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ABSTRACT  
  
  

Being confronted with the energy crisis and environmental problems, the exploration of 

clean and renewable energy materials is urgently demanded. Dye-sensitized solar cells (DSSCs) 

have attracted widespread attention as potential cost-effective alternatives to silicon-based and thin 

film solar cells. The counter electrode (CE) material is one of several components of the DSSCs 

that plays a significant role in the performance, stability, and durability of this PV technology. 

Activated carbon (AC) is a graphite-based material that has shown a great potential to be used as 

CEs. Two-dimensional (2D) transition metal dichalcogenides (TMDs) such as tungsten disulfide 

(WS2) and molybdenum disulfide (MoS2) have shown vast potential as novel energy materials due 

to their unique physicochemical properties. Herein, we provide the synthesis process of the 

WS2/AC nanocomposite CE, the TiO2/WS2 photoelectrodes, and ball milled WS2/AC CEs. The 

electrochemistry analysis of DSSCs is performed by current-voltage (I-V), cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS) methods. The performance and catalytic 

activity of the DSSCs would dramatically improve using WS2/AC as CE while offers a smaller 

charge transfer resistance (better conductivity), comparing with WS2-based and AC-based DSSCs. 

Introducing WS2 to the TiO2 photoelectrodes leads to a better light absorption of the DSSCs 

particularly in the visible light area, while offers a lower charge transfer resistance. Moreover, the 

ball milling process of the CE materials illustrates the influence of crystallite size on the DSSC 

performance. Last but not least, the commercializing potential of the DSSCs is investigated. A 

module is introduced where the materials, equipment, and distribution of direct manufacturing 

costs are calculated. The manufacturing costs and the Levelized Cost of Energy (LCOE) of this 

DSSCs suggest that this PV technology could challenge other leading PV technologies. This PV 

technology has shown a very promising results to be compared with other leading PV technologies.  
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CHAPTER ONE  
  

INTRODUCTION  

  
 

Next generation will have the energy and environment problems as one of their top 

challenges, commented by Nobel Smalley.[1]1 Energy demand is dramatically increasing while 

there is a lack of energy resource to replace fossil fuel, which already caused the reduction of oil 

assets extant on crust of the earth.[2] The combustion of fossil fuels leads to greenhouse and 

environmental contamination, which are of great concerns to protect the world’s environment and 

living species.[3] In order to address these problems, scientific community has shown a great 

tendency to renewable energy resources, which are compatible with today’s environmental policy. 

Among different types of renewable energies, solar energy is one of the most favorable 

renewable energy resources owing to continuous energy reservoir and its affluence.[4] From the 

view point of energy management and environmental security, it is the need of the day to utilize 

solar spectrum to generate power by the application of photovoltaic devices, which are capable of 

producing electricity directly from sun-light without any moving mechanical components. Various 

solar energy conversion devices have been developed and demonstrated with improved overall 

performance, but the conversion efficiency of silicon based solar energy devices is the most as can 

be seen in Fig. 1. Because of the technological maturity and high efficiency, the silicon based solar 

devices are enjoying a major share in the overall market.[5, 6] 

Silicon-based solar devices are expensive due to their complicated production process, 

which limits this technology for urban and other commercial applications.[7] However, recently, 

the 3rd generation solar cells have been invented that enjoy a decisive advantage of lightweight, 

 
1 The materials contained in this chapter was previously published in Progress in Photovoltaics: Research and 

Applications, 29(2), pp.238-261 by Soheil Rashidi et al. 
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flexible and low module cost over conventional silicon based solar modules.[8] In terms of cost 

effectiveness, optimum efficiency and easy fabrication, the dye-sensitized solar cell (DSSC) which 

is a subclass of 3rd generation solar cells was proved to be one of the most promising alternatives 

to the silicon solar cells.[9-11] DSSC consists of four important components, i.e. substrate 

(conductive substrate or conductive film coated substrate), semiconductor nanostructure 

(photoanode), sensitizer (dye), electrolyte and catalyst coated counter electrode.[12] The key 

figures of merit of solar cells are the internal photocurrent efficiency, or the fraction of absorbed 

photons converted into electrical current. The external quantum efficiency is the fraction of incident 

photons converted into electrical current. The schematic diagram of DSSC is shown in Fig. 2. Each 

component in the DSSC contributes towards the power conversion efficiency of the solar cell and 

the good design of DSSC is always the optimization and trade off between different components. 

 

Fig. 1. Efficiency chart of different types of solar cells.[5, 6] 

A DSSC presents three important steps to convert sunlight into electrical energy: It relies 

on the visible photo-excitation of dyes triggering an electron transfer into the conduction band of 

the metal oxide semiconductor (generally TiO2), followed by regeneration of the oxidized dye 
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molecules by the electron donation from the redox couple in the electrolyte, and finally migration 

of electron through the external load to complete the circuit.[13, 14] The entire operation takes place 

with the help of all the components of DSSC.[15, 16] The counter electrode, as a crucial component 

of DSSCs, performs two critical functions: it collects the electrons flowing from the external circuit 

and catalysis the reduction of I3- to I-, thereby realizing the regeneration of the sensitizer. Although 

Pt deposited on fluorine-doped tin oxide (FTO) conductive glass is an effective CE for DSSCs, the 

limited availability and high cost of Pt have restricted further development of DSSCs. An 

alternative is to replace Pt with an economical catalyst that is endowed with both high catalytic 

activity and ready availability. It has been established that transition metal dichalcogenides have a 

number of benefits, including the durability of the covalent bond, the high melting temperature, 

and the good electrical and thermal conductivities of the transition metals. In this dissertation, we 

focus on the recent progresses of MoS2 and WS2 as counter-electrode materials. 

 

Fig. 2. Schematic diagram of dye sensitized solar cell.[12] 

1.1. Transition metal dichalcogenides (TMDs)  

Graphene is the very first single monolayer material, which is also being referred to as “2D 

material”.[17] There are a number of other materials that have the weakly interacting layered 
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character comparable to graphite and they show notable novel properties comparing to their bulk 

materials.[18] These include but not limited to metals, insulators, and semiconductors, such as the 

two-dimensional (2D) transition metal dichalcogenides (TMDs).[19, 20] The TMDs contain a 

transition metal such as Mo, W, Ti, V, Pd, Pt, Zr, Nb, Hf, Re, Tc, Ta that is known as M in the 

TMDs formula, MX2, while the X represents a chalcogen such as S, Se, Te.[20-22] Consequently, 

MoS2 and WS2 have both 2D layered structures and could be found in large quantities in nature.[21, 

22] In MoS2 and WS2 structures (X-M-X), two chalcogen (X) atomic layers are covalently bonded 

with one transition metal (M) atomic layer in between. Each layer in the TMD sandwich structure 

has a thickness of 6-7 Å, where two adjacent MX2 layers are bonded by the weak van der Waals 

interactions.[22-25]  

The unique properties of the anisotropy TMDs make these materials as great options for 

advanced energy storage and conversion,[26] electrochemical catalysis,[27, 28] and sensing 

applications.[29-31] TMD materials in their bulk states show much different properties than their 

exfoliated counterparts.[32, 33] These materials could have a better catalytic property either by 

having a high electrical conductivity or by splitting the layers of bulk TMD materials into single 

or few layer sheets.[34-37] The electrical conductivity of TMD materials is highly dependent on 

its structure and the stacking sequence of TMD layers. As illustrated in Fig. 3, the metal 

coordination of a single layer of TMD could be either an octahedral or trigonal prismatic. These 

individual layers could make a large variety of polymorphic structures when it comes to a multi-

layered TMD. Various polymorphs could be defined by the number of layers in its unit cell (1, 2, 

or 3), and their type of symmetry.[38] Three common polymorphs of TMDs are 1T, 2H, and 3R 

which they have tetragonal, hexagonal, and rhombohedral symmetries, respectively.  
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Fig. 3. Metal coordinate, top view, and stacking sequence of TMD structure.[38] 

The electrical conductivity of 1T form is higher than that of 2H and 3R forms. In other 

words, the 1T form exhibits a metallic behavior in compare with the other two forms, which show 

semiconducting behavior. Consequently, the catalytic properties of these three forms are different 

and it has been proven that a phase transition from 2H form to 1T form is reachable by chemical 

exfoliation.[39] Moreover, it has reported that TMDs with 1T phase have a better catalytic 

properties than bulk semiconducting 2H phase.[40] 

1.1.1 WS2 

Tungsten (W) is considered as one of the heaviest elements between all common transition 

metals in TMDs and its larger size of atoms could tune the properties of TMDs. This transition 

metal is less toxic and cheaper than Mo, since it is more abundant and the industrial consumption 

of W is less than Mo.[41] Tungsten disulfide has attracted more attentions due to its atom size and 

consequently, it is very popular among TMDs in various optoelectronic applications.[42-49] 
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Although the lattice structure of WS2 is similar to that of MoS2, it is more sensitive to tiny charges 

due to a larger size of W atoms. This makes enormous differences in the whole structure and 

therefore in applications of this 2D TMD.[50] In general, the structure and properties of WS2 is 

like those of MoS2. 

1.1.1.1 Li-ion batteries (LIB) 

Along with other TMDs, tungsten dichalcogenides have been examined as a potential 

candidate in lithium-ion batteries to be used as anode.[51-54] Battery performance would be 

improved when the electrochemical of the diffusion channels in the 2D layers of TMDs is 

accessible. It has been proved that WS2 nanosheets exhibit a considerable battery performance 

when they are deposited vertically on the substrate surface of electrode than horizontally.[52] 

However, a conductive agent would be required since the electrical conductivity of the particles is 

not sufficient enough and the cyclability is poor.[55, 56] Recently, the performance of WS2 

electrodes has been improved by depositing WS2 nanosheets on the surface of hollow nitrogen-

doped carbon spheres,[57] 3D graphene network,[58] and Cu substrate by a magnetron sputtering 

method.[59] 

1.1.1.2 Pseudocapacitance 

Recently, WS2 has been employed as a potential candidate for the supercapacitors 

fabrication.[60] However, heavy elements in TMDs have low specific capacitance and this has 

limited their utilizing for the fabrication of pseudocapacitors. By comparing the pseudocapacitive 

behavior of TMDs, it has been illustrated that the electrochemical accessibility of the lateral 

structure performs the key role since the pseudocapacitance is a surface reaction, which basically 

dominated by the redox systems at the surface.[61] That is to say, as an example, a stronger 
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electrocatalytic performance leads to a more facile adsorption mechanism, which is followed by a 

better pseudocapactive behaviour.[62] 

1.1.1.3 Sensors  

WS2 has been recently examined as a potential candidate for different types of sensors, 

although MoS2 has been commonly used as an active material for this application such as gas 

sensors.[63] In the presence of various gases including ethanol and ammonia, the photocurrent of 

WS2 would be changed. Moreover, the good selectivity and sensitivity of WS2 nanoflakes to the 

presence of ammonia at room temperature has been proved.[64] Tungsten dichalcogenides have 

also found applications in biosensors.[65-73] The 2D covalent-network of WS2 makes this material 

a good substrate for biospecies immobilization. In a similar fashion, WS2 nanosheets exhibits an 

excellent sensitivity and selectivity in biosensors to detect Hg2+ and Ag+.[70] It is notable that the 

WS2 sensing performance is similar to that of MoS2, however, WS2 has displayed stronger 

versatility in exhibiting new properties.[74-76] 

1.1.1.4 Photocatalysis 

WS2 has been considered as a co-catalyst along with CdS for the photocatalytic water 

splitting in the process of producing H2, while it is comparable with the performance of noble 

metals.[77] It is reported that WS2 improves the photocatalytic activity of CdS by 56 times.[78] 

WS2 presence is advantageous for the photocatalytic production of hydrogen molecules. Although 

the optimum ratio is determined as 40%, this could also be influenced by the composite 

architecture. Based on various studies, WS2 nanocomposites[79-82] and morphologies[83-85] have 

been considered to develop the photocatalytic activities for real-world applications. In a 

comparison of MoS2 and WS2, the latter not only indicates a significantly better thermoelectric 
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performance, but also shows its ability to effectively separate the photogenerated holes and 

electrons.[86-88] 

1.1.2 MoS2 

The monolayers of MoS2 possesses a high carrier mobility of 100 cm2 V-1 s-1 and on/off 

current ratios of more than 108.[89] The MoS2 tunable bandgap alongside other superior properties 

over graphene such as being more plentiful, good visible light absorption capacity, and lower cost 

have distinguished this TMD materials from graphene.[90-92] 

1.1.2.1 Li-ion batteries (LIB) 

Transition metal sulfides have shown a high capacity among various materials and as a 

result, they are considered as a great candidate to be used as anode and cathode for Li-ion batteries. 

MoS2 is one of the most used sulfide compounds in LIBs as anodes and cathodes.[93-97] It is 

notable that the capacity of MoS2 as an anode is about three and a half times higher than that of 

commercial graphite anodes (372 mA h g-1). It has been proved that the stability of nanostructured 

MoS2-based anodes is prominently high during cycling.[98] Recent studies have been improved 

the properties of MoS2 being used in LIBs by synthesizing 3D porous monolayer MoS2-graphene 

hybrid nanosheet,[99] precise hierarchical MoS2 nanosheets,[100] 2D monolayer MoS2-carbon 

hybrid nanosheet,[101] hierarchical carbon@MoS2 (C@MoS2) microspheres and 

nanospheres,[102] and hierarchical MoS2 quasi-hollow microspheres.[103] 

1.1.2.2 Supercapacitors 

Two important characteristics of materials to be considered in supercapacitor applications 

are known as high surface area and large in-plane carrier conductivity, which both could be found 

in metal sulfides including MoS2 and WS2,[104, 105] The MoS2 sandwich structure, which is 

analogous to graphite structure, provide sheet like morphology that offers a high surface area with 
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a good pseudocapacitive properties.[89, 106] There are three main modes of charge storage in 

MoS2 thin films where the first two modes, include inter sheet and intra sheet double-layer charge 

storage, occur on individual atomic MoS2 layers while the third mode, which is faradic charge 

transfer process, happens on the Mo transition metal center.[106] 

1.1.2.3 Photocatalytic degradation of organic pollutants 

Over the past few years, MoS2 has been identified as efficient photocatalysts to degrade 

organic pollutants in the wastewater. MoS2 is a nontoxic environment friendly material, which has 

shown a good stability against photo-corrosion and a good absorbent of the solar spectrum.[107-

110] Since pure MoS2 has a low photocatalytic performance, it has been combined with other 

semiconductor materials.[111] This combination allows a rapid charge separation due to different 

energy level forms of each semiconductor.[112] Several studies have been developing various 

combinations such as MoS2/RGO composites,[113] MoS2 nanosheets supported by TiO2/g-C3N4 

photocatalysts,[114] ZnO-MoS2-RGO heterostructure,[115] MoS2/BiOBr microspheres,[116] and 

flower like MoS2/CdS heterostructures.[117] 

1.1.2.4 Sensors 

There are two types of sensors that MoS2 nanostructures have found applications in: 

chemical/biosensors and gas sensors. Low noise level, high career mobility and a great surface-

area-to-volume ratio of MoS2 have made it a great candidate for biosensors.[118-122] Moreover, 

the high available surface of MoS2 can easily absorb gas molecules and allows the electrons to 

infiltrate and transport freely in its structure, so that various chemical vapors such as NH3, H2, NO, 

etc. could be filtered by MoS2 nanostructured materials.[123-127] 
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1.1.2.5 Hydrogen evolution reaction (HER) 

Various forms of MoS2 have been employed as electrocatalysts for the hydrogen evolution 

reaction. These forms are including crystalline MoS2, amorphous MoS2 films, and molecular MoS2 

clusters, where they can have different structures such as 1T, 2H, and 3R allotropes.[128] 

Moreover, MoS2 edge-like structure has been used as a part of electrocatalysts for hydrogen 

evolution reaction due to its high activity.[129] It is notable that MoS2 has also being used for solar 

water splitting due to its unique edge activity.[130, 131] 

1.1.3 WS2 and MoS2 as counter electrodes in DSSC 

Compared to the extensive investigations of graphene in DSSCs, the research of graphene-

like metal dichalcogenides in this field is just in their primary stages. Tungsten dichalcogenides, 

same as other TMDs, offer active sites for catalytic reactions.[132, 133] Replacing platinum 

counter electrodes to develop low-cost, catalytically active and stable counter electrodes by 

utilizing WS2 has been one of the hot topics among researchers nowadays.[134-137]  

1.1.3.1 Pure WS2 

TMDs possess fast reaction kinetics for the reduction process in DSSC due to their inherent 

catalytic properties. Wu et al. introduced the WS2 and MoS2 into the DSSC system as counter 

electrode catalysts for the first time.[134] The SEM images presented the forms of accumulated 

irregular particles piled up with WS2 slices, while the MoS2 exhibited the form of twisted leaves 

interlocked with each other, as shown in Error! Reference source not found. (a and b). The cyclic v

oltammetry (CV) was performed to examine the catalytic activity of catalysts and two pairs of 

redox peaks in the CV curves were observed. The left pair may be assigned to the redox reaction 

represented by Equation 1 and the right pair can be assigned to the redox reaction represented by 

Equation 2. As shown in Error! Reference source not found.(c), the CVs of WS2, MoS2, and Pt 
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all display the similar two redox peaks that prove the similar catalytic mechanism and activities for 

the triiodide reduction. 

Equation 1 

I3-+2e- à 3I- 

Equation 2 

3I2 + 2e- à 2I3- 

The power conversion efficiency (PCE) for WS2-DSSC and MoS2-DSSC are as high as 

7.73% and 7.59%, respectively, which are comparable with that of Pt-DSSC (7.64%). The charge 

transfer resistances (Rct) of both WS2 and MoS2 are less than 1 Ω, which confirmed that these 

materials are as effective as Pt for catalyzing triiodide reduction. It is notable that the two sulfide 

electrodes offer a large corresponding capacitance (Cµ), while a large specific surface area is a 

crucial factor for high catalytic activity.[134, 135] In the same work, a new organic redox couple 

(T2/T-) has also been investigated for both sulfides. The photovoltaic performances have been 

improved by 41% and 36% for WS2 and MoS2, respectively, which are even higher than that of 

Pt.[134] 

 

Fig. 4. SEM image of (a) WS2 and (b) MoS2. (c) Cyclic voltammograms of the Pt, WS2 and MoS2 
with the scanning rate of 10 mV S-1.[134] 
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Sajjad et al., deposited WS2 onto fluorine-doped tin oxide (FTO) substrate by 

radiofrequency (RF) magneton sputtering. The DSSC with WS2-based CE exhibited a PCE of 

6.3%, which is comparable with that of Pt CE-based DSSC (6.64%).[136] The CV, electrochemical 

impedance spectroscopy (EIS) and Tafel curve measurements have also been used to prove that the 

WS2-based CE has a good electrocatalytic activity and the reaction kinetics for the reduction of 

triiodide to iodide (I3-/I-).  

As described in previous section, the crystal phase of 2D TMDs has a great impact for 

different application. Hence, the phase transition from semiconducting 2H to metallic 1T phase 

could perform a great role in developing WS2 CE. Tan et al. prepared the single-layer ternary TMD 

nanosheets of MoxW1-xS2 and MoS2xSe2(1-x) with 66% concentration of metallic 1T phase by 

exfoliating 2H-phase layered bulk crystals, as schematically illustrated in Fig. 5(a).[137] Chemical 

vapor deposition (CVD) has been used to synthesize 2H-phase layered bulk crystals from 

elementary powders and the chemical formulas was determined to be Mo0.65W0.35S2 and 

MoS1.35Se0.65 by using the energy-dispersive X-ray spectroscopy analysis (EDS). Fig. 5(b) displays 

the stable colloidal suspension of MoxW1-xS2 nanosheets by exfoliation of its bulk crystal. 

Moreover, the SEM, AFM and TEM images of well-dispersed MoxW1-xS2 nanosheets with a 

thickness of 0.9-1.2 nm are shown in Fig. 5(b, c, and d), respectively. In addition, the SAED pattern 

of this nanosheet is exhibited as hexagonal diffraction spots in Fig. 5(f, g). The power conversion 

efficiency (PCE) of MoS2 nanosheets with 67% of 1T phase is 6.0%, while the exfoliated single 

layer MoS2xSe2(1-x) nanosheets showed PCE of 6.5%, which is also higher than that of 2H 

MoS2xSe2(1-x) (5.4%). 
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Fig. 5. (a) Preparation of single-layer ternary TMD nanosheets by utilizing the electrochemical 
Li-intercalation and exfoliation (MoS2xSe2(1-x) is used as an example). Characterization of MoxW1-

xS2 nanosheets: (b) SEM image (scale bar, 2 µm). (c) AFM height image (scale bar, 500 nm). (d) 
TEM image (scale bar, 500 nm). (e) TEM image (scale bar, 400 nm). (f) The corresponding SAED 
pattern in (d) (scale bar, 2 1/nm). (g) HRTEM image (scale bar, 1 nm). (h) High-resolution Mo 3d 
XPS spectra of bulk crystal of MoxW1-xS2, and the exfoliated and annealed MoxW1-xS2 nanosheets. 
(i) High-resolution S 2P XPS spectra of bulk MoxW1-xS2 crystal, and the exfoliated and annealed 
MoxW1-xS2 nanosheets. (j) Raman spectra of bulk MoxW1-xS2 crystal, and the exfoliated and 
annealed MoxW1-xS2 nanosheets. [135] 
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1.1.3.2 CNT/WS2 composites 

Recently, a number of studies proved that the carbon nanotubes (CNTs) has shown a great 

potential to enhance the photovoltaic performance of TMDs as counter electrodes in DSSCs.[138-

140] In one of the most recent studies by Ladavan et al., they synthesized WS2-W18O49/W5O14 

(WS2-WOx) and WS2-W5O14/MWCNTs via a facile hydrothermal method, while the former 

exhibits an efficiency of 3.27% and the latter enhancing the performance up to 7.44%.[138] Their 

high electrocatalytic activity, low charge-transfer resistance, uniform film coating, and strong film 

bonding to the FTO substrate are the main reasons of the outstanding performance of WS2-

W5O14/MWCNTs. The performance is comparable with the performance of Pt-based DSSCs 

(7.51%). This has introduced the tri composite WS2, W5O14, and MWCNTs as a promising CE for 

commercial DSSCs. 

