt, NiO-

NF/MWCNT, MWCNT and NiO-CE (c). (Reproduced with the permission from Ref 

[171], Copyright 2015 Elsevier) 

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

with CNTs-metal oxides and sulfides composites based CEs.  
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Tab 3. Main features and photovoltaic performance of DSSCs assembled with CNTs-metal oxides and sulfides based CEs. 

No. CE Material Deposition method Photoanode  Sensitizer  
Redox 

couple 

PCE  

(%) 

PCE vs 

Pt (%) 
Ref.  

1 

WS2 

MWCNTs  

(G-A)WS2-MWCNTs 

Doctor blading TiO2 N719 I3
-/I- 

5.32 

4.34 

7.36 

7.54 [158] 

2 

MoS2 

MWCNTs 

MWCNTs-MoS2 

Drop casting  TiO2 N719 I3
-/I- 

4.99 

3.53 

6.45 

6.41 [161] 

3 
MoS2 

MoS2-MWCNTs 
Doctor blading TiO2 N3 I3

-/I- 
1.04 

3.08 
n.a. [162] 

4 
VS2 

VS2-CNTs 
Doctor blading TiO2 N719 I3

-/I- 
6.49 

8.02 
6.49 [165] 

5 

Ni2S3 

MWCNTs 

Ni2S3-MWCNTs  

Doctor blading TiO2 N719 I3
-/I- 

5.77 

3.76 

6.87 

7.24 [163] 

6 

CoS 

MWCNTs 

CoS-MWCNTs 

Electrophoresis and 

electrodeposition  
TiO2 N719 I3

-/I- 

6.96 

2.91 

5.86 

5.99 [169] 
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7 
MWCNTs-CoS1.097 

MWCNTs-Co9S8 
Spray coating  TiO2 N719 I3

-/I- 
7.29 

7.78 
7.46 [166] 

8 

La2O3 

MWCNTs 

La2O3-MWCNTs (5:1) 

Spray coating  TiO2 N719 I3
-/I- 

0.77 

3.94 

5.20 

4.54 [170] 

9 

Bi2S3 

MWCNTs 

Bi2S3-MWCNTs (0.8) 

Tape casting method TiO2 N719 I3
-/I- 

4.51 

6.82 

8.24 

8.47 [167] 

10 
MWCNTs 

100% CuS-MWCNTs 
Doctor blade technique 

TiO2/ 
RGO 

ZnS and 
CdS 

S2-/Sn
2- 

2.577 

5.254 
2.680 [168] 

11 
MWCNTs 

NiO-NF-MWCNTs 
Doctor blading TiO2 N719 I3

-/I- 
4.87 

7.63 
6.72 [171] 
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4.4 Doped and metal coated CNTs based CEs 

CNTs are one of the most important and easily available dopable materials for the 

manufacturing of DSSC CEs, and different materials can be used for their doping. The effect 

of the CNTs doping in CEs fabrication can be studied in terms of catalytic behavior, stability, 

and efficiency. Tantang et al. developed a Pt-free CE for DSSC by air spraying MWCNTs over 

a quartz glass followed by spraying of a layer of N-doped MWCNTs. The electrode showed a 

good transparency of 57% at 550 nm and allowed achieving a DSSC photo-conversion 

efficiency of 2.18%. The good performance displayed by the Pt-free CE was attributed to the 

good catalytic activity of the N-doped CNTs and the high conductivity of the bare CNTs [172]. 

Pod-like nitrogen (N)-doped carbon nanotubes with encapsulated FeNi alloy nanopartic les 

were synthesized via Ni2Fe(CN)6 direct pyrolysis in an inert atmosphere. CEs attained by this 

process are environmental friendly, non-toxic, in-expensive and extremely competent [173]. 