Multi-wall carbon nanotubes not only offer a high corrosion resistance, but also provide 

high conductivity, photochemical stability, large specific area, as well as good mechanical 

properties. However, it has to be noted due to the limitations of electrocatalytic activity of 

MWCNTs they have not widely been used as CEs in DSSCs. To address this issue, Wu et al. 

prepared a hybrid of tungsten sulfide/multi-wall carbon nanotube in the presence of glucose by the 

hydrothermal route and served as counter electrode in DSSCs.[139] While Fig. 6(a) schematically 

illustrates the structure of their DSSC, it should be noted that the main reasons of good 

electrochemical properties of this counter electrode is the synergistic effects of WS2 and MWCNTs, 

and the amorphous carbon introduced by glucose. Moreover, the SEM images of WS2 indicate a 

large specific surface area and the crude morphologies of the multi-wall CNTs with fiber-like 

structure, as displayed in Fig. 6(b) and (c), respectively. In addition, the WS2 growth on MWCNTs 

can be observed in Fig. 6(d) and (e). The CV curves for different electrodes are displayed in Fig. 
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6(f). The conversion efficiency of glucose assisted WS2/MWCNT CE is reported as 7.36% and 

comparable with that of the Pt counter electrode (7.54%). They have also introduced the 

relationship between the content of MWCNTs vs. the potential (Vpc) and the density current (Ipc) 

of the cathodic peak, as shown in Fig. 6(g).  

 

Fig. 6. (a) Schematic diagram of the DSSC with WS2/MWCNTs counter electrode. SEM images of 
(b) WS2, (c) MWCNTs, and (d and e) WS2/MWCNTs. (f) CVs of the Pt, WS2, MWCNT, 
WS2/MWCNT*, and WS2/MWCNT electrodes at a scan rate of 10 mV·s−1 in the I3−/I− redox 
electrolytes; (g) the relationship between the MWCNT content in the hybrid vs. the cathodic peak 
current density (Ipc) and potential (Vpc) for the WS2/MWCNT CEs.[139] 

In another study, a hydrothermal method has been used to synthesize Multi-wall CNT 

decorated with WS2.[140] The obtained material was employed as CE material for DSSC, which 

showed a high catalytic activity for the reduction process and low charge transfer resistance. The 

reported PCE for a DSSC based on this counter electrode is 6.41% (under a simulated solar 
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illumination of 100 mWcm-2), which is comparable with the efficiency of a Pt based DSSC 

(6.56%). The outstanding performance is because this structure offers a large specific surface area 

that could be used for the interface reaction and storing liquid electrolyte in counter electrode. 

1.1.3.3 Carbon/WS2 composites 

Another method to utilize WS2 counter electrode in DSSCs is to create a Carbon/WS2 

composite. For this purpose, Li et al. prepared porous WS2/P25/C films by doctor-blading 

technique onto conducting glass (FTO).[141] The surface morphology of mesoporous WS2/P25/C 

films is shown in Fig. 7(a). The TiO2 and carbon nanoparticles are homogeneously dispersed, while 

the WS2 nanosheet structure has a dimension of 100 nm and a thickness of 5-10 nm. Fig. 7(b) shows 

the CV curves of FTO, WS2/P25/C, and platinum CE, in which bare FTO shows no chemical 

reaction since there is no change in current from -1.5 V to 1.5 V. However, a pair of oxidation 

reduction peaks (correspond to the redox of I3-/I-) is observable after applying the WS2/P25/C 

coated layer on FTO.[141, 142] It shows almost the same peak current magnitude and more 

negative cathodic peak potential as those of Pt counter electrodes. The photocurrent density-voltage 

characteristics is shown in Fig. 7(c). The WS2/P25/C composite CE shows a PCE of 4.56% with 

Jsc of 13.0 mA cm-2, Voc of 699 mV, and a fill factor of 0.5. 

 

Fig. 7. (a) SEM image of WS2/P25/C composite films, (b) cyclic voltammograms of the symmetric 
cells with two identical FTO, Pt, WS2 and WS2/P25/C composite CEs, (c) I–V curves of DSSCs with 
WS2, WS2/P25/C and platinum counter electrodes with a light intensity of 100 mW cm-2.[141] 
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In 2013, Wang et al. coated a thin layer of carbon on the surface of WS2 to be utilized as a 

counter electrode in DSSCs.[143] Although they could not observe a chemical bonding between 

carbon and WS2 nanoparticles after the coating process, the presence of the amorphous layer of 

carbon increases the conductivity between WS2 particles. The ratio between amorphous carbon (D-

band) and the graphite carbon (G-band) has been reported to be 0.87, which indicates the low 

crystalline structure of the carbon-coated WS2.[144] The PCE of carbon-coated WS2 counter 

electrode was 5.5%, which is comparable to that of Pt counter electrode (5.6%). 

Shen et al. synthesized a novel counter electrode of core-shell film by a sulfurization 

treatment of a mesoporous WOx/carbon film.[145] The continuous carbon layer provides a facile 

electron transfer and electrolyte diffusion to the 3D WS2 framework, contributing a high 

electrocatalytic activity and fast reaction kinetics for the redox of I3-/I-. The power conversion rate 

of 7.71% was reported for this WOx@WS2@carbon composite counter electrode, which is 

favourably comparable to that of WOx/carbon CE (6.00%) and conventional Pt counter electrode 

(7.34%). Moreover, another research reported a PCE of 7.25% and 4.67% for WO2 CE and WO3 

CE, respectively.[146] They believed the carrier concentration in the system of WO3-WO2 would 

increase when the coordination numbers of anion is decreasing.[147] It is of great importance to 

understand there is an optimum level of carbon content to reach the best performance from the CE. 

In other words, the lack of enough carbon content cannot enhance the conductivity of the counter 

electrode. In contrast, a rich carbon content covers the active sites of the WS2, thus decrease the 

bonding strength. 

1.1.3.4 Pure MoS2 

Molybdenum disulfide is an ionic semiconductor with a low conductivity, which shows 

poor energy conversion efficiency for DSSCs. While 1T phase of MoS2 is a metallic phase with 
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excellent conductivity. Very recently, Hu’s research group directly prepare a 1T flower-like 

structured metallic MoS2 film onto a FTO conductive substrate as a DSSC CE. 2H phase MoS2 

possesses a honeycomb lattice, while 1T phase MoS2 is hexagonal. The DSSC with the 1T metallic 

MoS2 CE exhibited an excellent power conversion efficiency of 7.08%, which is 3 times larger 

than that (1.72%) of the DSSC with 2H phase MoS2. This may because the 1T MoS2 sheets are 107 

times more conductive than 2H bulk MoS2.[148]  

It is reported that MoS2 thin film can be directly deposited onto FTO glass substrate by a 

low-temperature thermally reduced (TR) method.[149] XPS, HRTEM and XRD specified that the 

stoichiometry and crystallization of MoS2 would be more comprehensive when the temperature is 

higher. However, the higher temperature leaded to a reduction in the number of edge-plane active 

sites in the short-range-order nanostructure. The results indicated that the highest PCE of DSSCs 

is 6.35% when the thermally annealing temperature was 300 °C.  

In another study, Jhang et al. performed a thermal annealing process and presented the 

overpotential interface modification of the MoS2 counter electrode and the electrolyte. They have 

successfully reported an improvement in photovoltaic performance of the DSSC. Moreover, a 

correlation between the CE conductivity, energy conversion efficiency (η) and the crystallinity of 

MoS2 is identified by Jhang and his group.[150] A direct relation between the hole concentration 

and the energy conversion efficiency was found where Lei and his co-workers prepared three types 

of MoS2 with distinguishable morphologies and used as counter electrode materials for 

DSSCs.[151] These three types of MoS2 morphologies that are shown in TEM images in Fig. 8(a-

d) are multilayers, few layers, and nanoparticles MoS2. They interestingly observed that the edge 

area to basal-plane ratio plays a significant role to define the order of counter electrodes in the 

energy conversion efficiency. In other words, it is reported that the basal-plane ratio of MoS2 



 

19  

nanoparticles is more than that of multi-layered MoS2, followed by few-layered MoS2. Therefore, 

it has been proved that the basal planes do not offer the catalytically active sites of MoS2 CEs for 

reduction of tri-iodine ions. Instead, it is the edges of the typical layered material that provides the 

catalytically active sites of MoS2 CEs. The scheme of catalytically active area in multilayers, few 

layers, and nanoparticles MoS2 are shown in Fig. 8(e) and illustrates the importance of the edge 

plane. 

 

Fig. 8. TEM images of (a) ML-MoS2, (b) FL-MoS2 and (c,d)MoS2-NPs. (e) Scheme of catalytically 
active area in ML-MoS2, FL-MoS2 and MoS2-NPs, showing that only the edge planes are 
catalytically active for reduction of triiodine ions.[151] 

Liu et al. first synthesized the exfoliated MoS2 by embedding the precursors 

((NH4)6Mo7O24·4H2O and thiourea) inside the hydrogel of the activated silicic acid (calculated as 

SiO2).[152] They found that the porous MoS2 sheets counter electrodes have smaller charge 

transfer resistance and a greater electro-catalytic activity in reduction process of I3- to I- in 

comparison with the flower-shaped MoS2. Moreover, the PCE of porous MoS2 sheets counter 

electrodes DSSCs is 6.35%, which is comparable with that of Pt CEs DSSCs (6.19%). 

Although a vast variety of studies have been reported to improve the conductivity and 

electrocatalytic activity of the counter electrode materials of DSSCs, to further enhance the 

exploration of advanced CE materials, Raj et al. proposed a new technique based on the reflectivity 
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of the counter electrode material (MoS2 based).[153] They have used chemical vapor deposition 

(CVD) to eliminate the complicated counter electrode fabrication process and incline the MoS2 

vertically on the surface of FTO. This structure leads to facilitate the absorbance of more photons 

due to a high reflectivity of the counter electrode, resulting in a PCE of 7.5%.  

A facile one-step solution-phase fabrication method of large-area ultrathin MoS2 nanofilms 

with high catalytic activity for photovoltaic devices was introduced by Liang et al.[154] The 

ultrathin MoS2 nanofilms with a thickness of only several stacked layers was uniformly grown on 

a transparent conductive glass. As a result of this process, an excellent catalytic activity has been 

reported for this CE material towards tri-iodide reduction. Moreover, the energy conversion 

efficiency of the MoS2 nanofilms was reported as high as 8.3%, which is greater than that of Pt-

based DSSCs. 

Huang et al. in-situ grew the pure MoS2 nanoparticles on graphite paper (GP) as the 

substrate.[155] The series resistance of MoS2/GP as counter electrode was much smaller than that 

of Pt/FTO counter electrode, which is due to the high conductivity of graphite paper, as well as a 

strong mechanical adhesion and electrical connection between the MoS2 film and the GP substrate. 

Moreover, the charge transfer resistance of these two different counter electrodes found to be very 

comparable. The MoS2/GP CE has also shown a high stability due to the high crystallinity of MoS2 

and being anchored on the GP substrate firmly. The PCE of MoS2/GP CE for the DSSC was 6.48%, 

which is higher than that of the Pt/FTO counter electrode based DSSCs (6.22%). Reduced graphene 

oxide (RGO) was also employed as the substrate.[156] The MoS2@RGO materials could accelerate 

the reduction process of I-/I3- redox couple, due to a good chemical stability and enhanced 

electrocatalytic activity. The abundant catalytic active sites, superior carrier transfer properties of 

graphene, and low resistance of MoS2@RGO lead to a good power conversion efficiency of 6.82%, 
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which is better than that of Pt counter electrode DSSCs (6.44%). Graphite paper was also a great 

candidate as substrate, as reported by Zheng et al.[157] The counter electrode made of MoS2 and 

graphite paper has shown a smaller series resistance for I3- reduction than that of Pt/FTO counter 

electrode. Moreover, to enhance the photoelectric conversion efficiency, and electrical 

conductivity improvements of the CE, they performed the Co doping process. As a consequence, 

a PCE of 7.26% is reported that is believed to be as a result of a great activity towards I3- reduction 

process due to the inert in-plane S atoms neighbouring the doped Co atoms.  

Syrrokostas et al. studied the electrochemical properties of MoS2 films with few-layers 

thickness, which was grown on Mo foils by soft sulfurization. Two various redox shuttles: S2-/Sn2- 

and I-/I3- were employed to investigate the performance of DSSCs.[158] The relation between the 

catalytic activity of MoS2 and the cycling in the polysulfide electrolyte was investigated for the 

first time. They found that the MoS2 has a self-improving performance with raising number of 

cycling, as well as great stability under corrosive soaking situations for two months period of time. 

In contrast, under the same condition, Pt-based nano-structured catalysts offer noticeable 

deactivation. Liang et al. fabricated Bi5FeTi3O15 (BFTO) nanofibers via sol-gel electrospinning 

method and achieved nanofibers with a range of diameters from 40 nm to 100 nm.[159] Then MoS2 

nanoparticles were uniformly dispersed into the synthesized BFTO to prepare the nanocomposites 

as novel Pt-free counter electrodes in DSSCs. The results showed that increasing the MoS2 

concentration, the catalytic activity for reduction of triiodide to iodide enhanced while the 

resistance for charge transfer on the counter electrode/electrolyte interface decreased. The PCE of 

DSSC with nanocomposites as counter electrode is 5.20%, which is 24 times higher than that of 

the pure BFTO counter electrode. 
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1.1.3.5 CNT/MoS2 composites 

Decent mechanical properties, a large specific surface area, good conductivity, and 

photochemical stability are some of the most interesting features of carbon nanotubes.[160] Similar 

to any other materials, CNTs have several limitations too. One of the limitations of the CNTs that 

also prevent this material from being a good candidate to counter electrode applications is its low 

electrocatalytic activity for triiodide reduction.[161] To address this limitation, a combination of 

multi-wall carbon nanotube and molybdenum sulfide (MWCNT/MoS2) hybrid is fabricated to be 

used as a counter electrode in DSSCs.[162] the reason behind the outstanding electrochemical 

properties of this CE may be found in the synergistic effects between multi-walled carbon 

nanotubes and MoS2. The nanocomposite of multi-walled carbon nanotubes and molybdenum 

disulfide (MWCNT@MoS2) was proposed as a CE catalyst in DSSCs by Chien et al. in 2012 for 

the first time.[163] The possible electrocatalytic mechanism of this composite in the operation of 

the DSSC system is shown in Fig. 9(a) where it is suggested that the improved catalytic activity of 

the composite towards the reduction of I3- is resulted from this unique structure. As can be observed 

from the CV results of the MWCNT@MoS2 composite shown in Fig. 9(b), the cathodic current 

density of this composite is noticeably higher than that of MoS2, MWCNT, and sputtered Pt counter 

electrodes. Besides the improvements in the cathodic current density, the electrochemical stability 

of the MWCNT@MoS2 successfully reached 100 CV cycles. Obtaining a great improvement, the 

PCE of 6.45% was reached for the DSSC made by MWCNT@MoS2 counter electrode that is 

slightly higher than that of the Pt counter electrode-based DSSC offering a PCE of 6.41%. 
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Fig. 9. (a) Schematic of the electrocatalytic mechanism of MWCNT@ MoS2 counter electrode. (b) 
Pt, MoS2, MWCNT and MWCNT@MoS2 CVs results for I-/I3- redox system at a scan rate of 10 mV 
s-1.[163]  

In situ hydrothermal route was also employed to glucoses aided (G-A) synthesize the 

composites of MoS2/CNTs with tentancle-like nanostructure.[164] As shown in Fig. 10(a), the 

coral-like MoS2 has a two-dimensional structure. However, the morphology has interestingly 

converted to a three-dimensional sphere-like architecture after CNTs and glucose were introduced. 

In the meanwhile, the coral-like MoS2 was transformed to nanosheet-like structure, as can be 

observed in Fig. 10(b), (c), and (d). A fast mass transport for the electrolyte was provided by large 

active surface area and the unique tentacle-like structure along with 3D large interconnected 

interstitial volume. These superior structural characteristics increased the reduction process speed 

of triiodide to iodide for the (G-A) MoS2/CNTs CE. This counter electrode not only possessed 

superior electrochemical stability and electrocatalytic activity than pristine MoS2, MoS2/C and 

sputtered Pt counter electrodes, but also has charge transfer resistance as low as 1.77 Ωcm2 in the 

I3-/I- redox system. The better electrochemical catalytic activity and conductivity of MoS2/C 

counter electrode than MoS2 could be due to the uniform dispersion of MoS2 active areas in the 

amorphous structure of carbon. It is notable that the active sites for I3- reduction could be increased 

by introducing more oxygen containing functional groups for the CNTs which is basically 

dependent on the aggressive chemical and thermal treatments of the hydrothermal process.[165] 
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On other words, the electro catalytic activity of this composite would be boosted by optimizing 

these variables and improving the charge transfer at the electrode/electrolyte interface.[166] The 

dye-sensitized solar cell with the (G-A) MoS2/CNTs counter electrode presented a PCE of 7.92%, 

which is comparable with the Pt CE based DSSC efficiency of 7.11% under illumination of 100 

mW.cm-2. Similarly, carbon nanotubes-MoS2-carbon (CNTs-MoS2-C)[167] and multi-wall carbon 

nanotube and molybdenum sulfide (MWCNT/MoS2) hybrid [168] also shows outstanding 

performance in DSSCs. 

In another study by Lin and his group, a three-dimensional vertically aligned hybrid 

nanoarchitecture has been synthesized, which provided a great deal of edge-plane catalytically 

active sites for I3- reduction.[169] The one-dimensional CNT provided a high-speed trail that 

supported charge transportation, contributed to a lesser electron lifetime that enhanced the 

exchange current density and decreased the resistance of charge-transfer. This DSSC fabricated 

with the 3-D vertically aligned MoS2/CNT hybrid nanoarchitecture counter electrode reached a 

PCE of 7.83% with current density of 16.65 mA.cm−2, open circuit voltage of 0.74 V, and fill factor 

of 0.66. Due to the direct growth of the carbon nanotubes on the FTO substrate, the CNT forest 

delivers porous and uniform structures, which permit the redox kinds and electrolyte to diffuse 

effortlessly through the CNT forest to help electrochemical activity. 
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Fig. 10. SEM images of the (a) coral-like MoS2 nanopowders; (b, c) tentacle-like (G-A) MoS2/CNTs 
composites. (d) TEM image of the (G-A) MoS2/CNTs composites.[164] 

1.1.3.6 Graphene/MoS2 composites 

To synthesize graphene with MoS2 composite (MoS2/RGO), the graphene oxide (GO) 

nanosheets is being mixed with ammonium tetrathiomolybdate and then kept at 650 °C under the 

H2 flow.[170] There are several functional groups of GO that provides the surface for the MoS2 

nanoparticles deposition. As a result, the active surface area and cathodic current density of the 

MoS2/RGO counter electrode is noticeably greater than those of RGO, MoS2 and sputtered Pt 

counter electrodes. These two parameters perform significant roles in defining the performance of 

the DSSC while the MoS2/RGO CE shows a PCE of 6.04% that is comparable to that of Pt (6.38%). 

There are several format of graphene materials that could be placed under this category. Graphene 

sheet,[171] graphene flake,[172, 173] and reduced graphene oxide [174, 175] are some other format 

of graphene. 



 

26  

The properties of graphene can be modified by doping process, such as nitrogen-doping 

process could increase the catalytic activity of graphene. A noteworthy Pt substitution, nitrogen-

doped graphene (NGr)/ MoS2 composite film, was successfully prepared as the CE for a DSSC by 

Fan.[176] The method of preparing the composite film has retained the original features (2-D 

structure) of its components, i.e., NGr and MoS2. The MoS2 sheets, embedded in the NGr, exposed 

their edge of basal-plane, which provided more active site for the I3- reduction. The DSSC with 8 

wt% of NGr with the slurry of bare MoS2 (NM-8) CE showed the best performance with a power 

conversion efficiency of 7.82%. This value is found to be much higher than those of the DSSCs 

with bare MoS2 and bare NGR and approached that of the Pt-based DSSC (8.25%). 