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 cycling with respect to that of 

sputtered Pt electrode. The DSSCs employing the Pod(N)-FeNi as the CE showed an overall 

efficiency of 8.82%, higher than that of the sputtered Pt CE (8.01%) (see Fig. 15). Nevertheless, 

the incapsulated FeNi nanoparticles themselves did not show good catalytic activity, therefore 

other metals which are able to interact differently with CNTs imparting them significant ly 

different properties have been explored. Therefore, they further incorporated Ni and Co metal 

nanoparticles 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.  
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Fig. 15. SEM image (a), TEM image (b) of the Pod (N)-FeNi (inset: HRTEM image  

of the FeNi alloy nanoparticle). HRTEM image (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 using CNTs, 

Pod-Fe, Pt, and Pod(N)-FeNi as CEs. (Reproduced with the permission  from Ref. [173], 

Copyright 2014 Wiley-VCH ) 

Shrestha et al. [174] used polydopamine (PDA) to generate catalytically active nitrogen doped 

carbon materials (CNx) on MWCNTs. The as-prepared composites were employed as CEs in 

DSSCS and an efficiency of 7.3%, which was slightly higher than the one obtained with a Pt 

based electrode (7.1%), was achieved for the optimized material containing PDA/CNT ratio of 

2:1 and annealed at 800oC.  

Similarly, Chen et al. synthesized Ni encapsulated N-doped MWCNTs by facile thermal 

decomposition method and evaluated them as CE material in DSSCs (see Fig.16). An 

efficiency of 8.94%, which was higher than the one delivered by Pt based CE (7.53%), was 



48 
 

obtained and attributed to the homogeneously distributed Ni-C interfaces, porous structure with 

various defects, good electrical conductivity as well as corrosion resistance [175]. 

 

Fig.16 Scehmatic 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 NiNC-

x (c),  yNi-NCNTs (d) and reference-CE-based DSSCs (d). (Reproduced with the 

permission from Ref. [175], Copyright 2017 American Chemical Society). 

Furthermore, Ou et al. embedded Co nanoparticles in N-doped MWCNTs by using one-step 

pyrolysis of ZIF-67 metal organic framework under hydrogen atmosphere (see Fig. 17). The 

composite was then spin coated over FTO and the as-obtained film was applied as a CE in a 
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DSSC. An efficiency of 8.18%, which was higher than that exhibited by a standard Pt based 

CE (7.54%), was achieved and ascribed to the excellent catalytic activity [176].   

 

Fig. 17  Schematic diagram of fabrication process of Co@NCNT CE materials for 

DSSCs (a).  SEM image of ZIF-67 (b) SEM image and (c) TEM image (d) of Co@ NCNT-

800. J-V curves Co@NCNT and Pt as CEs (e) CV curves of I-/I-3 redox couple on 

Co@NCNT CEs and Pt CE at a scan rate of 50 mV s−1 (Reproduced with the permission 

from the Ref. [176], Copyright 2018 Elsevier) 

Lee et al. prepared arrays of vertically aligned N-doped MWCNTs which were readily 

transferred to glass or plastic substrates and used as CEs in DSSCs. The efficiency achieved 
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was 7.04%, which was comparable to that showed by the Pt based CE (7.34%). This 

outstanding performance was attributed to the vertical alignment, which provides large surface 

area, and to the electron rich nitrogen doping, which increases the catalytic activity as well as 

the conductivity [177].  

Beside nitrogen, other heteroatoms are commonly adopted to dope CNTs. Among them, one 

of the most promising is boron (B), which is an electron deficient atom and therefore it is able 

to modify the chemically inert sp2 carbon structure, thus resulting in a large number of free-

flowing π 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 efficiency (7.91%) was achieved when the annealing temperature 

was kept to 500oC. The noticeable efficiency, which was comparable to the one delivered by 

the counterpart Pt based electrode (8.03%), was attributed to the higher catalytic activity and 

conductivity achieved at that annealing temperature [178]. Similarly, Yeh et al. prepared B-

doped MWCNTs based electrodes using various concentrations of boron and used them as 

electrocatalysts for DSSCs. The highest efficiency of 7.17%, comparable to that showed by the 

Pt based electrode (7.98%), was obtained when the doping concentration was 0.04% and 

attributed to the higher catalytic activity and conductivity [179].   

Arbab et al. synthesized activated charcoal (AC)-doped MWCNTs by using an enzymatic 

dispersion method. Charcoal was obtained from different sources, i.e. coal, coconut shell and 

pine tree. A porous morphology was highlighted, which allowed obtaining a high surface area 

and a defect-rich structure responsible for a greater catalytic activity and a lower charge 

transport resistance. The composite material was employed as CE in quasi-solid state DSSCs 

and an efficiency of 10.07%, higher than that showed by the Pt based electrode, was achieved 

in presence of pine tree derived charcoal at a concentration of 0.8% [180].  
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Metal coated and decorated CNTs have also been used as counter electrode materials for 

DSSCs. Ruthenium (Ru) coated MWCNT was investigated by Han et al. as a metal- free 

alternative CE material for DSSCs [181]. Purified MWCNT was sprayed onto FTO conductive 

glass substrate and subsequently 30 nm-thick Ru crystalline thin films were coated on a 

MWCNT template at low temperature by atomic layer deposition (ALD) using RuDi 

(isopropyl-methylbenzene-cyclohexadiene Ru) and O2 as precursors. As evidenced by 

morphological analysis, the effective surface of the CE increased linearly as both the amount 

of sprayed MWCNT and the conformity of the Ru coating around the MWCNT nanotemp late 

enhanced. Moreover, the photo-conversion efficiency of the DSSC increased up to 3.3% as the 

amount of MWCNT raised.   

Lu et al. [182] effectively applied N,S doped hollow core shell carbon microspheres (N,S-

HCCS) as the CE for DSSCs. The photo conversion efficiency (PCE) of the cell reaches to 

8.03%, which is far larger than the Pt’s value 7.2%. The more high adsorption of electrons due 

to large surface area and three dimensional sphere structure of (N,S-HCCS) may be the reason 

for outstanding catalytic performance exhibited by this electrode. Similarly, the fabrication of 

CEs by combining SWCNTs spray coating and chloroplatinic acid (source of Pt nanopartic les) 

chemical reduction along with formic acid was also carried out by Kim et al. [183]. Thanks to 

the presence of Pt nanoparticles, the catalytic activity for triiodide reduction enhanced, thus 

leading to a noticeable DSSC photo-conversion efficiency as high as 5.11%.  

Arbab et al. synthesized organic N-doped MWCNTs using an organic compound named serum 

bovine albumin (cBSA) protein complex, which upon cationization releases huge number of 

activated nitrogen acting as a dopant source. The prepared material, when used as CE in 

DSSCs, gave a promising efficiency of 9.55%, which is comparable to the one exhibited by the 

Pt based CE (9.89%). This excellent performance was attributed to the high charge polarizat ion 
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due to the electronegativity difference and to the structural strain caused by the presence of the 

organic compound [184].  

Tab. 4 summarizes the main characteristics and the photovoltaic performance of DSSCs 

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

No. CE Material Deposition method Photoanode  Sensitizer  
Redox 

couple 

PCE  

(%) 

PCE vs 

Pt (%) 
Ref.  

1 Bi-layer MWCNTs-NMWCNTs Spray coating  TiO2 N719 I3
-/I- 2.18 3.95 [172] 

2 
NMWCNTs 

NMWCNTs-FeNi 
Spray coating  TiO2 N719 I3

-/I- 
4.87 

8.82 
8.01 [173] 

3 
NMWCNTs 

NMWCNTs-Ni 
Direct coating  TiO2 N719 I3

-/I- 
4.24 

8.94 
7.53 [175] 

4 NMWCNT-Co  Spin coating  TiO2 N719 I3
-/I- 8.18 7.54 [176] 

6 
MWCNTs-400 

BMWCNTs-500 
Drop casting  TiO2 N719 I3

-/I- 
6.02 

7.91 
8.03 [178] 

7 
MWCNTs 

BMWCNTs 
Drop coating  TiO2 N719 I3

-/I- 
5.98 

7.17 
7.98 [179] 

8 
MWCNTs 

ACMWCNTs-0.8% 
Tape casting  TiO2 D719 I3

-/I- 
7.16 

10.05 
9.30 [180] 
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9 
NMWCNT-Co 

NMWCNT-Ni 
Spray coating  TiO2 N719 I3

-/I- 
7.75 

8.39 
7.67 [185] 

10 
MWCNTs 

N-CNx/MWCNTs 
Doctor blading TiO2 N719 I3

-/I- 
4.48 

7.38 
7.13 [174] 
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4.5 CEs based on hybrid composite materials  