1.1.3.7 Carbon/MoS2 composites 

In 2013, a high porous molybdenum sulfide–carbon (MoS2–C) hybrid film was prepared 

by using an in situ hydrothermal route at 200 °C for 48 h to be served as Pt-free counter electrodes 

in DSSCs.[177] For synthesizing process, 80 wt% MoS2–C hybrids, 10 wt% acetylene black and 

10 wt% polyvinylidene fluoride were grinded together and then dissolved in NMP in order to make 

the required slurry. Fig. 11 shows the XRD patterns of MoS2 and MoS2–C hybrid where MoS2 has 

a well-stacked layered structure (hexagonal).[178] There is no evidence of strong diffraction peak 

of MoS2 which leads to the possibility of stacking of the single layers, and this structure is named 

graphene-like structure.[179] Fig. 11(b-e) shows the SEM images of the commercial MoS2, 

hydrothermal synthesized MoS2 and MoS2–C hybrid. The former one has a large surface area with 

lamellar structure (Fig. 11(b)). In the meanwhile, interlaced nanosheets could be observed for the 

hydrothermal synthesized MoS2 and MoS2–C hybrid (Fig. 11(c) and (d)). It is interestingly notable 

that the thickness of MoS2 is thicker in comparison with the thickness of intercalated nanosheets in 

the spherical MoS2–C hybrid. This suggests that the incorporated glucose can quicken the speed of 
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MoS2 nanosheets growth and expand the specific surface area, which resulted in electrocatalytic 

activity enhancement. Moreover, MoS2–C has a smaller cathodic peak potential and larger current 

density. This could specify the lower overpotential and better electrocatalytic activity that MoS2–

C has shown, as well as a faster reaction velocity for I3- reduction. In addition, it has been reported 

that not only there is no specific interaction between I-/I3- redox couple and electrodes, but also the 

I3- reduction is a diffusion limited process on the MoS2–C electrode in the reaction 

mechanism.[177, 180, 181] Under simulated solar light illumination at 100 mW cm-2, the DSSC 

based on the MoS2–C counter electrodes reaches a Jsc of 15.07 mA cm-2, Voc of 0.75 V, FF of 0.68 

and a PCE of 7.69%.  

 

Fig. 11. (a) XRD patterns of the synthesized MoS2 and MoS2-C hybrid. Top-view images of (b) 
commercial MoS2, (c) synthesized MoS2, (d) synthesized MoS2-C hybrid. (e) HRTEM image of 
synthesized MoS2-C hybrid.[177] 
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MoS2/nitrogen-doped carbon shell–core microspheres (MNCS),[182] MoS2/hollow carbon 

sphere (MoS2@HCS) composites,[183] flower-like MoS2/graphene composite[184, 185] were also 

employed as counter electrode in DSSCs. The results indicated that as-prepared composite counter 

electrodes exhibited high electrocatalytic activity and low charge transfer resistance resulting from 

the interaction between graphene and MoS2.[186, 187] 

1.1.3.8 Other MoS2 composites 

Sulfide 

As well-known that there are a number of cobalt chalcogenides, such as: Co9S8, CoS, Co3S4 

and CoS2 that have been widely used in Li-ion batteries,[188] electrochemical capacitors[189] and 

as catalysts in oxygen reduction reaction,[190] due to the noticeable characteristic of simple 

manufacture, plentiful feedstock, high chemical stability, low electrical resistivity and great 

catalytic performance.[191] They were also reported to be an excellent counter electrode materials 

in DSSCs.[192, 193] Dong et al. utilized a facile one-step hydrothermal method to prepare 

MoS2/Co3S4 composite films for Pt-free counter electrodes in DSSCs.[194] MoS2/Co3S4 composite 

counter electrodes based DSSCs showed a power conversion efficiency of 6.77% under 1 sun 

illumination (100 mW cm-2, AM 1.5G), which is comparable with the devices made with pristine 

MoS2 or Co3S4 counter electrodes with conventional thermally deposited Pt counter electrodes 

(7.14%). 

Su et al. prepared counter electrodes made of cobalt molybdenum sulfide (Co(1-X)MoxS2, 

x=2/3, 1/2, 1/3) nanocomposites on the flexible titanium foils.[195] These composites have 

hierarchical nanosheet structure, as the schematic of the evolution process illustrated in Fig. 12. It 

was found that Co(1-X)MoxS2 counter electrodes with thinner hierarchical nanosheets offered more 

catalytic active sites. As a consequence, the Co(1-X)MoxS2 counter electrode exhibited higher 
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catalytic activity for the reduction of triiodide to iodide compared with that of the MoS2 and CoS2 

counter electrodes.  

Zhang et al. prepared different morphologies of interconnected MoS2@tin sulfide 

heterojunctions. The synthesis process of hollowed-out netty MoS2(nMoS2)@SnS2 and flower-like 

MoS2 (fMoS2)@SnS2 heterostructures is shown in Fig. 13(a).[196] The nMoS2@SnS2 composite 

has a characteristic crystal structure that might lead to a synergistic effect to escape the 

recombination of the electron-hole pairs in order to speed up the velocity of the triiodide redox 

process and improve the electrolyte stability as can be seen schematically in Fig. 13(b). The PCE 

for DSSC are 5.37%, 5.78%, 6.67%, 7.08%, and 7.63% for fMoS2, nMoS2, SnS2, fMoS2@SnS2, 

and nMoS2@SnS2, respectively. 

 

Fig. 12. (a) TEM image and (b) SEM Image of the Co(1-X)MoxS2 nanosheets. (c) schematic 
illustration of the evolution process of the Co(1-X)MoxS2 nanosheets.[195] 

Su et al. prepared feather duster-like nickel sulfide (NiS)@MoS2 with hierarchical array 

structure as the counter electrode for DSSCs.[197] In this structure, MoS2 nanosheets have a 

thickness of 15-55 nm and located on the surface while the center is occupied by rod-like nickel 

sulfides. This structure not only supports a high-speed electron transfer and electrolyte diffusion 
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channels, but also provides high active catalytic sites due to a great specific surface area. In 

addition, a large electron injection efficiency is provided by this structure from counter electrode 

to electrolyte, leading to a PCE of 8.58%, which is higher than the reported PCE for NiS (7.13%), 

MoS2 (7.33%), and even Pt-based (8.16%) counter electrodes. 

 

Fig. 13. Schematic of (a) the fMoS2@SnS2 and nMoS2@SnS2 preparation process. (b) Energy level 
diagram of the as-prepared XS2 (X=Mo, Sn) CEs and the possible mechanism diagram for the 
operation mechanism of the DSSCs.[196] 

Platinum 

The noble platinum is well-known for a decent electrical conductivity, electrochemical 

stability and electrocatalytic activity, however it is costly with limited resources which contribute 
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to some limitations to be used in DSSCs.[170, 172, 198] Hence, effective utilization of Pt is of 

great importance to develop the low cost DSSCs. 

 Ke et al. modified the surface of MoS2:TiO2:Pt counter electrodes by using argon plasma 

treatment in order to improve the performance of DSSCs.[199] This surface modification increased 

the short circuit current and enhanced the electrocatalytic activity. It should be noted that the 

treatment time played an important role in optimizing DSSCs. It was reported that by attaching Pt 

to the surface of MoS2:TiO2, the distribution of electrons on counter electrode changed, which 

leaded to a change in the Fermi level. It’s much easier for electrons to transfer from counter 

electrode to the solution, if the Fermi level is higher than the redox potential of the electrolyte.[200-

202] 

MoS2 nanosheets were reported to provide the rich catalytic active sites as well as a high 

specific surface area for the redox reactions and supporting abundant Pt nanoparticles, 

respectively.[203] The combination of the two outstanding catalysts resulted in a decent PCE of 

the PtNPs/MoS2 NSs counter electrodes in DSSCs. In addition, the charge transportation resistance 

of this CE is smaller than that of traditional Pt counter electrode, leading to a higher PCE of 8.7%. 

Polymers 

Add Polymers have been investigated in DSSC applications due to their good conductivity, 

high flexibility, and remarkable stability.[204-206] MoS2/polymer composites, which are a 

combination of great electrocatalytic activity of MoS2 and good conductivity feature of PEDOT-

PSS,  were employed as counter electrode for DSSCs.[207] Two different MoS2 materials were 

prepared in absence and presence of Cetyltrimethyl Ammonium Bromide (CTAB) surfactant, 

which were labeled as M1 and M2, respectively. The SEM images shown in Fig. 14 indicate that 

MoS2 materials are well dispersed in M1 or M2 doped PEDOT-PSS. However, as can be found in 
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Fig. 14(a), the particles in M1/PEDOT-PSS are far smaller than M1 powders, which means the 

aggregation of MoS2 could be suppressed in some extent over dispersing into PEDOT-PSS. 

Additionally, both composite electrodes have porous structures which provides a large effective 

electrochemical surfaces and contributing to high electrocatalytic activity as can be found in Fig. 

14(b).[205] The results showed that the smaller size of MoS2 materials leaded to a better 

performance (5.7%), as shown in Fig. 14(c).  

 

Fig. 14. SEM images of (a) M1 doped PEDOT-PSS, and (b) M2 doped PEDOT-PSS films. (c) The 
current density-voltage characteristics of DSSCs using different CEs.[207] 

He et al. decorated polyaniline (PANi) complexes by MoS2 during a reflux technique and 

subsequently in-situ polymerization to produce transparent counter electrodes for bifacial 

DSSCs.[208] This transparent counter electrode provides high active sites and accelerate charge 

transfer between PANi (N atoms) and MoS2 (Mo atoms) by the metal (dπ)-nitrogen (pπ) 

antibonding interaction, which enhanced the electrocatalytic activity towards triiodide reduction of 

PANi-MoS2 complex counter electrode. The DSSC based on PANi-6 wt% MoS2 complexes 

counter electrode showed a PCE of 7.99% and 3.40% from front and rear irradiations, respectively. 

Others 

In order to enhance the electrocatalytic activity and achieve a better efficiency of DSSCs, 

it is of great importance to modify the interface between MoS2 counter electrode and the electrolyte. 
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Jhang et al. studied this interface modification by incorporating TiO2 nanoparticles to reach a higher 

active surface area serving to increase the short circuit current, as well as enhancing the 

electrocatalytic activity to increase the power conversion efficiency.[209] They found that by this 

interface modification, the η would be more influenced by electrocatalytic activity than the counter 

electrode conductivity. The surface of MoS2:TiO2 counter electrode was further modified by 

doping various Co contents.[210] This surface modification leads to an enhancement of 

electrocatalytic activity as well as increasing the short circuit current. The authors proposed that 

the effect of Co 3d orbit on increasing the probability of the reduction of triiodide to iodide by 

jumping electrons from the conduction band to this orbit. The induced surface states by Co doping 

could act like channels for electron transfer. However, the electrons and holes from conduction and 

valance band would be transferred to the 3d orbit and recombined there, which is considered as a 

negative effect of the 3d orbit of Co. Fig. 15 shows the J-V curves of DSSCs with various electrode 

materials. 

 

Fig. 15. J–V curves of DSSCs with the (a) MoS2:TiO2, (b) MoS2:TiO2:Co(I), (c) MoS2:TiO2:Co(II) 
or (d) MoS2:TiO2:Co(III) CEs in the light (AM 1.5G, 100 mW cm-2).[210] 
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1.1.4 WS2 and MoS2 as photoelectrodes in DSSC 

1.1.4.1 WS2 

In 2019, Powar et al. coated WS2 quantum dots on TiO2 for DSSC by chemical bath 

deposition.[211] They reported that the photovoltaic performance of this DSSC has increased by 

11%. WS2 quantum dots exhibited a dominant optical absorption in a spectral range of 350–800 nm 

with its characteristic’s peaks at 550 nm and 620 nm corresponding to the direct bandgap optical 

transition at the K-point. Photovoltaic characteristics of DSSCs with WS2 quantum dots asserted 

the additional photoelectrons generated by WS2 via the increment in photocurrent density and 

overall performance. The fabrication process starts with dispersing different amount of WS2 (159, 

250, and 350 mg) into 50 ml of dimethylformamide (DMF) and marked them as 0.3 wt%, 0.5 wt% 

and 0.7 wt%, respectively. Then, to make the stock solution, the stirring process and sonication are 

performed for 30 and 45 minutes, respectively. The fabrication process of WS2 quantum dots is 

followed by preparation of a 1:10 ratio stock solution to DMF before stirring for 6 hours at 140 °C. 

Next, the cooling process takes place at to room temperature and centrifuged at 7000 rpm for 10 

minutes. Therefore, it would be possibe to collect the supernatant that contains WS2 quantum dots. 

Synthesized WS2 quantum dots were deposited on mesoporous TiO2 deposited on fluorine doped 

tin oxide (FTO) coated glass substrate using chemical bath deposition. Further, N719 dye was used 

to sensitize the WS2 quantum dot coated TiO2. Iodine based redox electrolyte was used as a hole 

transport layer along with platinum counter electrode for the DSSC fabrication. To estimate the 

effect of incorporating WS2 quantum dots, DSSC with no WS2 quantum dots was fabricated and 

the results were compared. WS2 quantum dots were characterized using UV–Vis 2600 (Shimadzu 

Corporation, Japan), Spectro-fuoro-photometer (Shimadzu RF-5301), X-ray photoelectron 

spectroscopy (Kratos Analytical Model) and Tecnai G2 TF20 S-TWIN Transmission electron 
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microscope (TEM). Current density–voltage measurements of the DSSCs were measured in 

Newport Oriel Class-A solar Simulator Keithley-2400 digital source meter. Their results are 

mentioned in Table 1. 

Table 1. Photovoltaic parameters of the DSSCs measured under AM1.5 illumination level. 

 
 

In 2019, Liu and co-workers performed pulsed laser deposition to cure MoS2-WS2 films on 

FTO. The fabrication process achieved by using chemical vapor deposition method while the MoO3 

and WO3 are being used as precursors through this vulcanization.[212] The electron transfer rate 

from one material to the other may vary depending on the tunable electron transport direction. 

Therefore, the sequence of the metal sulfides on FTO is of great importance. Note that the 

conduction bands of MoS2 and WS2 are 4.38 and 4.13 eV, respectively. That is to say, the electron 

transport rate from FTO to the MoS2 surface may be higher than that from FTO to the WS2 surface. 

In this scenario, the FTO/WS2/MoS2 is different from FTO/MoS2/WS2. The short-circuit 

photocurrent density of FTO/WS2/MoS2 and FTO/MoS2/WS2 are shown in Fig. 16 (a), where the 

former stands at 14.16 mAcm-2 and the latter is achieved at 11.72 mAcm-2. Therefore, the 

hypothesis of the effects of tunable deposition on the electron transport direction is successfully 

verified as the catalytic activity of FTO/WS2/MoS2 is higher than that of FTO/MoS2/WS2. In this 

study, FTO was treated by ethanol and deionized water for 20 min under ultrasound, respectively. 

MoO3 (or WO3) film was deposited on FTO substrate by PLD to obtain MoO3/WO3 or WO3/MoO3. 

The vacuum chamber with the base level of 6×103 Pa was adjusted to 5 Pa by adding oxygen, used 
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a pulsed Nd:YAG (energy of 450 mJ and pulse numbers of 1000). The sulfurization process was 

carried out on CVD under Ar flow at 550°C for 20 min to convert oxides. The cyclic voltammetry 

results of various CEs are shown in Fig. 16 (b). The WS2/MoS2 has the lowest peak to peak gap 

which may results in a better catalytic activity of the cell. 

 
Fig. 16. (a) Pt, MoS2, WS2, MoS2/WS2 and WS2/MoS2 J-V, and (b) CV curves of DSSC.[212] 

In 2019, Ahmadi et al. fabricated vertically aligned WS2 nanosheets on a conductive and 

transparent substrate for photovoltaic applications.[213] The growth temperature achieved in this 

work (500 °C) is the lowest temperature in the CVD method, which has not been reported 

anywhere. An advantage of WS2 nanosheets synthesis on the FTO substrate is that there is no need 

to transfer the prepared layer to another substrate for measurements. The WS2 nanosheets vertically 

aligned on the FTO substrate showed a good photo-response, because of their large surface area 

and active edges at the surface. A photocurrent of 32 µAcm−2 was measured during the WS2 

nanosheets synthesis, which was higher than that of other reports. The response of FTO/WS2 

nanosheets is better than that of ITO/WS2 because the WS2 nanosheets on FTO are more 

homogeneous and cover approximately all the surface of the substrate, as is shown in Fig. 17. The 

absorbance of FTO is shown to be better in most of the light ranges. 
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Fig. 17. (a) UV-vis spectrum of FTO/WS2 nanosheets and Tauc plot of (b) FTO/WS2, (c) ITO/WS2 
nanosheets.[213] 

The ABPE (applied bias photon to current efficiency) efficiency was 0.84% at 0.75 V bias 

(versus reversible hydrogen electrode (RHE)) as can be seen in Fig. 18. This efficiency and fast 

photo response (rise and decay times) of FTO/WS2 nanosheets make them a promising candidate 

for the photoelectrochemical electrode. Additionally, the Nyquist graph proves that the resistance 

between electrode and electrolyte is much lower for the FTO/WS2 in compare with ITO/WS2 as 

shown in Fig. 19. This work could be used for fabrication of WS2 nanosheets directly on a 

transparent and conductive substrate, i.e., FTO for photoelectrochemical and optical applications. 

In a photoelectrochemical cell, followed by the absorption of light and production of electron-

holes, two cases have to be taken into account: active sites that are at the active surface area and 

electrical contact to these sites (the contact between active sites and electrolyte). A vertically 
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aligned structure can improve the active sites and electrical contact. Therefore, vertically aligned 

WS2 nanosheets have a great surface area and edge sites, increasing the electrical contact between 

active sites and electrolyte. 

 

Fig. 18. Photoelectrochemical measurements (a) linear sweep voltammetry (LSV) of nanosheets 
electrodes under visible light, (b) applied bias photon to electron efficiency (ABPE) calculated 
from LSV plot in (a). [213] 

 

Fig. 19. Nyquist of the FTO/WS2 and ITO/WS2 nanosheets.[213] 
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In another study in 2019, Wang and his team studied the monolayer MoS2/WS2 

heterojunction photoelectrodes to investigate the probing charge carrier transport and 

recombination pathways.[214] Since the interfacial electric field of the monolayer MoS2/WS2 

heterojunction splits charge carriers in less than 100 fs, this heterojunction is exciting for various 

applications for solar energy conversion. Original charge recombination and transport pathways in 

monolayer MoS2/WS2 photoelectrochemical cells are demonstrated by this group of researchers, 

where an excitation-wavelength-dependent recombination pathway was found to be dependent on 

the heterostructure, the stacking configuration, as well as the carrier generation profile of 

heterojunctions. It has successfully been illustrated that the charge transport happens parallel to the 

layers over micrometer-scale distances, although great charge extraction pathways are provided by 

the liquid electrolyte and indium tin oxide, thanks to the electron- and hole-selective contacts. 

Therefore, it is revealed that the heterogeneity of composition has a significant effect on the 

performance of bulk heterojunction electrodes that are made of randomly oriented nanosheets. The 

interlayer charge separation that occurs in MoS2/WS2 heterojunctions leads to observing holes in 

WS2 while it releases electrons in MoS2. In order to improve the efficiency of heterojunction 

photoelectrode, it is suggested that the carrier transport pathways should be implemented 

perpendicularly, via the top and bottom carrier-selective contacts. 

Xiao and his group fabricated WS2 quantum dots from bulk WS2 powder and then 

interspersed that on their synthesized WO3 nanorod arrays.[215] they have reported a uniform 

morphology for the fabricated WS2 -QDs/WO3 nanorod arrays with oriented (200) facet. The 

optimized exposure of (200) facet and WS2 QDs loading generate 1.7 and 2.1-fold photocurrent 

density, respectively. This outstanding PEC performance benefits from the broadened light 

absorption, type II heterojunction energy band, enhanced separation, and transfer efficiency of 
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photogenerated electron–hole pairs and increased electrochemically active surface areas. Tungsten 

oxide is a visible-light-responsive photocatalyst, which exhibits a wide bandgap (2.5–2.8 eV) and 

the ability to absorb considerable portion (12%) of solar light to oxidize water, much higher than 

that of anatase TiO2 (4%). the introduction of smaller bandgap semiconductor quantum dots (QDs), 

such as WS2, MoS2, CdS, or Ag2S to a wide bandgap photocatalyst, would be an effective way to 

restrain the recombination of photogenerated electron–hole pairs and to broaden the visible-light 

absorption region, leading to high photocatalytic efficiency for PEC water splitting. 

In another study in 2013, by Lopez et al., they used few-layered films of WS2 as light 

sensors that was synthesized by chemical vapor deposition on quartz.[216] These few-layered films 

are consist of sheets possessing up to 10 layers. Additionally, they carried out the current-voltage 

measurements by using Au/Ti contacts in order to connect the WS2 layered material, at the room 

temperature. This structure is schematically shown in Fig. 20 Then the photocurrent measurements 

are performed by using different laser lines which are lined ranging between 457 and 647 nm and 

reported their results that illustrates the electrical response of their cell dramatically depends on the 

photon energy from the excitation lasers. Moreover, they proved that the incident power has a non-

linear effect on the photocurrent while the generated photocurrent in the WS2 differs as a squared 

root of the incident power. Therefore, it has been suggested that the few-layered WS2 is a very 

strong candidate for constructing novel optoelectronic devices due to the ability of this material to 

detect various photon wavelengths and over a wide range of intensities. 



 

41  

 

Fig. 20. Schematic representation of the photo detector device consisting of a few-layered WS2 film 
on quartz, the Au/Ti contacts and the different laser wavelengths were applied perpendicularly to 
the film.[216] 

1.1.4.2 MoS2 

In 2016, Trenczek-Zajac et al. synthesized MoS2/TiO2 and GO/TiO2 nanocomposites via 

environmentally friendly electrodeposition (GO, MoS2) and – for the purpose of comparison – 

hydrothermally (MoS2).[217] A hydrothermal process of MoS2 preparation from Na2MoO4 and 

CH4N2S with the use of a surfactant or NH2OH-HCl and NH3(aq) was applied. The MoS2/TiO2 

nanocomposites successfully show a lower charge transfer resistance than TiO2. Moreover, the 

photoelectrochemical response of the TiO2-based DSSC dramatically improves when MoS2 is 

added to TiO2. It has been reported that the microstructure and the crystallinity increase by 

introducing MoS2 to TiO2, which then results to a high photocurrent for the 2D MoS2/TiO2 

nanocomposite.  

In 2016, three types of bilayer and heterojunction films photoanodes were designed and 

fabricated from green synthesized MoS2 and TiO2 nanoparticles (NPs), and then the dye-sensitized 

solar cells based on these various films photoanodes were investigated by He and his team.[218] 

Results demonstrated that layered semiconductor MoS2 could be a viable material candidate for 

solar cell applications due to its superior photoelectric characteristics. The DSSCs from the 
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MoS2@TiO2 heterojunction film photoanode exhibit the highest solar energy conversion efficiency 

of 6.02% under AM 1.5G simulated solar irradiation, which is 1.5 times higher than that of the cell 

from pure TiO2 film photoanode. MoS2-TiO2 heterojunction at the interface helps MoS2 NPs to 

efficiently collect the photo-injected electrons from TiO2 NPs, thus reduce charge recombination 

at both the NPs-electrolyte and NPs-dye interfaces. These advantages together with collecting or 

transferring injected electrons abilities by combining the improved light absorption and the large 

dye-loading capacity of such structural NPs films, rendering the MoS2-TiO2 composite 

photoelectrode superior potential for DSSCs applications. 

To Synthesis MoS2 microspheres by using pollen grains as biotemplate, 0.883 g ammonium 

molybdate ((NH4)6Mo7O24 4H2O) and 3.020 g sodium sulfide (Na2S 9H2O) were added into 100 

mL of ethanol and water (volume ratio of ethanol to water is 1:1) solution. Then, 1.0 g pollen grains 

were immersed into the solution by vigorous stirring and the pH value was adjusted to 7 by an 

addition of hydrochloric acid. After stirring for 10 h, the as-immersed pollen grains were then 

separated from the solution by filtration, cleaned by ethanol three times, rinsed in distilled water, 

dispersed in ethanol, and dried at 80 C for 24 h. After that, the as-treated pollen grains were 

immersed again into the precursor solution to control the pH value (about 7.0) by adding 

hydrochloric acid and kept for another 10 h. Finally, the templated products were separated and 

further heated at 200 C for 30 min in a tube furnace and sintered from 200 C with an increase rate 

of 2 C min-1 to 650 C and maintained at 650 C for 3 h, thus yielding black products, and then 

washed with water and ethanol to remove impurities. 

To Fabricate TiO2 and MoS2 nanoparticle (NP) film photoanodes, viscous TiO2 and MoS2 

paste were prepared by mixing the as-obtained TiO2 or MoS2, ethanol, terpineol, and ethyl cellulose 

(the weight ratio is about 2:10:4:1) under continuous grinding in agate mortar for about 4-5 h. First, 
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the mixture of nanoparticles and ethyl cellulose was dispersed in solution of ethanol and terpineol 

by ultrasonic vibration for 10 min, and then the solvent was removed by continuous grinding. The 

TiO2@MoS2 paste was obtained by using the mixture TiO2@MoS2 (weight ratio ¼ 1:1). The paste 

was coated on FTO glass by a doctor blade technique for 2 times. As shown in Fig. 21 (a), the TiO2 

paste was coated on FTO glass. Fig. 21 (b) illustrates how MoS2 paste was coated on FTO glass 

and then coated TiO2 paste in doctor blade process to obtain such MoS2/TiO2 NP film photoanode; 

while for TiO2/MoS2 NP film photoanode, TiO2 paste first and then MoS2 paste were coated on the 

FTO glass as shown in Fig. 21 (c). The TiO2 paste and MoS2 paste were mixed and then coated on 

the FTO glass as shown in Fig. 21 (d). Finally, the as-obtained photoanodes were sintered at 450 

C for 30 min. 

 

Fig. 21. Schematic presentation of the DSSC based on bilayer and heterojunction film 
photoanodes.[218] 
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SEM images of the as-obtained products, revealing that the hierarchical scaffolds of the 

pollen grains can be faithfully mimicked during the synthesized and calcined process. Fig. 22 (a-

c) exhibits SEM images of the obtained MoS2 products calcined at 650 C for 3 h at various 

magnifications. It can be observed from Fig. 22 (a) that the products maintain the ellipsoid shape 

of the pollen grains, the open pores networks on reticular surface still exist there, and the pore size 

is about 400-500 nm as shown in Fig. 22 (c). The cross section of the MoS2 shells as seen in the 

insert image of Fig. 22 (c) further shows that the hierarchical scaffolds well construct the hollow 

reticular shells. A formation of the core-shell structure suggests a successful replacement of the 

pollen coats with MoS2 coats, which is about 900 nm thick. As shown in Fig. 22 (d-f), the TiO2 

products also maintain the ellipsoid shape of the pollen grains. The surfaces of the hierarchical 

scaffolds are coarser and have a little deformation as compared to the MoS2 products, indicating 

that the aggregation of the TiO2 precursor particle on the surface of the pollen grains is relatively 

easy and serious. Based on these morphological properties, indicating that the open pore networks 

extend from the surface of the pollen grains to the inner to form barrel-shape networks, which 

suggests that such networks are just like thoroughly open doors to allow facile mass transport, then 

absorbed on the pores' inner surface to mimic the hierarchical scaffolds of the pollen grains. 

As Fig. 23 illustrates the current-voltage characteristics of the DSSCs that are fabricated 

with various photo-anodes, not only the squareness of MoS2@TiO2 is more than that of other photo-

anodes, but also it has the highest JSC and efficiency in compare to the other DSSCs.  
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Fig. 22. SEM images of the as-obtained MoS2 (a-c) and TiO2 (d-f) products.[218] 

 

Fig. 23. Current-voltage characteristics of the DSSCs assembled with different photo-anodes, 
measuring under AM 1.5 solar simulator 100 mW cm-2 illumination. a: TiO2; b: MoS2/TiO2; c: 
TiO2/MoS2; d: MoS2@TiO2.[218] 
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All the important parameters of the I-V measurement are mentioned in Table 2. The highest 

fill factor is related to MoS2@TiO2, as well as the best performance with an efficiency of 6.02%. 

Table 2. Photovoltaic performances for the DSSCs assembled with different photoanodes, 
measurement under AM 1.5 solar simulator 100 mW cm-2 illumination.[218] 

 

Nanostructured forms of MoS2 have been shown to be excellent catalysts for 

electrochemically driven H2 evolution. This suggests that many of the factors concerning surface-

state effects may play a significant role in determining overall photoactivity and must be taken into 

consideration in any attempt to develop efficient MoS2 photoelectrodes. Consequently, in this 

study, the aim is planned to understand the role of surface defects in MoS2; Chen et al. developed 

a controlled, in-situ method to create surface defects (electronic surface states) during 

electrochemical and photoelectrochemical studies of single crystal MoS2 producing surfaces with 

features that bridge the gap between nanostructured MoS2 and pristine single crystal MoS2.[219] 

They showed that the decrease in photoactivity as a result of the in-situ surface-defect generation 

may be largely balanced by an enhancement in catalytic activity for the hydrogen evolution reaction 

from edge sites which are known to be highly catalytic for that particular reaction. The 11 h of 

stability testing conducted here may not be sufficient to fully account for the behavior of MoS2, 

and further defecting of the sample surface may reach a point in which losses in photoactivity 

significantly outweigh gains in catalytic activity. Regardless, it may yet be possible to achieve 

greater photovoltages from nanostructured MoS2 by leveraging quantum confinement effects as 

previously proposed, but careful attention must be paid to the chemistry and electronic properties 
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of the edge sites, which may need to undergo chemical transformation or passivation to yield 

optimal properties. The tunability of the electronic structure of these edge sites offers a path 

forward to potentially improve photogenerated carrier lifetimes, while the development of 

passivating treatments may provide a way to enable MoS2 as well as other types of semiconductors 

to become viable photoelectrodes for applications in energy storage on the basis of chemical 

transformations.  

In 2017, Zhao et al. proved that the randomly stacked MoS2 films can hold the properties 

of few-layered materials with decent quality.[220] They successfully fabricated the high-quality 

MoS2 films by performing liquid phase exfoliation (LPE) through the feasible methodology. 

Additionally, the MoS2 films that prepared in this study have good response speed under light 

illumination that suggests these MoS2 films provide a tunable photocurrent as the thickness of films 

is changed. Therefore, the MoS2 films are one kind of reversible and stable optoelectronic materials 

that could be considered as a great potential candidate in scalable photovoltaic and photodetector 

applications. 

Fig. 24 shows the experimental procedures to fabricate MoS2 films with different 

thicknesses. Firstly, 0.3 g MoS2 powder is mixed with 300 ml 70% isopropyl alcohol (IPA). Then 

the solution is sonicated by a supersonic machine (Qsonica Q700) with 570 W for 40 min. Although 

the utilization of surfactant could improve the efficiency of exfoliation, it may introduce impurity. 

To ensure exfoliated efficiency without surfactant, the exfoliated time and the power have been 

increased. Secondly, the exfoliated MoS2 solution is divided into several 10 mL by centrifuge tubes 

and centrifuged for 10 min by the centrifugal machine (Centurion Scientific K241) with the rotate 

speed 7500 r/min. The supernatant is collected for further preparation. Thirdly, MoS2 supernatant 

with 20, 40, 60, 80- and 100-mL filtration volumes are filtrated by porous filtration membrane 
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(Tianjin Jinteng Co. Ltd.). Then, the MoS2 films will be attached on the filtration membranes. 

Lastly, the MoS2 films are transferred onto quartz or other substrates. Before the transfer process, 

1 mm thick 2 × 2 cm2 quartz substrates are cleaned in acetone, IPA and DI water successively to 

improve surface clearness. The membranes with captured MoS2 films are wetted with DI water and 

pressed against the surface of the substrates lightly. After 12 h, the MoS2 films are dried and 

adhered to the hydrophilic treated quartz at room temperature. Then the samples are put into culture 

dishes and soaked in acetone to dissolve the membranes. After further cleaning with plenty of 

acetone and dried at 40 C for 30 min, nanometer thickness MoS2 films on quartz can be obtained. 

With the increasing of the filtration volumes, the MoS2 films become thick. 

 

Fig. 24. Experimental fabrication procedures for MoS2 films.[220] 

1.2. Activated carbon 

Activated carbon (AC) is a highly porous material that is made of a three-dimensional (3D) 

arrangement of graphene layers. The free spaces within the 3D blocks can have a broad range of 
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sizes as shown in Fig. 25.[221] this unique structure of AC separates this material from graphite. 

In other words, activated carbon has a random imperfect structure over a wide range of pore sizes. 

 

 

Fig. 25. Materials with pore size bigger than 50 nm are macrospores, between 2 and 50 nm are 
mesopores, and <2 nm are micropores.[221] 

Activated carbon offers a very strong physical adsorption forces and interestingly is not 

fully made of only carbon element.[222] In fact, there is 87% to 97% of carbon in AC and the rest 

is consist of oxygen, hydrogen, nitrogen, and sulfur. There are several advantages that come with 

activated carbon properties including a very high accessible surface area that may help with 

catalytic activity if used in a composite, as well as good chemical and physical stability. It should 

be noted that the preparation of the AC based on the precursor is fairly cheap and easy while it has 

a very low density thanks to the porous structure. 
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There are many applications for AC and among them the purification process is assumed 

to be the main application especially for liquid-phase applications.[223] Fig. 26 illustrates the 

various applications of AC: in gas-phase and liquid-phase adsorption processes. 

 
Fig. 26. Various applications of activated carbon.[221] 

1.3. Strategies to improve activated carbon DSSC performance  

There are three ways to improve the performance of activated carbon DSSCs; one is to 

increase the conductivity,[224-228] the other one is to increase the activity[226, 229, 230], and the 

third is to change the pore size distribution.[230-233] 

In 2013, Mohan et al. fabricated poly(acrylonitrile)(PAN)/activated carbon composite and 

investigated its detailed mechanism of conduction and working for DSSC.[224] The composite 
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exhibits low internal charge transfer resistance and a good catalytic activity. They observed a 

porous morphology for this composite that is favorable for ion transportation. A solar cell 

efficiency of 8.42% was obtained for the DSSC. In another study in 2016, Mehmood and coworkers 

fabricated carbon/carbon nanocomposites as counter electrodes for DSSCs where they benefited 

from the high surface area of activated carbon, the good catalytic properties of graphene and the 

high conductivity of multiwalled carbon nanotubes.[225]  

In 2015, Gupta and coworkers synthesized a novel composite by using copper (Cu)-carbon 

nanofibers (CNFs) that were grown on activated carbon through a chemical vapor deposition 

(CVD) process.[226] The Cu nanoparticles enhances the conductivity of the electrode in DSSC as 

well as acting as a catalyst for the reduction reaction. This low charge transfer resistance and high 

electrocatalytic activity of the Cu-CNF composite makes it a goof candidate to be used as an 

efficient catalyst at the counter electrode of DSSCs. 

In 2017, Memon et al. designated mesoporous AC decorated carbon (M-AC/CNT) to and 

obtained a very high electro-catalytic activity as well as photocatalytic activity while the composite 

revealed to have a superior conductivity.[229] The porous structure of this composite have a high 

ability of catalytic reduction towards tri-iodide ions. A year after that, Sun and coworkers fabricated 

a graphite nanoplatelet (GnP) with activated carbon and obtained a defect rich morphology to 

enhance the electrocatalytic activity and electron transfer mobility for this DSSC.[231] 

Additionally, they reported the synergistic effect of the high electron affinity of GnP led to the 

higher catalytic activity of the composite. The fabrication process of this composite is 

schematically illustrated in Fig. 27. 
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Fig. 27. Schematic of the synthesis process for the GnP/AC composite cathode.[231] 

1.4. Modification of WS2 structure 

Modification of a material is necessary when the properties need to be altered and WS2 is 

not an exception. Phase transition in WS2 and MoS2 as TMDs could offer different technological 

values while changing the properties of those materials. In this case, the phase transition may 

happen between T- and H-phases of WS2 to alter the properties of this TMD. In fact, a geometric 

rotation in the structure of WS2 could switch the phase from 2H to 1T. In other words, one of the 

S planes in the structure of WS2 must go through a transversal displacement to observe a phase 

transition. Therefore, there are several methods that lead to a 2H/1T phase transition that we discuss 

below. 

1.4.1 Li 

The first method of phase transition that will be discussed is the ultrasound-hydration of 

lithium-intercalated compounds that is also one of the most common methods. Py and Haering 

studied the structural destabilization induced by lithium intercalation in TMDs in 1982. They 

observed a first order phase transition from trigonal prismatic to octahedral (1T structure) by charge 

transferring from lithium to the host as the driving force, leading to a drastic increase in the 

electronic energy of the semiconducting host.[234] The H-phase is stable for up to 20% of Li while 

the octahedral phase becomes more stable in higher concentration of Li. It has been observed that 



 

53  

the stabilizing factor for such a structure difference is reflected in the splitting of the d-covalent 

band density. In other words, both the charge transfer process and the structural phase transition 

occur when the lower d-subband is occupied. It has been observed that the stabilizing factor for 

such a structure difference is reflected in the splitting of the d-covalent band density. Another 

method for this phase transition is by doping WS2 with Re, Tc, or Mn, which have more electrons 

than W and act as donors.[235]  

In 1993, Bissessur and coworkers studied the encapsulation of polymers into TMDs while 

used Li to disperse the TMD into single layers. They used poly(ethylene) oxide with MoS2 (which 

has similar structure as WS2) and found a metallic character. The 2H MoS2 has a structural 

transformation due to intercalation with lithium where the coordination of the Mo3+ atom switches 

from trigonal prismatic to octahedral.[236] Aging unstable the metallic 1T-MoS2 and thus it reverts 

to the more stable semiconductive 2H phase. Destabilization of the original phase could be related 

to the transfer of an electron from the valence s orbital of the Li to the d orbital of the transition 

metal center. In addition, the relative change in the free energy of the two phases may be 

attributing.[237] 

Joensen and co-workers fabricated single layer MoS2 via lithium intercalation agent (n-

butyl lithium dissolved in hexane).[238] In order to tune the reaction and control the yield of 

monolayers it is of great importance to reach the LixXS2 compound. Moreover, the amount of 1T 

phase that is present in MX2 is dependent on the degree of lithiation. To remove the excess lithium 

and organic residues from n-butyl lithium, the lithiated solid product should be retrieved by being 

filtered and the washed with hexane. The exfoliation process can be done readily by sonicating the 

extract product in water. The result of this process is reported as very high yield that almost100% 

of the products are atomically thin. 
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In 2013, Chhowalla et al. published the results of their studies on the chemistry of 2D 

layered nanosheet TMDs.[237] In some other studies, it has been observed that several TMDs 

develop a periodic distortion of crystal lattice (reminiscent of charge density wave CDW) under 

certain conditions as well as phase transformation. This distortion can happen because of the 

instability in the electronic structure. Although CDW phases are usually stable at low temperatures 

(less than 120 K for TaSe2 and less than 40 K for NbSe2), Chhowalla and co-workers observed 

CDW-like lattice distortion at room temperature for some of their interlayered TMDs. The driving 

force for such distortions in TMDs is believed to be owing to a reduction of the free energy. This 

driving force which is known as Jahn-Teller instability, happens due to the splitting of partially 

filled degenerate orbitals. As Fig. 28 illustrates, the formation of a superlattice by chain 

clusterization of metal atoms in Li-intercalated MoS2 and WS2. Hence, instead of a ‘a×a’ unit cell 

of the hexagonal arrangement (a is the lattice parameter), shifting atoms from their equilibrium 

position causes some other arrangements such as ‘2a×a’, ‘√3a×√3a’ superlattices.  

 
(a) 

 
(b) 

 
(c) 

Fig. 28. Dark field scanning TEM image of single layer MoS2 illustrating the contrast variation of 
1H (a) and 1T (b) phases. Mo and S atoms are shown as blue and yellow balls, respectively. (c) 
Zigzag chain clusterization of W atoms due to Jahn-Teller distortion in single layer WS2. The 
orange balls are representing clustered W atoms.[237] 

In general, the Li intercalation method to gain the metallic 1T phase is based on the 

additional charge which is transferring from Li atom to TMD and leads to a local rearrangement of 
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the atomic structure from the 2H to the 1T phase. It is of great importance to mention that most of 

alkali-metal intercalated products are sensitive to atmosphere and exhibit less stability and the 1T 

phase may change back to 2H phase after one and half months.[239-242] 

1.4.2 Doping 

Atomic doping is another technique to alter the structure and properties of TMDs, 

depending on the dopant. In 2011, Andrey et al. demonstrated a new route for stabilization of 1T-

WS2 phase. They partially transited the 2H to 1T phases within multiwalled WS2 nanotubes under 

substitutional rhenium doping.[235] Based on their studies, the interplay between the stability of 

layered or nanotubular forms of 2H and 1T allotropes is depending on their electronic structures 

and electro-donating character of Re impurities. The substitutional doping of Re atoms would place 

in the lattice of WS2 and serve as electron donors and destabilize the 2H phase of WS2. 

In another study, in 2014, Kang and coworkers deposited Au nanoparticles on a MoS2 

monolayer and investigated the phase transition from 2H to 1T.[243] As can be seen in Fig. 29, Au 

nanoparticles were excited on resonance after being deposited on a MoS2 monolayer (Fig. 29 a) 

and hot electrons that are generated via plasmon decay would transfer into the MoS2 structure (Fig. 

29 b). Moreover, the stress and interaction between MoS2 and Au NPs leads to a local slide of S 

atoms and weaken the top Mo-S bonding. Thus, a degeneration of orbitals happens and leads to the 

structural transition from 2H phase to 1T phase, shown in Fig. 29 (c). 
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Fig. 29. Illustration of plasmonic hot electron induced 2H to 1T phase transition for a MoS2 
monolayer. a) Schematic of a MoS2 film with hot electrons generated from AuNP transferring into 
the layer. b) The principle of hot electron generation: The AuNP plasmon decay into hot electron-
hole pairs with the highest electron energies one plasmon quantum above the Fermi level. The hot 
electrons can transfer into the conduction band of the MoS2. c) The transition between 2H and 1T 
lattice structure. Within crystal field theory, the Mo 4d- orbitals in 2H phase have three groups, 
and in 1T have only two. When an extra electron fill an unoccupied Mo 4d- orbital, the 1T phase 
is stabilized.[243] 
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In 2015, Taime et al. investigated the doping method for WS2 using various metals to 

achieve 2H to 1T phase transition.[244] The pulsed laser deposition used to achieve the hybrid 

structure when the noble metals Ag and Au were introduced as substrates, while other metals like 

Ni and Al could only achieve the 2H phase. The reason could be found in electron-doping ability 

of Ag and Au atoms and forming a stable d10 shell. Al and Ni were not able to act as electron donors 

and thus the 2H phase was the only observed phase. Sigiro and coworkers demonstrated the 

influence of rhenium on the structural and optical properties of MoS2, where the Re-doped MoS2 

grown by the chemical vapor transport (CVT) method in presence of Br2 transport agent.[245] 

They reported a phase transition of 2H to 3R  due to introduction of the Re ions. 

1.4.3 Mechanical deformation 

There are several mechanical deformation methods that cause a change in the structure of 

materials and in this case, help the phase transition in TMDs. The structural transformation can 

happen through pressure, tensile stress, ball milling, etc.[246] There are various ways to apply the 

pressure to the WS2 to transform the structure, for example by applying compression or mechanical 

processes such as milling. In this study, we use ball milling method to apply the pressure and study 

its effect on the performance of the DSSCs. 