The composites of CNTs with other organic and inorganic materials have also been used as 

CEs for DSSCs. Beside this, the combination of CNTs with various other carbon nanomater ia ls 

particularly graphene related materials has also been proven to be a potential  candidate for 

CEs. For instance, three different CEs for DSSCs based on graphene, SWCNTs and 

SWCNTs/graphene composites were synthesized by electrophoretic deposition technique by 

Kim et al. [186]. The electrochemical and optical characteristics of the carbon based CEs were 

examined by different characterization techniques. The highest power conversion efficiency of 

5.87% was achieved with the graphene based CE, closely followed by the composite sample 

with an efficiency of 5.17%. 

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 efficiency of 4.66%. 

Hybrid electrodes show a number of benefits compared to other CEs made of graphene or 

platinum films, comprising a lower internal resistance, a higher rate of charge transport and a 

lower electron lifetime. The film thickness noticeably affects the overall performance of the 

cell. In particular, an increase in the film thickness led to the rise of the overall device 

efficiency, due to the simultaneous increase of fill factor, voltage, and current density. 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 [187]. 

Three dimensional nitrogen doped graphene/reduced hydroxylated CNTs composite aerogel 

(NG/CNT-OH) was developed through a two-steps hydrothermal reaction using hydroxylated 

carbon nanotubes (CNTs-OH) and graphene oxide (GO) as reactants [188]. NG/CNT-OH 

composite aerogel exhibited excellent electrocatalytic performances for triiodide/iodide 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 
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prepared NG/CNT-OH composite aerogel was then compressed to form carbon paper and was 

used as flexible and economical TCO-free CE for DSSCs. The fabricated CE showed excellent 

carrier transport ability, high electrocatalytic activity, and exceptional mechanical flexibility. 

The DSSCs assembled with the optimized NG/CNT-OH CE achieved a noticeable power 

conversion efficiency value of 6.36%, higher in comparison to those obtained by Pt CE based 

DSSCs in similar conditions (5.74%). 

The brick-like three-dimensional graphene-CNTs with N-doping (NGC) nanocomposites 

having several upright active edge points and outstanding electrochemical catalytic activity 

were synthesized by mechanically grinding the GO-CNTs filtration films  as proposed by Ma 

et al. as CEs for DSSC [189]. The dimension and concentration of N-doping (breaking 

particles) were tuned via varying the altered ratio of graphene to CNTs. The fabricated CEs 

allowed achieving a DSSC maximum photo conversion efficiency of 6.74 %, quite close to that 

obtained using Pt CEs (6.89%). The noticeable photovoltaic performance exhibited by the N-

doped composite electrodes was attributed to the low potential value among peak-to-peak 

separation along with reduced charge transfer resistance at CE/electrolyte interface. 

Khan et al. fabricated a Co3O4@f-MWCNTs@N-RGO based CE for DSSCs and achieved up 

to 8.42% conversion efficiency which is noticeably higher than that shown by the counterpart 

platinum based counter electrode (PCE~7.81%). The high catalytic performance due the large 

current density of Co3O4@f-MWCNTs@N-RGO CE as compared to all other electrodes[190].  

Al-bahrani et al. [191] studied the preparation of a graphene nanosheets/MWCNTs and 

polyaniline (GNS/MWCNT/PANI) rough and porous nanocomposite via an in-situ 

polymerization method and successfully applied it  a low cost and highly efficient CE for 

DSSCs  using a spin coating procedure (see Fig. 18). The combined of the greater intrins ic 

catalytic 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 
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improvement 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 power conversion efficiency of 7.52% greater than that obtained with the Pt CE 

(6.69%) in similar conditions. 

 

Fig. 18. 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 whereas Rs~ series resistance, Rct~charge-transfer resistance, Cd~ 

double layer capacitance and ZN~diffusion impedance (g). J-V curves of CEs based on Pt, 

GNS/CNT/PANI, GNS/PANI, CNT/PANI and PANI (h). (Reproduced with the 

permission from Ref. [191], Copyright 2014 Elsevier) 

Lin et al. proposed the synthesis through a facile electrophoretic deposition technique of a novel 

hybrid material by combining molybdenum disulfide and reduced graphene oxide 
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nanocomposites with carbon nanotubes (MoS2/RGO-CNTs) and its exploitation as a low cost 

CE [192]. As highlighted by a detailed electrochemical analysis, 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 conversion efficiency of 

about 7.46%, exceeding that measured with DSSCs based on MoS2/RGO CE (6.82%) and on 

Pt CE (7.23%). SWCNTs are also incorporated into MoS2.  

Yue et al. prepared glucose and PEDOT: PSS assisted SWCNTs-MoS2 composite based CEs 

using an in-situ hydrothermal method. A promising photo-conversion efficiency of about 

8.14%, analogous to that shown by the Pt CE (7.78%), was achieved [193]. These promising 

results were attributed to the low charge transfer resistance and high catalytic activity.  

Similarly, carbon nanotube aerogel (CAN) and CoS2 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 [194]. 

Likewise, in another work, the synthesis of a MWCNT and Polyaniline/cobalt sulfide 

(PANI/MWCNT@CoS1.097) nanocomposite was carried out via drop casting technique 

followed by in situ electropolymerization on FTO glass substrate by means of pulse 

potentiostatic electropolymerization technique (see Fig. 19). The film was then efficient ly 

employed as a metal free CE for DSSCs [195]. The prepared electrode displayed an enhanced 

electrocatalytic activity compared to PANI and MWCNT@CoS1.097 CEs. This can probably be 

attributed to the high intrinsic electrocatalytic activity of MWCNT@CoS1.097 and to its 

increased adhesion to the FTO glass substrate guaranteed by the conducting PANI. 

Furthermore, the DSSC based on the PANI/MWCNT@CoS1.097 CE achieved an enhanced 

efficiency of 7.02% with great chemical and electrochemical stability, which is close to that of 

mailto:PANI/MWCNT@CoS1.097
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the DSSC using Pt CE (7.16%) and higher than those of the DSSCs using PANI (6.06%) and 

MWCNT@CoS1.097 CEs (5.54%).  

 

Fig. 19. SEM images of the FTO substrate (a), PANI (b), MWCNT@CoS1.097 (c), 

and PANI/MWCNT@CoS1.097 (d). Schematic illustration for electrocatalytic mechanisms 

in PANI (e), MWCNT@CoS1.097 (f), and PANI/MWCNT@CoS1.097 (g). Cyclic 

voltammetry (h), Nyquist plots (i), and J-V characteristics of DSSCs (j) based on Pt, 

PANI, MWCNT@CoS1.097 and PANI/MWCNT@CoS1.097 CEs. (Reproduced with the 

permission from Ref. [195], Copyright 2014 Elsevier).  

Wang et al. [196] developed a graphitic carbon nitride/MWCNTs composite based CE by 

refluxing process and polymerization by heating. MWCNTs were very well incorporated and 

attached to graphitic carbon nitride. The hybrid composite exhibited a superior electrocatalyt ic 

performance and a much lower charge diffusion resistance as compared with the individua l 

graphitic carbon nitride and MWCNTs electrodes. The elevated electrocatalytic performance 

mailto:MWCNT@CoS1.097
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was possibly due to the synergetic influence of both graphitic carbon nitride and MWCNTs, 

which respectively show an excellent intrinsic electrocatalytic activity, retain maximum 

electrical conductivity, and enhanced specific surface area. The DSSC fabricated employing 

this composite carbon based CE achieved a conversion efficiency of 6.34%, comparable to Pt 

CE based cell. 

Park et al. [197] fabricated CEs based on MWCNTs/mesoporous carbon nanofibers composites 

using electrospinning and silica template etching and were able to obtain a noticeable overall 

conversion efficiency of 6.35%. The electrodes showed excellent mesoporous structure, good 

electrical conductivity, and excellent distribution of CNTs. The most relevant reasons which 

account for the valuable photovoltaic performance of this mesoporous hybrid carbon based 

electrode are the relatively reduced charge transport resistance, the large contact area among 

electrolyte and CE, and the fast electron and ion transfer. The device efficiency was influenced 

also by the CE thickness, which affects the ionic transfer because it is strictly related to the 

loading amount of carbon nanofibers. In particular, the DSSCs photovoltaic performance 

improved while increasing the thickness of the counter electrode. 