Phase transitions could be achieved without adding any extra atoms and is therefore of 

significant technological value. In a solid, phase transitions contain collective atomic shifts, but 

such atomic processes have only been examined using macroscopic tactics until Lin et al. 

investigated the atomic mechanism of the semiconducting-to-metallic phase transition in single 

layered MoS2 in 2014.[247] They have reported the 2H/1T phase transition includes gliding atomic 

planes of S and/or M and necessitates an transitional phase (α-phase) as a precursor. They observed 

that there are areas of 1T phase in a layer of 2H phase when an electron beam is used for a 
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controllable growth. Therefore, it may be concluded that the migration of two kinds of boundaries 

(β- and γ-boundaries) is responsible for the growth of the second phase. 

In 2013, Conley and co-workers demonstrated the influence of uniaxial tensile mechanical 

strain in the range of 0−2.2% on the phonon spectra and band structures of monolayer and bilayer 

MoS2 2D crystals.[248] They measured a reduction in the optical band gap of MoS2 which is 

roughly linear with strain, ∼45 meV/% strain for monolayer MoS2 and ∼120 meV/% strain for 

bilayer MoS2.  

In 2014, Duerloo and coworkers used density functional theory (DFT) and DFT-based 

approaches to examine the phase diagrams of TMD monolayers as a function of strain.[249] They 

originate that equibiaxial tensile strains of 10 – 15% are essential to detect the 1T phase for most 

TMDs, but MoTe2 may transform under noticeably a smaller amount tensile strain, below 1.5% 

under specific constraints. They also revealed that mixed-phase regimes could be 

thermodynamically stable under special thermodynamic constraints which are readily reachable. 

In 2015, Ouyang et al. have used first-principles calculations to explore the phase stability 

and transition within four kinds of monolayer TMDs.[250] In this study, they inspected the 

energetics of 2H, 1T, 1T’, and 1T” phases under coupled in-plane lattice distortion and electron 

doping. For all TMD systems examined, they observed the existence of a competition between 2H, 

1T’, and 1T” phases as the levels of lattice distortion and electron doping differ, whereas the 1T 

phase is projected to be unstable owing to its high energy. The deformation induced band shifting 

and band bending cause the interplay between electron doping and lattice deformation. They 

reported that the coupling between electron doping and lattice deformation has high potentials in 

the design of TMD based devices, and one possible route combining electron gating and lattice 

straining to attain controllable phase engineering in MX2 monolayer.[250] 
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Grain boundaries in 2D materials are expected to modify the materials characteristics, such 

as, for instance, mechanical properties, optical response, electrical transport, or magnetic 

properties.[251] Therefore, controlling the grain size (or boundaries density) is of a great 

importance to have a beneficial effect in transition metal dichalcogenides. Additionally, the type 

of boundaries performs a significant role in modification of the materials characteristics. Van der 

Zande et al. reported that electron transport is enhanced parallel to grain boundaries and there is no 

sign of influence for electron transport perpendicular to grain boundaries.[252] On the other hand, 

Ly and his team found that the presence of grain boundaries the transport properties would change, 

and they successfully collected statistics on the properties changes with regard to grain boundaries 

angle.[253] They have found that the mobility of electrons decreases owing to grain boundaries of 

any angles. However, it is not very clear whether the presence of grain boundaries by itself causes 

these effects, or some changes in material parameters close to the grain boundaries, such as, strain 

change, concentrations of defects, position of the Fermi-level, etc., leads to the observed effects.  

 Ball milling process has a direct influence on materials structural defects. Lin et al. studied 

detrimental and beneficial defects of two-dimensional transition metal dichalcogenides.[254] They 

classified defects in three different categories; zero-dimensional defects (for example vacancies), 

one-dimensional defects (such as line vacancies, grain boundaries and edges), and two-dimensional 

defects (such as ripples). The grain boundaries are a complex matter to discuss in TMDs hence 

three atomic layers (chalcogen-metal-chalcogen) compose TMD monolayers. The most common 

grain boundaries angle in TMDs are 60° angles. The material properties could be different based 

on whether grains meet at 60° angles along the zig-zag direction or the metallic edge-sharing line. 

Some grain boundaries could have smaller angles and make the situation even more complex since 

the strain is higher in low angle grain boundaries. Sulfur atoms could be quite mobile in the lower 
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angle boundaries and result in dislocation movement even under low accelerating voltages. Sulfur 

line vacancies can then cause the change of stoichiometry at the edge of the inversion domains that 

introduces mid-gap states, contributed from W orbitals. The grain boundaries in WS2 can be either 

sulfur-deficient or tungsten-deficient based on the atomic structure of WS2. Consequently, we 

would have locally n-dope or p-dope material. Even though there have been many of researchers 

who examined the possibility of eliminating grain boundaries as much as possible and fabricate 

large single crystalline WS2, the importance of grain boundaries should not be ignored. In fact, 

there are many applications to gate-tunable memristors made of polycrystalline WS2 thanks to the 

grain boundaries. 

1.5. Proposed research and objectives  

The DSSCs have several components and there are several methods to enhance the 

performance of the DSSCs. Working on each component separately may play a significant role on 

the performance of the cell and finding the right combination of components is the biggest 

challenge that this PV technology is faced up to today. Therefore, in this research we work on the 

different parts of the DSSC including the fabrication of composite materials for counter electrode, 

investigating the effect of mechanical deformation on the properties, structure, and performance of 

the CE materials, and fabrication of the composite material for photoelectrode in DSSCs. 

Moreover, the potential of this PV technology will be reviewed through a techno-economical study 

to draw a clearer picture of the DSSCs future. 

Considering the advantages that activated carbon offers to the DSSCs brings the attention 

to even enhance the CEs performance by fabricating composite materials. There are several factors 

that need to be considered to choose the right material for the composite, such as electrical 

properties, accessibility, and low cost without sacrificing performance. first objective of this study 
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is to investigate the performance of DSSCs using the combination of WS2 and AC and check the 

hypothesis of WS2 improving the efficiency of DSSCs. Then, the photoelectrode material and its 

effect on the performance of the DSSCs will be investigated as we fabricate a composite material 

based on TiO2 and WS2. The third hypothesis is that ball milling process, as a mechanical 

deformation process, on the CE material may or may not have an influence on the performance of 

the DSSCs. Last but not least, the commercializing potential of this PV technology will be 

discussed through a techno-economic study.  
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CHAPTER TWO  
  

METHODOLOGY  

  
  

2.1. Materials 

In this section we mention various materials that have been used to fabricate different 

components of the DSSCs. First we look at the materials that are being used to fabricate counter 

electrodes, then photo electrodes, and last by not least, the electrolyte. 

2.1.1 Counter electrode 

2.1.1.1 Activated carbon 

Activated carbon powder was purchased from the Sigma-Aldrich and used as received. The 

carbon content of the powder is 82% and the powder is titrartion with NaOH for 23%.  

2.1.1.2 Distilled water 

Distilled water was purchased and used in this experiment. The molecular weight of the 

water is 18.02g/mol and has the boiling point at 100°C. It also has a density of 1.000g/mL at 3.98°C.  

2.1.1.3 Tungsten sulfide 

Tungsten sulfide was purchased from the Alfa Aesar and used as received. The formula 

weight of this product is 247.98 g/mol and the melting point is 1250℃. The total metal impurities 

have mentioned as 0.2% max. 

2.1.1.4 Platinum precursor 

Chloroplatinic acid hexahydrate (Pt precursor) was purchased from the Sigma-Aldrich. 

This Pt precursor has a formula of H2PtCl6.6H2O and a molecular weight of 517.90 g/mol. There 

are alkalis and other metals contained in this material for less than 0.05 wt%. 
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2.1.2 Photo electrode 

2.1.2.1 Titanium (IV) oxide 

Titanium oxide (TiO2) powder was purchased from Sigma-Aldrich and used as received. 

The white powder molecular weight is 79.87 g/mol with a surface area of 52 m2/g. This product 

has a pH of 3.6 and contains only 0.09% HCL.  

2.1.2.2 cis-Bis 

The cis-Bis(isothiocyanato)bis(2,2’-bipytidyl-4,4’-dicaboxylato)ruthenium(II), known as 

(N719), was purchased from Sigma-Aldrich and used as received. The dark purple powder has a 

molecular weight of 705.64 g/mol.  

2.1.3 Electrolyte for I-V and C-V 

2.1.3.1 Iodine 

Iodine (l2) was purchased from Sigma-Aldrich and used as received. The formula weight 

of this white powder is 253.81 g/mol and titration with Na2S2O3 is reported as 99.8%. It also has 

the trace metals of 3.7 ppm, including aluminum (Al), barium (Ba), iron (Fe), sodium (Na), and 

zinc (Zn). 

 2.1.3.2 Lithium iodide 

Lithium iodide beads (ILi) was purchased from Sigma-Aldrich and used as received. The 

formula weight of this dark grey powder is 133.85 g/mol and titration with AgNO3 is reported as 

94.6%.  

2.1.3.3 4-tert-Butylpyridine 

4-tert-Butylpyridine was purchased from Sigma-Aldrich and used as received. The formula 

weight of this colorless liquid is 135.21 g/mol and the GC (area %) reported as 99.3%.  
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2.1.3.4 1-Butyl-3-methylimidazolium iodide 

1-Butyl-3-methylimidazolium iodide (C8H15IN2) was purchased from Sigma-Aldrich and 

used as received. The formula weight of this colorless liquid is 266.12 g/mol and has a purity of 

99.6%.  

2.1.3.5 Guanidine thiocyanate 

Guanidine Thiocyanate (CH5N3.CHNS) was purchased from Sigma-Aldrich and used as 

received. The formula weight of this white crystal powder is 118.16 g/mol and titration with AgNO3 

is reported as 100%. It also has less than 5 ppm of heavy metals such as barium (Ba), lead, iron, 

potassium (K), and sodium. 

2.1.3.6 Valeronitrile 

Valeronitrile (C5H9N) was purchased from Sigma-Aldrich and used as received. The 

formula weight of this colorless liquid is 83.13 g/mol and has a purity of 99.9%.  

2.1.3.7 Acetonitrile 

Acetonitrile (CH3CN) was purchased from Alfa Aesar and used as received. The formula 

weight of this liquid is 41.05 g/mol and has a melting point and boiling point of -48 and 82℃, 

respectively. 

2.1.3.8 Lithium perchlorate 

Lithium perchlorate (LiClO4) was purchased from Sigma-Aldrich and used as received. The 

formula weight of this white powder is 106.36 g/mol and titration is reported as 99.8%. The pH is 

7.2 and includes 10 MG/KG sulfate, <30 MG/KG chloride and <5 MG/KG iron. 

2.2 Sample preparation 

In this section we explain the fabrication process of DSSCs. First type of DSSCs that we 

prepared have been made by changing the CE materials to study the effect of CE on the 
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performance of DSSCs. Then we examine the influence of photoelectrode materials on the 

properties and performance of DSSCs, therefore, the fabrication of WS2 photoelectrode-based 

DSSCs will be discussed. The third section will explain the ball milling effect on DSSCs. 

2.2.1 WS2 counter electrode-based DSSC  

2.2.1.1 Pure TiO2 photoelectrode 

Photoelectrodes were prepared by mixing 0.1 g TiO2 powder in 1 ml ethanol. Then the paste 

was applied to the FTO surface by doctor-blading method to prepare films with a dimension of 0.5 

cm by 0.5 cm, overall surface of 0.25 cm2. The process followed by sintering at 500℃ for 40 

minutes. After the samples cool down, a dye bath was prepared by mixing 0.0042 g of N719 in 20 

ml of ethanol, and photoelectrodes were placed into the dye for 72 hours. 

2.2.1.2 Pure WS2 CE 

WS2 paste was prepared by suspending WS2 powder in ethanol. The mixture was then hand 

grinded for 30 minutes to achieve a finer and more uniform paste. The obtained paste was applied 

onto conducting glass substrates (FTO glass) by doctor-blading method. The film was placed in 

the oven at 65 ℃ for 2 hours to eliminate the moisture. 

2.2.1.3 WS2/AC CE 

The fabrication process of WS2/AC was same as pure WS2. However, in order to study the 

effect of WS2 on activated carbon DSSCs, several samples with different ratios were made as 

summarized in Table 3. The active area for CEs is 0.25 cm2 that is similar to the photoelectrodes. 

The obtained paste was applied onto FTO substrates by doctor-blading method. The film was 

placed in the oven at 65 ℃ for 2 hours to eliminate the moisture. 
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Table 3. The amount of WS2 and AC powders in fabrication of various counter electrodes with 
different ratios. 

Ratio WS2 (g) AC (g) 

1:1 0.30000 0.30000 

1:2 0.15000 0.30000 

1:4 0.07500 0.30000 

1:8 0.03750 0.30000 

1:16 0.01875 0.30000 

 

2.2.1.4 Electrolyte 

The electrolyte for IV measurement was made by mixing 0.100 g of I2, 0.034 g of LiI, 0.318 

g tert-buthylpyridine, 1.600 g 1-buty-3-methylindazolium, and 0.600 g guanidine thiocyanate into 

10 ml of solvent; 8.5 ml of ethanol and 1.5 ml of valenonitride. 

The electrolyte for CV measurement was made by adding 0.134 g of LiI to 1.066 g of 

LiClO4 and 0.027 g of I2 and dissolving the mixture in 100 mL of Acetonitrile. 

2.2.1.5 Fabrication of DSSC 

The DSSCs were fabricated by sandwiching the dye immersed TiO2 photoelectrodes with 

an active area of 0.25 cm2 and WS2, or WS2/ AC based CEs with a sealant cell spacer. The 

electrolyte was filled into the cell before attaching photoelectrode to the counter electrode. 
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2.2.2 WS2 photoelectrode-based DSSC  

2.2.2.1 Pure TiO2 photoelectrode 

Photoelectrodes were prepared by mixing 0.1 g TiO2 powder in 1 ml ethanol. Then the paste 

was applied to the FTO surface by doctor-blading method to prepare films with a dimension of 0.5 

cm by 0.5 cm, overall surface of 0.25 cm2. The process followed by sintering at 500 ℃ for 40 

minutes. After the samples cool down, a dye bath was prepared by mixing 0.0042 g of N719 in 20 

ml of ethanol, and photoelectrodes were placed into the dye for 72 hours. 

2.2.2.2 TiO2/WS2 photoelectrode 

The process is similar to the TiO2 Photoelectrodes, while different amounts of WS2 were 

added to the samples to fabricate various ratios between WS2 and TiO2. Therefore, the amount of 

TiO2 was 0.1 g while WS2 added as 0.0020, 0.0025, 0.0033, and 0.0050 g to create (50-1), (40-1), 

(30-1), and (20-1) ratios, respectively. Different ratios and amount of used powders are mentioned 

in Table 4. 

Table 4. The amount of TiO2 and WS2 powders in fabrication of various photo electrodes with 
different ratios. 

Ratio TiO2 (g) WS2 (g) 

1:0 0.1000 0 

50:1 0.1000 0.0020 

40:1 0.1000 0.0025 

30:1 0.1000 0.0033 

20:1 0.1000 0.0050 
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2.2.2.3 Pure Pt CE 

The Pt-coated counter electrodes were prepared by spreading chloroplatinic acid 

hexahydrate onto the FTO substrates and heating it to 500 ℃ for 40 minutes under ambient air.  

2.2.2.4 Electrolyte 

The electrolyte for IV measurement was made by mixing 0.100 g of I2, 0.034 g of LiI, 0.318 

g tert-buthylpyridine, 1.600 g 1-buty-3-methylindazolium, and 0.600 g guanidine thiocyanate into 

10 ml of solvent; 8.5 ml of ethanol and 1.5 ml of valenonitride. 

The electrolyte for CV measurement was made by adding 0.134 g of LiI to 1.066 g of 

LiClO4 and 0.027 g of I2 and dissolving the mixture in 100 mL of Acetonitrile. 

2.2.2.5 Fabrication of DSSC 

The DSSCs were fabricated by sandwiching the dye immersed TiO2, or TiO2/WS2 

photoelectrodes with an active area of 0.25 cm2 and Pt based CEs with a sealant cell spacer. The 

electrolyte was filled into the cell before attaching photoelectrode to the counter electrode. 

 

2.2.3 Ball-milled counter electrode-based DSSCs 

The ball milling process is performed by PQ4X Series Planetary ball milling machine made 

by Col-Int Tech. This machine has four grinding stations which makes it cost and energy efficient. 

The machine is quiet, and noises of the machine is reported to be less than 70 db. thanks to the 

wear-resistant polymeric wheel, and steel rolling wheels. The volume of jars that are used in this 

process is 50 mL. It should be noted that the mixture of sample and grinding beads should be no 

more than 2/3 or no less than 1/3 of the grinding jar.  
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To investigate the effect of ball milling on the performance of the DSSCs, the time of ball 

milling has to be the only variable. Therefore, the ball milling process performed for 10, and 30 

minutes, 1 hour, 2, 5, and 10 hours. The limit of frequency is set from 0 to 50 Hz while the speeding 

up and slowing down are both set for 5 seconds. 

2.3 Characterizations 

It is necessary to figure out the structure of the samples in order to track the property 

changes. In this section we describe various test methods that we done to study the performance, 

catalytic activity, and electrical behavior of the as-prepared cells. These methods are current-

voltage (I-V) test, cyclic voltammetry (CV) measurements, and electrochemical impedance 

spectroscopy (EIS). 

2.3.1 Current-Voltage characteristics 

The current generated per unit area (i.e. current density, I) at different applied voltages has 

been measured by the Gamry Interface 5000e equipment. Based on the curvature of the I-V test, 

various quantities can be obtained, as shown in Fig. 30 , such as maximum power point (MPP), 

short current density (ISC) and open circuit voltage (VOC). ISC is the highest current density obtained 

when the applied voltage is zero (V=0) and the VOC refers to the condition that the maximum 

voltage gained when there is no current flow (I=0) that is corresponds to the energy difference 

between semiconductor Fermi level and redox energy level of the redox system. The power per 

unit area of the cell can be calculated by the product of current density and the voltage and it takes 

a maximum value at a point on the I-V curve. This point is known as maximum power point (MPP) 

and the corresponding current density and voltage values are noted as maximum current density 

(Imax) and voltage (Vmax), respectively. The ratio of the maximum power (Pmax) to the product of 

open circuit voltage (Voc) and short circuit current density (Isc) is noted as fill factor (FF), which 
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the formula is shown as Equation 3. Moreover, The ratio of maximum power (Pmax) to total intensity 

of the incident light (Pin = 100 mW.cm–2) gives the efficiency (η) of the cell, as can be found in 

Equation 4: 

 
Equation 3 

 
Equation 4 

 
 

 
Fig. 30. IV Curvature and various parameters that can be defined from the measurement.[255] 

Fig. 31 shows the Gamry equipment and the test procedure. There are some parameters that 

should be set before the I-V measurement such as the frequency, sample or electrode areas, 

maximum current, and voltage. Therefore, it is of great importance to know the amount of these 

parameters. In this study, the electrode area was equal to 0.25cm2, initial and final voltages were 

𝐹𝐹 =
𝑃𝑀𝑃𝑃

𝑉𝑂𝐶 × 𝐼𝑆𝐶
 

𝜂 =
𝑃𝑚𝑎𝑥
𝑃𝑖𝑛 × 𝐴𝑐
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set as -0.1 and 0.8 V, respectively. The scanning rate of 10 mV.s-1, step size of 10 mV, maximum 

current of 50 mA, and frequency of 100s-1 were set as other parameters. 

 
(a) 

 
(b) 

Fig. 31. The Gamry equipment (a), and the cell under the incident light (b). 

2.3.2 Cyclic voltammetry measurement 

The CV test is a measurement to investigate the catalytic activity of catalysts. The Gamry 

Interface 5000e equipment and the three-electrode method used for this measurement are shown in 

Fig. 32. In this measurement, there are three different electrodes; reference electrode that is made 

of Ag/AgCl, counter electrode made of Pt, and the working electrode, which is the electrode that 

its performance is under investigation. All electrodes would be placed in the C-V electrolyte and 

connected to the Gamry equipment. Once the measurement is done, there are two pairs of redox 

peaks in the CV curves. The first pair is assigned to the redox reaction represented by Equation 5 

and the right pair is assigned to the redox reaction represented by Equation 6: 

 
Equation 5 

𝐼!" + 2𝑒" 	→ 3𝐼" 
 
Equation 6 

3𝐼# + 2𝑒" 	→ 2𝐼!" 
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Fig. 32. The Gamry equipment and three-electrode method for CV Measurement. 

2.3.3 Electrochemical impedance spectroscopy 

The electrochemical impedance spectroscopy (EIS) test is a powerful method for 

characterizing the electrical properties of electrochemical systems and their interfaces. The Gamry 

Interface 5000e equipment, Fig. 33, was used to obtain the resistance properties of cells. We 

performed EIS measurements at scanning frequencies between 100 kHz and 10 mHz. The applied 

bias potential was varied between 0 and 0.75V. 

 

Fig. 33. Gamry Interface 5000e equipment used for EIS measurement. 
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2.3.4 X-Ray diffraction (XRD) 

XRD is a nondestructive test method that provides information on crystallinity of materials, 

crystal defects, preferred crystal orientation (texture) as well as other structural parameters such as 

strain, phase, and average grain size.[256-258] Constructive interference of a monochromatic beam 

of X-rays would be diffracted with different angles from various set of lattice planes in a material. 