Wu et. al. [198] prepared a PANI-MWCNTs 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. 20). The presence of Ni2+ and Co2+ ions 

improved the catalytic activity, while Cu2+ showed the opposite effect and Mn2+ showed no 

effect. The highest DSSC efficiency of 6.00% was achieved with Ni2+-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 Cu2+ establishes a planar structure with the ligands, which retards the electron transport. 
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Fig. 20. SEM images of MWCNT (a), MWCNT-PANI (b), MWCNT-PANI-Ni2+ (c), 

MWCNT-PANI-Co2+ (d), MWCNT-PANI-Mn2+ (e), and MWCNT-PANI-Cu2+ (f). J-V 

characteristic curves of DSSCs (g),  CV of symmetrical cells (h), and Nyquist plots (i) with 

MWCNT-PANI, MWCNT-PANI-Cu2+, MWCNT-PANI-Ni2+, MWCNT-PANI-Mn2+ and 

MWCNT-PANI-Co2+ CEs. (Reproduced with the permission from Ref [198], Copyright 

2016 Elsevier) 

In a very interesting work, Lee et al. synthesized MWCNTs and SWCNTs based CEs for 

DSSCs starting from a powder of CNTs mixed with PtCl4 solution and an electrolyte [199]. To 

increase the total conversion efficiency, CNTs were incorporated into the treated PtCl4  

electrode and into the electrolyte. The highest efficiency value of 4.36% was attained with the 

MWCNTs electrode. The SWCNTs and MWCNTs based films were prepared through arc 

discharge and chemical vapor deposition methods, respectively.  
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Tab. 5.  Main characteristics and photovoltaic performance of DSSCs fabricated with hybrid CEs 

No. CE Material Deposition method Photoanode  Sensitizer  
Redox 

couple 

PCE  

(%) 

PCE vs 

Pt (%) 
Ref.  

1 

PANI 

MWCNTs-CoS1.097 

PANI-MWCNTs-CoS1.097 

Drop casting 
&electropolymerization 

TiO2 N719 I3
-/I- 

6.06 

5.54 

7.02 

7.16 [195] 

2 

MWCNT-PANI  

MWCNT-PANI-Ni2+  

MWCNT-PANI-Co2+ 

MWCNT-PANI-Mn2+ 

MWCNT-PANI-Cu2+  

Coating over FTO with air brush 
followed by electropolymerization 

TiO2 N719 I3
-/I- 

4.58 

6.00 

5.75 

4.77 

2.57 

n.a. [198] 

3 Organic NMWCNT Doctor blading TiO2 N719 I3
-/I- 9.55 9.89 [184] 

4 Co3O4@f-MWCNTs@N-RGO Doctor blading TiO2 N719 I3
-/I- 8.42 7.81 [190] 

5 GNS/MWCNT/PANI Spin coating  TiO2 N719 I3
-/I- 7.52 6.69 [191] 

6 
CAN-CoS2 

CNA 

Hydrothermal & direct  

pasting   
TiO2 N719 I3

-/I- 
8.92 

8.28 
7.32 [194] 

7 (G-P-A)MWCNTs-MoS2 Doctor blading TiO2 N719 I3
-/I- 8.14 7.78 [193] 
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5 Concluding remarks  

In recent decades, CNT-based nanomaterials have attracted broad interests at the energy 

community due to their promising advantages of high conductivity, superior chemical stability, 

low cost, excellent catalytic activity, mechanical flexibility, and long-term stability. These high 

performances made them good candidates in DSSC technology to be used as CE materials in 

substitution of the expensive conventional Pt electrode. In this perspective, this review 

systematically summarized the recent significant progress in preparing various forms of CNTs-

based CEs for DSSCs, and the pivotal factors in determining photovoltaic performance of the 

above-mentioned electrodes were highlighted in detail. Interestingly, in most cases, the 

photovoltaic performance of CNTs-based CEs revealed to be comparable to that of Pt 

electrodes, or even better. Nevertheless, in view of the definitive commercialization of the 

DSSCs, an intense research effort has yet to be performed to find new effective strategies to 

further enhance the solar cell photo-conversion efficiency and long-term stability and at the 

same time to reduce its costs.  
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