Each specific angle would produce X-ray diffraction peaks with diverse intensities. As a 

consequence, XRD pattern is similar to the fingerprint of the periodic atomic arrangements in 

materials with a variety of crystallinity. Some of the advantages of XRD technique are that it is a 

nondestructive method with a quantitative measurement of phase and texture orientation while 

there are minimal sample preparations required. On the other hand, XRD is not an effective method 

when it comes to amorphous materials and also requires a minimum spot size of about 20µm while 

it does not provide depth profile information. Detecting and quantifying crystalline phases and the 

ratio of crystalline to amorphous phase, providing information on average crystalline size and 

micro-strain effects in both thin films and bulk materials, determination of preferred orientation, 

analyzing materials as thin as 50Å to determine the phase behaviors, quantifying the residual stress 

in some bulk materials are just some of main applications of XRD technique. This method can be 

utilized to determine composition and thickness of compounds. It should be mentioned that the 

peak profile in XRD technique could be broadening due to a number of reasons such as: the 

crystallite size, instrumental profile, microstrains, or the peak broadening owing to solid solution 

inhomogeneity. For example, if the crystallite size gets smaller that eventually makes the peak 

broader. 

Generally, the X-Rays with wavelengths between 0.01nm to 10nm penetrates the sample 

and provides information on the crystal structure and the materials properties while X-Rays coming 
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out from the material. As a consequence, this technique is very efficient method to characterize a 

vast variety of materials. For instance, the size of particles can be easily calculated based on the 

Scherrer formula as Equation 7: 

Equation 7 

DP = (K l) / (bCosq) 

Where, DP defines the average crystallite size, K is the Scherrer constant, l stands for the 

X-Ray wavelength, b represents the line broadening in radian, and q is the Bragg angle. The 

Scherrer constant K depends on the shape of the crystal, the size distribution and how the peak 

width and crystallite size are defined. The Scherrer constant actually varies from 0.62 to 2.08. For 

example, the Scherrer constant is measured as 0.94 for spherical crystals with cubic symmetry. The 

peak width varies with 2q as Cosq while it is of great importance to understand that the crystallite 

size broadening is most pronounced at big 2q angles. The Scherrer formula is approximate and 

dependent on peak broadening when it comes to estimate the particle size.[259] Although, this 

formula is more accurate for a single reflection. Since the instrumental broadening affects the 

diffraction peaks in actual XRD measurements, the Scherrer equation is not very accurate and 

reliable if the full width at half maximum that is being caused by the physical broadening is smaller 

than that caused by the instrumental broadening.[260] To estimate the particle size, there is another 

method which is called Debye equation and provides a higher accuracy. The Debye equation is 

based on the diffraction pattern modeling with regarding to the intensity of X-Ray scattering 

interatomic distances. In other words, this method deals with diffuse scatterimg at each diffraction 

pattern point instead of only Bragg angles. Additionally, the Debye equation can be used for 

amorphous clusters too in opposite to Scherrer equation. However, one of disadvantages of Debye 

equation is how more time-consuming it is in compare with Scherrer equation. 
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Here we take a look at XRD measurements of TiO2 powder that demonstrates the pure 

titania without any additives. [259] The peak positions of anatase and brookite in the XRD pattern 

are shown in Fig. 34 most of the peaks contain a contribution of a number of reflections while most 

of peaks could be related to anatase while broad peaks have an overlap with brookite peaks. There 

is only one peak that stands for the presence of brookite phase, reflection (211), and this peak is at 

30° with a low intensity. 

 

Fig. 34. The experimental diffraction pattern of TiO2 powder. The most intensive reflections of 
anatase and brookite are shown in the bottom by sticks. The anatase and brookite unit cells are 
shown in the right part of figure.[259] 

2.3.5 Ultraviolet/Visible/Near infrared spectroscopy (UV/VIS/NIR) 

A powerful analytical technique to investigate materials optical properties such as 

transmittance, absorbance and reflect-ability is UV/VIS/NIR technique that could be used whether 

the material is in a solid phase or liquid phase.[261, 262] This method is being used to characterize 

semiconductor materials as well as other manufacturing materials. The optical range of operation 

in this method is between 175 nm to 3300 nm.  
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In liquid samples, this technique defines analyte concentrations and the chemical 

conversion of a component in solution by measuring the light absorption in the desired optical 

range. The sample would be placed between the light source and detector. Based on the Beer-

Lambert law, the concentration of a compound would be defined when a constant light path length 

with a known wavelength and known absorption coefficient. If the sample is a solid, it would be 

placed in front of the integrating sphere where the light enters to after transmitting through the 

sample. Then, the sphere’s internal surface reflects the light and detector collects the reflected light. 

Hence, we can measure both the overall transmittance (Toverall) and the direct transmittance and 

accordingly, calculate the diffuse transmittance which is the difference between those two. 

Similarly, the reflectance of the solid material could be defined. The specular reflectance is 

measured based on the difference between the overall (Roverall) and diffuse reflectance data. The 

percentage of the incident light that is neither reflected nor transmitted provides information on the 

absorbance of the solid material. One of the limitations of this technique is the sample volume 

requirements. 

The absorbed light excites electrons to jump to a higher molecular orbital. If the energy gap 

between the HOMO and LUMO energy levels is smaller the electrons can get excited easier that 

means a longer of light wavelength could be absorbed by material. Consequently, the absorption 

peaks wavelengths are valuable to define bonding types in molecules as well as information about 

the functional groups. The UV spectroscophotometry can also define the thickness of thin films 

based on the reflective index and the extinction coefficient while there are more applications to the 

UV/Vis test such as determination of the kinetics of chemical reactions in a solution. 

The principle of UV-Vis spectroscopy is based on the interaction between light and material 

and the electrons excitation and de-excitation. Hence, electrons jump from a ground state to the 
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excited state and the energy level difference between these two levels is equal to the amount of UV 

or visible light radiation that absorbed by the matter and the de-excitement leads to the spectrum 

production. This spectroscopy is being used for quantitative analysis of transition metal ions. 

2.3.6 Scanning electron microscope (SEM) 

SEM is a characterization method that scans a focused electron beam over the material’s 

surface in order to create an image and obtain information about the surface topography and 

composition. The electrons interact with the sample and produce various signals that contain 

information about the material. Using electrons in microscope enables the advantage of higher 

resolutions in compare with optical microscopes. 

The electrons that are produced by the electron gun accelerate down and move through a 

combination of lenses and apertures in order to hit the sample’s surface as a focused beam of 

electrons, as can be found in Fig. 35. The sample is mounted on a stage in the chamber area with 

the columns of beam, unless the microscope is designed to operate at very low vacuums. The scan 

coils that are placed above the objective lens controls the position of the electron beam in the 

sample and allow the beam to be scanned all over the sample’s surface. A number of various signals 

are produced due to the interaction between the electron beam and the sample, while these signals 

are categorized as secondary electrons, backscattered electrons and characteristic X-rays. Then, 

one or more detectors are being used to collect these signals to create images to be shown on the 

display screen which is connected to the computer. 
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Fig. 35. Schematic of a Scanning Electron Microscope [263] 

In this study, a Phenom Pharos system provided by nanoscience instruments to perform the 

SEM. This device uses Schottky Field Emitter as the source and has the maximum magnification 

of 1,000,000x. The resolution of the equipment is 2.5 nm at 15kV (SED), 4 nm at 15 kV (BSD), 

and 10 nm at 3 kV. The acceleration voltages are 2-15 kV, and sample loading time is less than 45 

s. the sample chamber is a single pin stub with reported 1 inch maximum. The mentioned highlights 

of Pharos SEM system are the higher resolution than any tungsten SEM or any other desktop SEM 

and maintains the famous Phenom ease-of-use.  
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CHAPTER THREE  

RESULTS AND DISCUSSION  

3.1 WS2 counter electrode based DSSCs  

In this section, we study and discuss the results that are gained through various 

characterization methods. First, the current-voltage measurements and the performance of DSSCs 

made of different counter electrodes will be discussed. Then, the cycling voltammetry 

measurements draw a line between the catalytic activities of DSSCs made of various CEs. Next, 

the electrochemical impedance spectroscopy results will be mentioned where the series resistance 

and the resistance between photo electrode and electrolyte can be determined. After that, the UV-

Vis measurements will be figured to conclude the effect of presenting WS2 to TiO2 photoelectrode 

and investigate how the absorption is affected by increasing the amount of WS2 in the composite. 

Last but not least, the SEM images of various counter electrode materials guide us to determine the 

relationship between the structure and performance of different materials that being used as CE in 

DSSCs within this study. 

3.1.1 Current-Voltage characteristics 

In order to investigate the performance of WS2/AC composite cells the result of IV 

measurement for different ratios between WS2 and AC are illustrated in Fig. 36. Based on the 

observations, the highest and the lowest JSC are corresponding to the ratio 1:2 (17.65 mAcm-2) and 

1:16 (13.11 mAcm-2), respectively. However, the VOC is almost similar for most of DSSCs, in a 

range between 0.70 V to 0.75 V. As can be seen in Fig. 36, the WS2/AC with the ratio 1:2 has the 

most rectangular shape in compare with the other ratios. In other words, the performance of 

composite cell would be the best when the ratio 1:2 is used. Hence, we compared the result of 

WS2/AC (1:2) with WS2- and AC-cells to obtain a better understanding of performance changes.  
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Fig. 36. Current-voltage characteristics of the DSSCs assembled with different ratios of WS2/AC 
counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 illumination. 

As illustrated in Fig. 37, the WS2 cell has a very small values for both JSC and VOC, 

suggesting that the performance of WS2 cell is very poor. Although the AC cell shows a slightly 

higher VOC than the WS2/AC (1:2) composite cell, there is a significant difference between the JSC 

for these two different cells. 

 
Fig. 37. Current-voltage characteristics of the DSSCs assembled with different counter electrodes 
(WS2, AC, and WS2/AC), measuring under AM 1.5 solar simulator 100 mW cm-2 illumination. 
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The parameters, such as FF and η are then calculated from the graph. The parameters and 

photovoltaic performance of the prepared cells are shown in Table 5. Although η of a DSSC does 

not comprise the amount of light captivated by the dye but measures the overall conversion of 

applied light to electrical power. The WS2/AC composite cell with the ratio (1:2) achieved the best 

efficiency, as high as 6.25% that is significantly higher than that of WS2- and AC-based cells, 

1.79% and 4.50% respectively. It is of great importance that all the cells made of WS2/AC 

composite have shown a better performance than both WS2- and AC-based cells. In addition, the 

FF values are at a range between 0.39 and 0.52. 

Table 5. Performance of various cells made with WS2, AC and combination of both with different 
ratios. 

 Jsc (mA cm-2) Voc (V) FF 𝜼 (%) 

AC 14.17 0.75 0.42 4.50 

WS2 5.73 0.72 0.43 1.79 

WS2/AC (1:1) 16.46 0.75 0.39 4.87 

WS2/AC (1:2) 17.65 0.74 0.48 6.25 

WS2/AC (1:4) 16.71 0.70 0.45 5.29 

WS2/AC (1:8) 14.86 0.73 0.52 5.71 

WS2/AC (1:16) 13.43 0.73 0.48 4.74 
 

3.1.2 Cyclic voltammetry measurement 

Cyclic voltammetry was used to examine the active surface area of the prepared cells. The 

reduction-oxidation abilities of the WS2-, AC-, and WS2/AC-based CEs and on the I-/I3- redox 

couple were studied at a scan rate of 20 mV s-1 and step size of 20 mV at room temperature. The 

CV measurements were performed between -0.4 and 0.6 V using a three-electrode configuration. 

As the CV results can be seen in Fig. 38, WS2 curve indicates an almost linear behavior that the 
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very low area of the loop suggests that the electric property of this cell is very poor. Both AC and 

WS2/AC cells show much higher loop surface comparing with WS2, however, the WS2/AC 

composite cell has a smaller peak to peak separation (Epp = 0.32 V). Although the Epp of the 

composite CE almost equal to that of the AC, the composite CE has a current density of 2.19 mA 

cm-2 that is higher than that of WS2- and AC-based cells. The obtained results illustrate that the 

WS2/AC composite can increase the catalytic activity of the WS2- and AC-based DSSCs. 

 
Fig. 38. The cyclic voltammetry of the DSSCs assembled with different counter electrodes (WS2, 
AC, and WS2/AC). 

3.1.3 Electrochemical impedance spectroscopy 

In order to have a better understanding of the electrical behavior of the cells, such as charge 

transport, transfer, and accumulation processes in the cell, the EIS measurement was used via two-

electrode method. A typical EIS spectrum of a DSSC illustrates information about charge transport 

as a result of electron diffusion through photo electrode (TiO2) and ionic diffusion in the electrolyte 
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solution. In addition, the EIS spectrum indicates charge transfer attributable to electron back 

reaction at the FTO/electrolyte interface and recombination at the TiO2/electrolyte interface and 

the regeneration of the redox species at CE/electrolyte interfaces. 

The Nyquist plot of the WS2, AC, and WS2/AC (1:2) cells at different potentials are shown 

in Fig. 39. As can be seen, the charge transfer resistance at the interface between CE and electrolyte 

is much lower for WS2/AC composite cell in compare with AC cell and that of the former is even 

higher than that of WS2 cell. Although the second minimum point is not observed for any of cells, 

by tracking the spectrums it obviously can be explained that the charge transfer resistance between 

the photoelectrode and electrolyte indicates same conclusion as that of CE/electrolyte interface. 

 
Fig. 39. Nyquist of the DSSCs assembled with different counter electrodes (WS2, AC, and WS2/AC). 

3.1.4 SEM 

In order to investigate the characterization of counter electrodes in DSSC cells, the SEM 

has been performed and WS2 and AC SEM images are shown in Fig. 40. The WS2 flakes can be 
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observed in Fig. 40 (a) that are very thin but in all different sizes. The surface of WS2 flakes looks 

very smooth in most areas. On the other hand, the AC has a very porous structure while the particles 

are bulkier in compare with WS2 as shown in Fig. 40 (b).  

  

Fig. 40. SEM images of pure WS2 (a), and AC (b). 

Differences in the structure of these two powders must lead to an interesting structure as 

Fig. 41 illustrates the SEM image of WS2/AC (1:2). The smaller particles of AC place on surface 

of WS2 flakes and therefore increases the free space in the structure. Based on the SEM 

observations it is notable that mixing WS2 with AC has successfully being placed and a good 

uniformity of the structure is detected in various areas of the composite. 

Based on the SEM results, the total porosity of the WS2/AC (1:2) is expected to be more 

than that of AC and WS2 separately. Therefore, a higher surface area should be accessible. Hence, 

the catalytic activity of the composite is expected to be higher than that of both WS2 and AC. The 

SEM images prove that the CV results that we discussed in section 3.1.2 and the effect of the 

catalytic activity of AC on the composite. Another advantage of the porous structure of the 

composite is that there would be a better surface connection between the counter electrode and the 

(a) (b) 
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electrolyte. In other words, a better connection on the surface between the CE and electrolyte means 

a better charge transfer ability for electrons. Consequently, the charge transfer resistance of the 

WS2/AC (1:2) composite is expected to be lower than that of AC, as we expected based on the EIS 

results. 

 

Fig. 41. SEM image of WS2/AC (1:2). 

3.2 WS2 photoelectrode based DSSCs 

In this section, we study and discuss the results that are gained through various 

characterization methods. First, the current-voltage measurements and the performance of DSSCs 

made of different photoelectrodes will be discussed. Next, the electrochemical impedance 

spectroscopy results will be mentioned where the series resistance and the resistance between photo 

electrode and electrolyte can be determined. Last but not least, the UV-Vis measurements will be 
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figured to conclude the effect of presenting WS2 to TiO2 photoelectrode and investigate how the 

absorption is affected by increasing the amount of WS2 in the composite.   

3.2.1 Current-Voltage characteristics 

In order to investigate the performance of TiO2/WS2 photoelectrode based DSSCs the result 

of IV measurement for different ratios between TiO2 and WS2 are illustrated in Fig. 42. Based on 

the observations, among all the composite photo electrodes the highest ISC is corresponding to the 

ratio 50:1 followed by the ratio 40:1. However, the VOC is almost similar for most of DSSCs, in a 

range between 0.69 V to 0.74 V. As can be seen in Fig. 42, the TiO2/WS2 with the ratio 40:1 has 

the most rectangular shape in compare with the pure TiO2 and other ratios which suggests that the 

TiO2/WS2 (40:1) should have the highest fill factor amount in compare to the other photoelectrodes. 

In other words, it is expected that the performance of composite cell would be the best when the 

ratio 40:1 is used. 

 

Fig. 42. Current-voltage characteristics of the DSSCs assembled with various photo electrodes 
measuring under AM 1.5 solar simulator 100 mW cm-2 illumination. 
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As shown in Fig. 43, the highest achieved efficiency is 4.22% provided by the pure TiO2 

photoelectrodes and adding amounts of WS2 decreases the efficiency. However, the average 

efficiency offers another scenario as can be seen in Fig. 44 where the ratio (40:1) stands first with 

second smallest error bar among all other photoelectrodes, as mentioned in Table 6. 

 

Fig. 43. The comparison between maximum efficiency of the DSSCs assembled with various photo 
electrodes. 
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Fig. 44. The comparison between the average efficiency of the DSSCs assembled with various 
photo electrodes. 

Table 6. The maximum and average efficiencies, and standard deviation of the DSSCs assembled 
with various photo electrodes. 

Photoelectrode Max. Efficiency (%) Avg. Efficiency (%) Stnd. Dev. (±) 

TiO2 4.219 2.452 1.069 

TiO2/WS2 (50:1) 3.387 2.253 0.981 

TiO2/WS2 (40:1) 3.099 2.794 0.266 

TiO2/WS2 (30:1) 2.696 2.340 0.614 

TiO2/WS2 (20:1) 2.978 2.050 0.935 

TiO2/WS2 (15:1) 2.775 2.506 0.286 

TiO2/WS2 (10:1) 2.057 1.701 0.346 

TiO2/WS2 (5:1) 1.336 0.942 0.358 

TiO2/WS2 (2:1) 0.970 0.844 0.143 
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As can be observed in the Table 6, while the maximum efficiency of photoelectrodes decreases by 

increasing the amount of WS2, the ratio 40:1 exhibits the highest average efficiency of 2.79% which 

is 14% higher than that of pure TiO2 photoelectrodes.  

Fig. 45Fig. 46 compare photovoltaic parameters of different photoelectrodes as summarized 

in Table 7. The short circuit current decreases by increasing the amount of WS2, although there is 

an increase in the middle of the graph for ratios 20:1 and 15:21. The open circuit current is slightly 

decreasing by adding the amount of WS2. However, the fill factor does not follow the same route. 

The highest fill factor of 0.65 is observed for 50:1 and 40:1 ratio while the lowest is calculated as 

0.53 and 0.52 for ratios 5:1 and 2:1, respectively. 

 

Fig. 45. The comparison between the short current density of the DSSCs assembled with various 
photo electrodes. 
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Increasing the amount of WS2 led to a decrease in ISC as well. It is of great importance to 

mention the short-circuit current is identical as the light-generated current. In other words, ISC is 

similar to the generation and collection of light-generated carriers, therefore, it is the largest current 

that could be drawn from the DSSC. There are several parameters that could have an influence on 

the ISC including the area of the solar cell, the number of photons (or known as the power of the 

incident light source), the optical properties and collection probability of the solar cell. The surface 

area and the incident light power are same for all the DSSCs and could not play a role in the 

observed ISC difference. Hence, the difference in ISC is believed to be caused by a difference in the 

diffusion length that could be varied based on the absorption and reflection of the solar cell, as well 

as the surface passivation.   

 

Fig. 46. The comparison between the open circuit voltage of the DSSCs assembled with various 
photo electrodes. 
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The open-circuit voltage of photoelectrodes decreased while the amount of WS2 is 

increased, as can be found in Fig. 46 and Table 7. Hence the VOC is corresponding to the energy 

difference between the Fermi level of the semiconductor and the redox energy level of the redox 

couple, the decrease in the value of the VOC is due to a decrease in this energy gap. In other words, 

TiO2 particles have a higher EVB in comparison with WS2 particles. Therefore, introducing and 

adding WS2 powder to photoelectrodes increases the conduction in photoelectrodes by lowering 

the conduction level to a lower level in comparison to pure TiO2 photoelectrode. The comparison 

between fill factor of DSSCs made of various photoelectrodes can be found in Fig. 47 where the 

TiO2/WS2 (50:1) and (40:1) were found to be as high as 0.65. These two photoelectrodes have the 

best fill factor among all the other photoelectrode materials. 

 

Fig. 47. The comparison between the fill factor of the DSSCs assembled with various photo 
electrodes. 
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Table 7. The photovoltaic parameters of the DSSCs assembled with various photo electrodes. 

Photoelectrode Isc (mA cm-2) Voc (V) FF ⴄ (%) 

TiO2 8.746 0.751 0.642 4.219 

TiO2/WS2 (50:1) 7.010 0.738 0.653 3.387 

TiO2/WS2 (40:1) 6.420 0.737 0.654 3.099 

TiO2/WS2 (30:1) 6.034 0.721 0.619 2.696 

TiO2/WS2 (20:1) 6.665 0.707 0.631 2.978 

TiO2/WS2 (15:1) 6.383 0.698 0.622 2.775 

TiO2/WS2 (10:1) 5.105 0.669 0.601 2.057 

TiO2/WS2 (5:1) 3.924 0.639 0.532 1.336 

TiO2/WS2 (2:1) 3.224 0.575 0.523 0.9705 
 

Increasing the amount of WS2 led to a decrease in ISC as well. It is of great importance to 

mention the short-circuit current is identical as the light-generated current. In other words, ISC is 

owe to the generation and collection of light-generated carriers, therefore, it is the largest current 

that could be drawn from the DSSC. There are several parameters that could have an influence on 

the ISC including the area of the solar cell, the number of photons (or known as the power of the 

incident light source), the optical properties and collection probability of the solar cell. The surface 

area and the incident light power are same for all the DSSCs and could not play a role in the 

observed ISC difference. Hence, the difference in ISC is believed to be caused by a difference in the 

diffusion length that could be varied based on the absorption and reflection of the solar cell, as well 

as the surface passivation.   

3.2.2 Electrochemical impedance spectroscopy 

In order to have a better understanding of the electrical behavior of the cells, such as charge 

transport, transfer, and accumulation processes in the cell, the EIS measurement was used via two-
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electrode method. A typical EIS spectrum of a DSSC illustrates information about charge transport 

as a result of electron diffusion through photo electrode (TiO2 or TiO2/WS2) and ionic diffusion in 

the electrolyte solution. In addition, the EIS spectrum indicates charge transfer attributable to 

electron back reaction at the FTO/electrolyte interface and recombination at the TiO2 (or TiO-

2/WS2)/electrolyte interface and the regeneration of the redox species at CE/electrolyte interfaces. 

The Nyquist plot of the DSSCs assembled with TiO2, and TiO2/WS2 composite at different 

potentials are shown in Fig. 48. As can be seen, the charge transfer resistance at the interface 

between CE and electrolyte is comparably the same for all of the DSSCs as expected. The reason 

is hiding behind the fact that the CE material is similar in all various cells. However, the charge 

transfer resistance at the interface between photoelectrode and electrolyte is the lowest for TiO-

2/WS2 (30:1) followed by TiO2/WS2 (40:1) composite photoelectrodes in compare with other ratios. 

It is notable that the charge transfer resistance at the interface between photoelectrode and 

electrolyte of pure TiO2 photoelectrode is higher than that of composite TiO2/WS2 with ratio of 

(40:1) and (30:1). Hence, the charge transfer happens faster and easier when a slight amount of 

WS2 is added to the system in comparison to the pure TiO2 photoelectrode-based DSSCs. 

 

Fig. 48. Nyquist of the DSSCs assembled with different photo electrodes made of TiO2 and 
TiO2/WS2 composite. 
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3.2.3 UV-Vis  

The UV-Vis test is conducted in order to investigate the potential of PEs in adsorption the 

light in all different wavelengths. As shown in Fig. 49, the greatest absorption in TiO2 is observed 

in the short wavelength region (250 – 400 nm) perhaps due to the absorption of light by N719 dye 

molecules. 

 

Fig. 49. UV-vis spectrum of pure TiO2. 

As can be seen in Fig. 50, presenting WS2 to TiO2 increases absorption of light in the higher 

wavelength region (400 – 850 nm) in compare with the pure TiO2 photoelectrode. This suggests 

that introducing WS2 into the photoelectrode enhances the light absorption of the photoelectrodes 

in DSSCs and extend the absorption light range to wavelength above 400 nm. 
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Fig. 50. UV-vis spectrum of pure TiO2/WS2 (50:1). 

As mentioned earlier, adding WS2 to TiO2 increases light absorption in the higher 

wavelength region (400 – 850 nm) in compare with the pure TiO2 photoelectrode. Therefore, the 

light absorption in the range between 420 nm to 850 nm increases by increasing the content of WS2 

in photoelectrode composite, from TiO2/WS2 (50:1) to TiO2/WS2 (40:1), as can be seen in Fig. 51.  

 

Fig. 51. UV-vis spectrum of pure TiO2/WS2 (40:1). 
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As mentioned earlier, adding WS2 to TiO2 increases light absorption in the higher 

wavelength region (400 – 850 nm) in compare with the pure TiO2 photoelectrode. Therefore, the 

light absorption in the range between 420 nm to 850 nm increases by increasing the content of WS2 

in photoelectrode composite, from TiO2/WS2 (40:1) to TiO2/WS2 (30:1), as can be seen in Fig. 52.  

 
Fig. 52. UV-vis spectrum of pure TiO2/WS2 (30:1). 

As mentioned earlier, adding WS2 to TiO2 increases light absorption in the higher 

wavelength region (400 – 850 nm) in compare with the pure TiO2 photoelectrode. Therefore, the 

light absorption in the range between 420 nm to 850 nm increases by increasing the content of WS2 

in photoelectrode composite, from TiO2/WS2 (30:1) to TiO2/WS2 (20:1), as can be seen in Fig. 53.  
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Fig. 53. UV-vis spectrum of pure TiO2/WS2 (20:1). 

As mentioned earlier, adding WS2 to TiO2 increases light absorption in the higher 

wavelength region (400 – 850 nm) in compare with the pure TiO2 photoelectrode. Therefore, the 

light absorption in the range between 420 nm to 850 nm increases by increasing the content of WS2 

in photoelectrode composite, from TiO2/WS2 (20:1) to TiO2/WS2 (15:1), as can be seen in Fig. 54.  

 
Fig. 54. UV-vis spectrum of pure TiO2/WS2 (15:1). 
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As mentioned earlier, adding WS2 to TiO2 increases light absorption in the higher 

wavelength region (400 – 850 nm) in compare with the pure TiO2 photoelectrode. Therefore, the 

light absorption in the range between 420 nm to 850 nm increases by increasing the content of WS2 

in photoelectrode composite, from TiO2/WS2 (15:1) to TiO2/WS2 (10:1), as can be seen in Fig. 55.  

 
Fig. 55. UV-vis spectrum of pure TiO2/WS2 (10:1). 

As mentioned earlier, adding WS2 to TiO2 increases light absorption in the higher 

wavelength region (400 – 850 nm) in compare with the pure TiO2 photoelectrode. Therefore, the 

light absorption in the range between 420 nm to 850 nm increases by increasing the content of WS2 

in photoelectrode composite, from TiO2/WS2 (10:1) to TiO2/WS2 (5:1), as can be seen in Fig. 56.  
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Fig. 56. UV-vis spectrum of pure TiO2/WS2 (5:1). 

As mentioned earlier, adding WS2 to TiO2 increases light absorption in the higher 

wavelength region (400 – 850 nm) in compare with the pure TiO2 photoelectrode. Therefore, the 

light absorption in the range between 420 nm to 850 nm increases by increasing the content of WS2 

in photoelectrode composite, from TiO2/WS2 (5:1) to TiO2/WS2 (2:1), as can be seen in Fig. 57.  

 
Fig. 57. UV-vis spectrum of pure TiO2/WS2 (2:1). 
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A comprehensive comparison in light absorption behavior of photoelectrodes can be found 

in Fig. 58, where the adsorption rate of the photoelectrodes in different wavelength ranges are 

shown. WS2 loading of the photoelectrodes with considering the TiO2/WS2 ratio from 50:1 to 40:1, 

exhibits even a greater enhancement in light absorption of photoelectrodes in the ranges higher 

than 400 nm. The same behavior is observed for other composite photoelectrodes by increasing the 

amount of WS2 in the composite. This might be related to the interface between the TiO2 and WS2 

and the porous structure that provides more space to retain dye molecules. Therefore, we may 

conclude that the light absorption of the photoelectrodes in range of 220 nm to 400 nm is mainly 

contributed by TiO2, while for the wavelength ranges between 400 nm to 850 nm is mainly 

dependent on the amount of WS2. As a result, it has to be noted that introducing WS2 to TiO2 

photoelectrodes enhances the performance of DSSC to absorb high wavelengths of the light. 

 
Fig. 58. UV-vis spectrum of TiO2 and TiO2/WS2 composite with various ratios. 

3.2.4 X-Ray diffraction (XRD) 

The XRD results of pure TiO2 photoelectrode is shown in Fig. 78. As shown, the highest 

intensity is observed at 24 degrees which is related to the (101) plane. The other two peaks with 
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the highest intensity values could be found at 37 and 47 degrees that are corresponded to the (004) 

and (200) planes, respectively. 

 
Fig. 59. XRD patterns of the TiO2 photo electrode used in DSSC. 

The XRD results of pure WS2 is shown in Fig. 78. As illustrated, the highest intensity is 

observed at 14 degrees which is related to the (002) plane. The other two peaks with the highest 

intensity values could be found at 27 and 43 degrees that are corresponded to the (004) and (006) 

planes, respectively. 

 
Fig. 60. XRD patterns of the WS2 photo electrode used in DSSC. 
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The XRD results of TiO2/WS2 (40:1) photoelectrode is shown in Fig. 78. As shown, the 

highest intensity is observed at 14 and 24 degrees which are related to the (002) plane in WS2 and 

(101) plane in TiO2. The other two peaks with the highest intensity values could be found at 37 and 

47 degrees that are corresponded to the (004) and (200) planes of TiO2, respectively. 

 
Fig. 61. XRD patterns of the synthesized TiO2/WS2 (40:1) photo electrode used in DSSC. 

3.3 Ball milling effect 

In this section, we discuss the results that are gained through various characterization 

methods. First, the current-voltage measurements and the performance of DSSCs that their CEs are 

made of ball milled WS2, AC and the composite of both will be discussed. Then by the XRD results, 

the ball milling process and its effectiveness will be investigated by comparing the particle size of 

CE materials based on the time of ball milling process. Last but not least, the SEM images of 

various counter electrode materials guide us to determine the relationship between the structure 

and performance of different materials that being used as CE in DSSCs within this study. 
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3.3.1 Current-Voltage characteristics 

In order to investigate the performance of ball-milled WS2 and WS2/AC (1-2) CE based 

DSSCs the curves of IV measurement is studied for different ball-milling durations, as shown in 

Fig. 62 andFig. 63. The area under all of the IV curves for pure WS2 ball-milled CEs is small and 

none of the curves shows a trace of squareness that means the fill factor parameter is not high. 

Based on the IV graph, it is believed that the ball milled WS2 CEs have high resistivity due to the 

presence of high ohmic resistance of the transport layer. Consequently, the shape of the I-V graph 

for WS2 CEs is more of a triangle shape in compare with the WS2/AC (1:2) CEs. Therefore, the fill 

factor will be lower for WS2 CEs than that of composite ball milled CEs. Increasing the time of 

ball-milling from 10 minutes to 2 hours shows a significant change in the ISC and performance of 

DSSCs, followed by a decrease in the DSSCs performance by increasing the ball-milling duration 

from 2 hours to 10 hours. These results suggest that there is an optimum ball-milling duration in 

order to achieve the best performance of pure WS2 ball-milled CE based DSSC. The performance 

of DSSCs significantly increase when AC is added to the CEs and the IV curves have more of a 

square-shape curves. The WS2/AC (1:2) ball-milled CEs shows the best results after 2 hours of 

ball-milling process, similar to the pure WS2 ball-milled CEs scenario. However, the difference for 

WS2/AC composite ball-milled CEs is not as significant as that of pure WS2 ball-milled CEs. 

As can be observed in Fig. 62, the highest ISC is achieved after 2 hours of ball milling 

modification. After that, increasing the time of ball milling process to 5 and 10 hours indicates a 

decrease in the magnitude of short circuit current. In the meanwhile, the open circuit voltage does 

not show a significant change based on the ball milling process of WS2 counter electrodes. More 

importantly, the fill factor (squareness of graph) indicates a dramatic increase when the ball milling 

modification is done for 2 hours. 



 

104  

 
Fig. 62. Current-voltage characteristics of the DSSCs assembled with various ball milled WS2 
counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 illumination. 

 
Fig. 63. Current-voltage characteristics of the DSSCs assembled with various ball milled WS2/AC 
(1:2) counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 illumination. 

As shown in Fig. 64, the highest efficiency among ball milled WS2 counter electrodes is 

observed for the WS2 counter electrode with 2 hours of ball milling process. This highest efficiency 

has been recorded with a value of 2.70% which is 400% more than the efficiency of the WS2 

counter electrode which is ball milled for only 10 minutes. Moreover, by a simple comparison 
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between the efficiencies we find out that increasing the time of ball milling process from 2 hours 

to 10 hours not only does not increase the efficiency, but also decreases by 70%. However, the 10 

hours ball milled WS2 still shows a higher efficiency than 10 minutes ball milled WS2. 

 

Fig. 64. The comparison between the efficiency of DSSCs assembled with various ball milled WS2 
counter electrodes. 

 

As shown in Fig. 65, the highest efficiency among ball milled WS2/AC (1:2) composite 

counter electrodes are observed for the WS2/AC (1:2) counter electrode with 2 hours of ball milling 
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process. This highest efficiency has been recorded with a value of 4.60% which is 19% more than 

the efficiency of the WS2 counter electrode which is ball milled for only 10 minutes. Moreover, by 

a simple comparison between the efficiencies we find out that increasing the time of ball milling 

process from 2 hours to 10 hours not only does not increase the efficiency, but also decreases by 

14%. However, the 10 hours ball milled WS2/AC (1:2) CE still shows a higher efficiency than 10 

minutes ball milled WS2/AC (1:2). 

 

Fig. 65. The comparison between the efficiency of DSSCs assembled with various ball milled 
WS2/AC (1:2) counter electrodes. 
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As shown in Fig. 66 the highest ISC among ball milled WS2 counter electrodes is observed 

for the CE with 2 hours of ball milling process with a magnitude of 12.29 mA/cm2 which is 83% 

and 32% more than that of ball milled CEs for 10 minutes and 10 hours, respectively. 

 
Fig. 66. The comparison between the short current density of DSSCs assembled with various ball 
milled WS2 counter electrodes. 

As shown in Fig. 67 the second highest ISC among ball milled WS2/AC (1:2) counter 

electrodes is observed for the CE with 2 hours of ball milling process with a magnitude of 14.12 

mA/cm2 which is 16% and 22% more than that of ball milled CEs for 10 minutes and 10 hours, 

respectively. 
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Fig. 67. The comparison between the short current density of DSSCs assembled with various ball 
milled WS2/AC (1:2) counter electrode. 

As shown in Fig. 68 the open circuit voltage is observed to be similar for most of WS2 ball 

milled CE-based DSSCs. The reason is believed to rely on the similar photoelectrode materials that 

being used and hence the energy gap levels are similar in different DSSCs.  

 
Fig. 68. The comparison between the open circuit voltage of DSSCs assembled with various ball 
milled WS2 counter electrodes. 
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As shown in Fig. 69 the open circuit voltage is observed to be similar for most of WS2/AC 

(1:2) ball milled CE-based DSSCs. The reason is believed to rely on the similar photoelectrode 

materials that being used and hence the energy gap levels are similar in different DSSCs.  

 
Fig. 69. The comparison between the open circuit voltage of DSSCs assembled with various ball 
milled WS2/AC (1:2) counter electrodes. 

As shown in Fig. 70 the highest fill factor among ball milled WS2 counter electrodes is 

observed for the CE with 2 hours of ball milling process with a magnitude of 0.28 which is 83% 

and 32% more than that of ball milled CEs for 10 minutes and 10 hours, respectively. 
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Fig. 70. The comparison between the fill factor of DSSCs assembled with various ball milled WS2 
counter electrodes. 

As shown in Fig. 71 the highest fill factor among ball milled WS2/AC (1:2) counter 

electrodes is observed for the CE with 10 and 2 hours of ball milling process with a magnitude of 

0.46 and 0.44, respectively. The fill factor of 2-hours ball milled WS2/AC (1:2) counter electrode 

is pretty close to the rest of CEs with different time of ball milling which suggests that the ball 

milling process does not play a big role in changing the fill factor of these CEs. 
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Fig. 71. The comparison between the fill factor of DSSCs assembled with various ball milled 
WS2/AC (1:2) counter electrodes. 

Additionally, in order to study the differences between pure WS2 and WS2/AC composite 

ball milled CEs, we study all different durations of ball milling process through separate IV curves 

as shown in figures from Fig. 72 to Fig. 77. All of the ball milled CEs that are WS2/AC composite 

based have a bigger area under the IV curve than that of pure WS2. Additionally, the higher ISC as 

well as a better filling factor of composite based CEs in compare with those of pure WS2 CEs prove 

that the performance of DSSCs is enhanced when the CE is composite based.  
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Based on the IV graph which is shown in Fig. 72, it is believed that the ball milled WS2 

CEs have high resistivity due to the presence of high ohmic resistance of the transport layer and as 

can be seen, has a smaller ISC than that of WS2/AC (1:2) composite with a difference as big as 5.51 

mAcm-2. Consequently, the shape of the I-V graph for WS2 CEs is more of a triangle shape in 

compare with the WS2/AC (1:2) CEs which means the fill factor is lower for WS2 CEs than that of 

composite ball milled CEs. The performance of WS2/AC (1:2) composite CEs is more than 600% 

better than that of WS2 CEs after 10 minutes of ball milling process. 

 

Fig. 72. Current-voltage characteristics of the DSSCs assembled with 10 minutes ball milled WS2 
and WS2/AC (1:2) counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 
illumination. 
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Based on the IV graph that is shown in Fig. 73, it is believed that the ball milled WS2 CEs 

have high resistivity due to the presence of high ohmic resistance of the transport layer and as can 

be seen, has a smaller ISC than that of WS2/AC (1:2) composite with a difference of 7.41 mAcm-2. 

Consequently, the shape of the I-V graph for WS2 CEs is more of a triangle shape in compare with 

the WS2/AC (1:2) CEs which means the fill factor is lower for WS2 CEs than that of composite 

ball milled CEs. The performance of WS2/AC (1:2) composite CEs is 450% better than that of WS2 

CEs after 30 minutes of ball milling process. 

 

Fig. 73. Current-voltage characteristics of the DSSCs assembled with 30 minutes ball milled WS2 
and WS2/AC (1:2) counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 
illumination. 
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Based on Fig. 74, it is believed that the ball milled WS2 CEs have high resistivity due to the 

presence of high ohmic resistance of the transport layer and as can be seen, has a smaller ISC than 

that of WS2/AC (1:2) composite with a difference of 5.70 mAcm-2. Consequently, the shape of the 

I-V graph for WS2 CEs is more of a triangle shape in compare with the WS2/AC (1:2) CEs which 

means the fill factor is lower for WS2 CEs than that of composite ball milled CEs. The performance 

of WS2/AC (1:2) composite CEs is almost 200% better than that of WS2 CEs after 1 hour of ball 

milling process. 

 

Fig. 74. Current-voltage characteristics of the DSSCs assembled with 1-hour ball milled WS2 and 
WS2/AC (1:2) counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 
illumination. 
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As shown in Fig. 75, it is believed that the ball milled WS2 CEs have high resistivity due to 

the presence of high ohmic resistance of the transport layer and as can be seen, has a smaller ISC 

than that of WS2/AC (1:2) composite with a difference of 1.83 mAcm-2. Consequently, the shape 

of the I-V graph for WS2 CEs is more of a triangle shape in compare with the WS2/AC (1:2) CEs 

which means the fill factor is lower for WS2 CEs than that of composite ball milled CEs. The 

performance of WS2/AC (1:2) composite CEs is 70% better than that of WS2 CEs after 2 hours of 

ball milling process. 

 
Fig. 75. Current-voltage characteristics of the DSSCs assembled with 2-hours ball milled WS2 and 
WS2/AC (1:2) counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 
illumination. 

As Fig. 76 illustrates, it is believed that the ball milled WS2 CEs have high resistivity due 

to the presence of high ohmic resistance of the transport layer and as can be seen, has a smaller ISC 
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than that of WS2/AC (1:2) composite with a difference of 5.16 mAcm-2. Consequently, the shape 

of the I-V graph for WS2 CEs is more of a triangle shape in compare with the WS2/AC (1:2) CEs 

which means the fill factor is lower for WS2 CEs than that of composite ball milled CEs. The 

performance of WS2/AC (1:2) composite CEs is more than 200% better than that of WS2 CEs after 

5 hours of ball milling process. 

 

Fig. 76. Current-voltage characteristics of the DSSCs assembled with 5-hours ball milled WS2 and 
WS2/AC (1:2) counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 
illumination. 

Based on the IV graph shown in Fig. 77, it is believed that the ball milled WS2 CEs have 

high resistivity due to the presence of high ohmic resistance of the transport layer and as can be 

seen, has a smaller ISC than that of WS2/AC (1:2) composite with a difference of 2.27 mAcm-2. 
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Consequently, the shape of the I-V graph for WS2 CEs is more of a triangle shape in compare with 

the WS2/AC (1:2) CEs which means the fill factor is lower for WS2 CEs than that of composite 

ball milled CEs. The performance of WS2/AC (1:2) composite CEs is more than 150% better than 

that of WS2 CEs after 10 hours of ball milling process. 

 

Fig. 77. Current-voltage characteristics of the DSSCs assembled with 10-hours ball milled WS2 
and WS2/AC (1:2) counter electrodes measuring under AM 1.5 solar simulator 100 mW cm-2 
illumination. 

The photovoltaic parameters are mentioned in detail for all of the ball-milled CEs in Table 

8 and Table 9. As can be seen, the best results are attributed to CEs with a ball milling process of 

2 hours whether it is WS2 or WS2/AC (1:2) composite CE. The highest fill factor as well as highest 

efficiencies are observed for CEs that are ball milled for 2 hours. Therefore, the reason of such 
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performance related results may be found in the agglomeration of the particles for ball milling 

process more than 2 hours.  

Table 8. The photovoltaic parameters of the DSSCs assembled with various ball milled WS2 counter 
electrodes. 

Counter electrode material Isc (mA cm-2) Voc (V) FF ⴄ (%) 

WS2 - 10 min 6.67835 0.79755 0.1011 0.53849 

WS2 - 30 min 5.59239 0.79753 0.15542 0.6932 

WS2 - 1 hr 9.16165 0.79756 0.21159 1.54607 

WS2 – 2 hrs 12.29016 0.79701 0.27527 2.6964 

WS2 – 5 hrs 8.88841 0.73764 0.2095 1.37359 

WS2 - 10 hrs 9.30016 0.74757 0.22894 1.59168 

 

Table 9. The photovoltaic parameters of the DSSCs assembled with various ball milled WS2/AC 
(1:2) counter electrodes. 

Counter electrode material Isc (mA cm-2) Voc (V) FF ⴄ (%) 

WS2/AC (1:2) - 10 min 12.19647 0.75673 0.4186 3.86343 

WS2/AC (1:2) - 30 min 13.00516 0.76734 0.37985 3.79071 

WS2/AC (1:2) – 1 hr 14.86474 0.7228 0.42675 4.58517 

WS2/AC (1:2) – 2 hrs 14.11996 0.73455 0.44353 4.60025 

WS2/AC (1:2) – 5 hrs 14.05192 0.73255 0.40108 4.12862 

WS2/AC (1:2) – 10 hrs 11.57088 0.75308 0.46451 4.04764 

 

Based on a simple comparison on the open circuit voltage amount of WS2 samples and 

WS2/AC (1:2) samples from Table 8 and Table 9, we find a decrease in VOC for CEs made of 

WS2/AC composite. Hence the VOC is corresponding to the energy difference between Fermi level 
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of the semiconductor and redox energy level of the redox couple, the decrease in the value of the 

VOC is due to a decrease in this energy gap. In other words, WS2 particles have a higher EVB in 

compare with the AC particles. Therefore, introducing and adding AC powder to CEs increases the 

conduction in CEs by lowering the conduction level to a lower level in compare to pure WS2 CEs. 

Additionally, it is believed that the difference in the VOC for WS2 and WS2/AC composite CEs is 

due to the recombination difference. The presence of AC could cause more recombination issues 

in compare with WS2 CEs and therefore a decrease in the VOC is observed. 

Increasing the amount of WS2 led to a decrease in ISC as well. It is of great importance to 

mention the short-circuit current is identical as the light-generated current. In other words, ISC is 

similar to the generation and collection of light-generated carriers, therefore, it is the largest current 

that could be drawn from the DSSC. There are several parameters that could have an influence on 

the ISC including the area of the solar cell, the number of photons (or known as the power of the 

incident light source), the optical properties and collection probability of the solar cell. The surface 

area and the incident light power are same for all the DSSCs and could not play a role in the 

observed ISC difference. Hence, the difference in ISC is believed to be caused by a difference in the 

diffusion length that could be varied based on the absorption and reflection of the solar cell, as well 

as the surface passivation. 

In conclusion, the performance of CEs is at their best when they are ball-milled for 2 hours. 

Moreover, the ball milled WS2/AC composite based CEs have significantly shown a better 

performance in compare with the pure WS2 CEs. 

3.3.2 X-Ray diffraction (XRD) 

One of the main reasons of ball milling process is to change the particle size of materials 

and consequently change the material properties. The XRD results of pure WS2 CE before ball 
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milling process is illustrated in Fig. 78. As can be seen, the highest intensity is observed at 14 

degrees. The other two peaks with the higher intensity values could be found at 28 and 43 degrees. 

The crystallite size at different peaks and the average of that are calculated based on the Scherrer 

formula and reported in Table 10. Therefore, the average crystallite size for pure WS2 CE before 

ball milling process is measured as 29.68 nm. 

 

Fig. 78. XRD pattern of the synthesized WS2 counter electrode used in DSSC. 
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Table 10. The peak positions and related crystallite size, the FWHM and the average crystallite 
size of WS2 used as counter electrode in DSSC. 

Peak Position (2 theta) FWHM Crystallite Size D (nm) Average D (nm) 

14.32 0.27 29.62 29.68 

28.88 0.28 29.65  

32.66 0.30 27.63  

33.46 4.66 1.78  

39.46 0.91 9.27  

43.86 0.27 31.84  

49.59 0.80 10.87  

58.32 0.08 109.44  

59.82 0.40 23.18  

60.36 0.37 25.13  

66.45 0.34 28.03  

 

The XRD results for Pure WS2 CE samples after 1 hour of ball milling process is shown in 

Fig. 79. As expected, the peaks could be observed exactly at the same positions as the WS2 CE 

with no ball milling process. However, the intensity of peaks is totally different in compare with 

the WS2 CE without ball milling process. The highest intensity is again observed at 14 degrees, 

followed by the second and third at 39 and 33 degrees. 
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Fig. 79. XRD pattern of the synthesized WS2 counter electrode after 1-hour ball milling process 
used in DSSC. 

In order to find the average crystallite size of WS2, the Table 11 is prepared where the 

crystallite size is measured at different peaks. Therefore, the average crystallite size for pure WS2 

CE before ball milling process is measured as 23.96 nm. 

The XRD results for Pure WS2 CE samples after 2 hours of ball milling process is shown 

in Fig. 80. As expected, the peaks could be observed exactly at the same positions as the WS2 CE 

with no ball milling process. However, the intensity of peaks is totally different in compare with 

the WS2 CE without ball milling process. The highest intensity is again observed at 14 degrees, 

followed by the other high peaks at 29 and 39 degrees. 
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Table 11. The peak positions and related crystallite size, the FWHM and the average crystallite 
size of 1-hour ball milled WS2 used as counter electrode in DSSC. 

Peak position (2 Theta) FWHM Crystallite size D (nm) D nm (Average) 

28.77 0.23 34.54 23.96 

14.24 0.25 32.02  

32.65 0.30 26.73  

33.40 0.62 13.23  

39.42 0.81 10.35  

43.82 0.25 32.97  

49.55 0.83 10.48  

58.28 0.32 28.26  

59.73 0.33 27.04  

 

 
Fig. 80. XRD pattern of the synthesized WS2 counter electrode after 2-hours ball milling process 
used in DSSC. 
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In order to find the average crystallite size of WS2, the Table 12 is prepared where the 

crystallite size is measured at different peaks. Therefore, the average crystallite size for pure WS2 

CE before ball milling process is measured as 19.78 nm. 

Table 12. The peak positions and related crystallite size, the FWHM and the average crystallite 
size of 2-hours ball milled WS2 used as counter electrode in DSSC. 

Peak Position (2theta) FWHM Crystallite Size D (nm) Average D (nm) 

14.59 0.38 21.14 19.78 

29.11 0.31 26.91  

32.99 0.33 25.15  

33.75 0.68 12.29  

39.75 0.91 9.33  

44.14 0.36 24.04  

49.86 1.02 8.62  

58.60 0.36 25.04  

60.04 0.41 22.47  

60.65 0.40 22.77  

 

The XRD results for Pure WS2 CE samples after 10 hours of ball milling process is shown 

in Fig. 81. As expected, the peaks could be observed exactly at the same positions as the WS2 CE 

with no ball milling process. However, the intensity of peaks is totally different in compare with 

the WS2 CE without ball milling process. The highest intensity is again observed at 14 degree, 

followed by the other high peaks at 33 and 39 degrees. 
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Fig. 81. XRD pattern of the synthesized WS2 counter electrode after 10-hours ball milling process 
used in DSSC. 

The crystallite size of WS2 CE that has been ball milled for 10 hours is measured at all the 

peaks and the results are summarized in Table 13. The lowest crystallite size is measured as 6.3 nm 

at the peak position of 49.6 degree while the highest is 22.8 nm at the peak position of 28.9 degree. 

Therefore, the average crystallite size is measured as 13.54 nm. 

The crystallite size of WS2 CE is proved to be decreased after 10 hours of ball milling 

process. By comparing the WS2 CE without ball milling process and WS2 CE after 10 hours of ball 

milling process, the average crystallite size is decreased by 54%, from 29.68 nm to 13.54 nm. 

Moreover, increasing the ball milling process time from 1 hour to 10 hours causes a decrease in 

average particle size from 23.96 nm to 13.54 nm, which is about 42% less. 
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Table 13. The peak positions and related crystallite size, the FWHM and the average crystallite 
size of 10-hours ball milled WS2 used as counter electrode in DSSC. 

Peak position (2 Theta) FWHM Crystallite size D (nm) D nm (Average) 

14.41 0.54 14.63 13.54 

28.90 0.35 22.88  

32.80 0.32 25.23  

33.57 0.89 9.29  

39.57 1.17 7.16  

43.95 0.59 14.39  

49.67 1.37 6.36  

58.45 0.51 17.71  

60.31 1.23 7.45  

69.05 0.93 10.34  

 

The XRD result of the AC is shown in Fig. 82 where a very wide peak is observed in a 

range from 16 to 30 degrees. The maximum intensity of this peak is observed at 21 degrees while 

another peak can be found at 43 degrees. As can be seen in Table 14, the average particle size of 

AC is measured as 0.96 nm. 
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Fig. 82. XRD pattern of the synthesized AC counter electrode used in DSSC. 

Table 14. The peak positions and related crystallite size, the FWHM and the average crystallite 
size of AC used as counter electrode in DSSC. 

Peak Position (2theta) FWHM Crystallite Size D (nm) Average D (nm) 

21.39 12.43 0.65 0.96 

43.80 6.78 1.26  

 

The XRD results of the WS2/AC (1:2) CE before and after 2 hours of ball milling process 

are shown in Fig. 83Fig. 84. As expected, the location of peaks is still the same however the average 

particle size has been decreased from 22.46 nm to 21.24 nm after 2 hours of ball milling as reported 

in Table 15Table 16. 
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Fig. 83. XRD pattern of the synthesized WS2/AC (1:2) counter electrode used in DSSC. 

Table 15. The peak positions and related crystallite size, the FWHM and the average crystallite 
size of WS2/AC (1:2) used as counter electrode in DSSC. 

Peak Position (2theta) FWHM Crystallite Size D 
(nm) Average D (nm) 

14.41 0.30 27.09 22.46 

28.94 0.27 30.58  

32.81 0.33 25.32  

33.56 0.65 12.82  

39.56 0.80 10.51  

43.98 0.31 27.35  

49.69 0.81 10.77  

58.42 0.34 26.67  

59.87 0.33 27.87  

60.46 0.36 25.48  

69.02 0.43 22.56  
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The XRD results of the WS2/AC (1:2) after 2 hours of ball milling process is shown in Fig. 

84. As expected, due to the presence of AC there is a wide and low intensity peak from 18 degree 

to about 30 degree. we can also observe all other peaks that are contributed from the presence of 

WS2. The dimension of particle size is also being mentioned in Table 16. 

 
Fig. 84. XRD pattern of the synthesized WS2/AC (1:2) counter electrode after 2-hours ball milling 
process used in DSSC. 
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Table 16. The peak positions and related crystallite size, the FWHM and the average crystallite 
size of 2-hours ball milled WS2/AC (1:2) used as counter electrode in DSSC. 

Peak Position (2theta) FWHM Crystallite Size D (nm) Average D (nm) 

14.51 0.31 25.46 21.24 

29.03 0.29 28.73  

32.90 0.33 25.47  

33.65 0.71 11.66  

39.66 0.89 9.53  

44.07 0.33 26.07  

49.80 0.86 10.17  

58.51 0.36 25.41  

59.96 0.36 25.60  

60.57 0.38 24.31  

 

A comparison between the XRD results of WS2, AC and WS2/AC (1:2) is illustrated in Fig. 

85. Since the highest recorded peak intensity of WS2 is much larger than that of AC, the correlated 

peak to the AC is not significant. The peak intensity of the WS2/AC composition decreases in 

compare with the peaks of pure WS2. The reason is that the AC powder has much smaller particle 

size in compare with the WS powder. Hence the composition has a smaller particle size in compare 

to that of pure WS2. 
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Fig. 85. XRD patterns of the synthesized WS2, AC, and WS2/AC (1:2) counter electrodes used in 
DSSC. 

The comparison between XRD results of AC, and both 2 hours ball milled WS2 and 

WS2/AC (1:2) are all illustrated in Fig. 86. Similarly, to the observations from the samples without 

any ball milling process, here we see the exact same effect of introducing the AC to WS2. In other 

words, since the highest recorded peak intensity of 2hrs ball milled WS2 is much larger than that 

of AC, the correlated peak to the AC is not significant. The peak intensity of the 2hrs ball milled 

WS2/AC composition decreases in compare with the peaks of 2hrs ball milled pure WS2. The 

reason is that the AC powder has much smaller particle size in compare with the WS powder. 

Hence the 2hrs ball milled WS2/AC composition has a smaller particle size in compare to that of 

the 2hrs ball milled pure WS2. 
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Fig. 86. XRD patterns of the synthesized AC, and the 2-hours ball milled WS2 and WS2/AC (1:2) 
counter electrodes used in DSSC. 

There are several factors that could affect the intensity of XRD peaks. The most common 

one is due to change of diffractometer instruments. Hence, various instruments may have 

differences in their settings, for instance, different time per step. That is being said, this issue will 

be addressed by normalizing the intensity of results. Peaks are highly touched by the particle size 

while their FWHM (full width at half maximum) is inversely proportional to crystallite size. In 

other words, if the FWHM increases with decreasing crystallite size the peak then is forced to be 

decreased proportionally to maintain constant peak area. The other common factor is change in 

crystallite size where the smaller crystallites lead to lower and wider peaks in compare with the 

same material with a larger crystallite size. The other factor that causes lower and wider peaks is a 



 

133  

greater microstrain. As mentioned before, the structure of materials plays a significant role in XRD 

results. Doping and vacancies can change the diffraction intensity due to various atom sizes in the 

unit cell. Additionally, the preferred orientation may cause changes in the peaks of some planes. 

3.3.4 SEM 

In order to investigate the effect of ball milling process on the structure of the WS2, it is of 

great importance to investigate the changes in the structure. Therefore, the SEM images can be 

very helpful to understand different behaviors of materials. As can be seen in Fig. 87, the WS2 

flakes are very thin but in all different sizes and some of these WS2 flakes are between 5 µm and 

15 µm. The surface of WS2 flakes looks very smooth in most areas and these flakes stick to each 

other. 

 

Fig. 87. SEM image of WS2 powder used as counter electrode in DSSC. 
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In the meanwhile, as shown in Fig. 88, the 2 hours of ball milling process significantly 

decreases the WS2 particle size to less than 3 µm which is noticeably smaller than the WS2 particles 

before mechanical deformation. The SEM images indicate that the ball milling process is being 

proceed successfully to decrease the particle size. Due to the smaller particle size the total surface 

area of the WS2 powder has increased through the ball milling process. As a result, the surface area 

between electrolyte and CE is believed to increase, which contributes to a better electrical behavior 

in IV measurements as discussed in section 3.3.1.  

 

Fig. 88. SEM image of 2-hours ball milled WS2 powder used as counter electrode in DSSC. 
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In order to investigate the behavior of WS2 powder, the ball milling process time extended 

up to 10 hours. Consequently, the WS2 particle size is observed to be even smaller than what it was 

after 2 hours of ball milling, as shown in Fig. 89 that indicates the effectiveness of ball milling 

process. However, it has to be noted that decreasing the particle size is believed to lead to 

agglomeration of particles in which case that causes a decrease in the available surface area. 

Therefore, there will be more barriers against the movement of electrons due to more boundaries 

between particles. As a consequence, the efficiency of WS2 which is ball milled for 10 hours is 

smaller than that of the WS2 powder after 2 hours of ball milling. Hence, the SEM images support 

the results of current-voltage of ball milled WS2 CEs that was discussed in section 3.3.1. 

 

Fig. 89. SEM image of 10-hours ball milled WS2 powder used as counter electrode in DSSC. 



 

136  

In order to explore the effect of ball milling process on the structure of the WS2/AC (1:2) 

composite, the SEM has been performed and the WS2/AC (1:2) and 2hrs BM WS2/AC (1:2) are 

shown in Fig. 90Fig. 91. As can be seen in Fig. 90, both WS2 and AC particles are in different sizes 

while a large portion of particles are larger than 10µm in at least one dimension. The smaller 

particles of AC place on surface of WS2 flakes and therefore increases the free space in the 

structure. Based on the SEM observations it is notable that mixing WS2 with AC has successfully 

being placed and a good uniformity of the structure is detected in various areas of the composite.  

 

Fig. 90. SEM image of WS2 /AC (1:2) powder used as counter electrode in DSSC. 

In the meanwhile, the ball milling process of 2 hours leads to smaller particle size of WS2 

as well as AC while the majority of particles are much smaller than the size of particles before 
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mechanical deformation, as illustrated in Fig. 91, that indicates the effectiveness of ball milling 

process. Therefore, the available surface area is increased which raise the expectations of the cell’s 

performance. However, there is another factor that performs a significant role here and against the 

increased surface area. Note that the AC provides a high conductivity to the composite CEs and 

due to the ball milling process the AC particles are crushed to smaller particles. Therefore, there 

are much more barriers against the movement of electrons in this scenario which concludes to a 

less-efficient performance. As a result, although increasing the time of ball milling process from 2 

hours to 10 hours increases the surface area and probably the catalytic activity, the overall 

efficiency of cells is expected to be decreased due to raising the number of barriers. 

 

Fig. 91. SEM image of 2-hours ball milled WS2 /AC (1:2) powder used as counter electrode in 
DSSC.  
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CHAPTER FOUR  

TECHNOECONOMIC ANALYSIS  

4.1 Introduction 

In 1991, O’Regan and Gratzel brought the international research community’s attention to 

their DSSC with a PCE of 7%.[264] Inexpensive oxide nanoparticles and complexes besides 

organic dyes that are the main parts of DSSCs make the fabrication process needless to neither high 

temperature nor vacuum processing. Besides, many research groups found it easy to enter and 

contribute to progressing works on DSSCs where there have been more than 10 publications per 

year in 1992, 100 in 2001, and 1000 in 2010.[265] Therefore, solar cells based on TMDs have 

appeared as a promising low-cost technology for high-efficiency photovoltaics over the last few 

years. DSSCs have emerged as a potential rival to other solar cells due to the well-speed rise in 

photoconversion efficiency. Consequently, commercializing this promising technology could be of 

great interest in the near future which requires large-area processing. There are no doubts that 

evaluating the economics of the manufacturing process of DSSCs to produce electricity is of great 

importance. Here in this chapter, a detailed techno-economic model based on production processes 

is presented to evaluate the minimum sustainable manufacturing price (MSP) and the Levelized 

cost of energy (LCOE) for DSSC modules. Therefore, the most critical factors that play significant 

roles in final costs are identified to find out where DSSCs are being placed in the competition with 

other PV technologies. 

Some important factors are essential to achieve a low LCOE that could compete with the 

energy cost of energy from conventional sources. High efficiency, low cost, and stability, in the 

long run, are some of these factors. Over the last few years, there has been a large number of studies 

focusing on DSSCs to improve their PCE from 3% to about 15%. Alongside the rapid rise in 
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efficiency of DSSCs, there is a potential to reduce manufacturing costs in order to commercialize 

this type of solar cell due to the simplicity of manufacturing processes through various solution-

based and low-temperature deposition methods. Additionally, the manufacturing process could be 

time-efficient with the potential for roll-to-roll manufacturing. The fact that DSSCs are safe 

technologies and have the minimum environmental impacts brings even more attention to this 

technology hence there are more concerns about the future of the earth and using clean energies. 

The shorter important energy payback time (EPBT) metric is another criterion that makes DSSCs 

comparable with other PV technologies. Despite all of these advantages, there are some concerns 

regarding the lack of durability as well as operational instability of this PV technology on a 

commercial scale. Therefore, it is essential to address the degradation and instability issues to be 

able to utilize DSSCs in a field. 

One of the most significant challenges to investigate the potential for large-scale 

commercialization of DSSCs is the fact that a demonstrated manufacturing process is lacking and 

there are only a few numbers of companies who are currently working on fabrication DSSCs from 

small cells (around 1 cm2) to a large-scale. However, the manufacturing process of DSSCs might 

be very similar to other thin-film technologies that lead to getting a lot of attention from investors 

to consider this promising PV technology as a great potential for the near future. 

Even though c-Si, CdTe, and CIGS devices have higher module efficiencies, the other 

benefits of DSSCs like low embodied energy and a shorter expected energy payback play an 

essential role in the functionality of DSSCs in the near future that lightweight and flexible products 

are of great importance. One of the reasons that DSSCs providing a good performance is the 

diversity of light absorption in various conditions including the high angle of incidence as well as 

partial shadowing and low light intensities. additionally, DSSCs perform similarly whether it is at 
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room temperature or 50°C in deserts. Consequently, considering all of the real outdoor aspects 

leads us to 10-20% higher electricity productivity of DSSCs yearly in comparison with c-Si at the 

same peak power.[266] It is undeniable that besides having a good performance through the various 

lightning condition, diversity in appearance performs a key role in building-integrated applications 

and that is where DSSCs are appropriate due to being semi-transparent, selected colors, and 

bifacial.[267] 

In order to commercialize DSSCs, sustainability of more than 25 years in building-

integrated modules is required. This prevents the replacement or repair of the building setting where 

a lifespan of 5 years is recommended for portable electronic chargers integrated into accessories. 

Although DSSCs have a bulky sandwiched glass structure, they can benefit from the roll-to-roll 

method and make a flexible structure even though that consequent to a shorter lifespan. Some of 

the challenges are to increase the size of DSSCs as well as choosing the right metal interconnects 

in the cells based on how corrodible they are to the electrolyte. Moreover, there has to be a high 

degree of control over cell-to-cell reproducibility since the same current and voltage are required 

for all the cells. If all of these challenges would be faced correctly, then the commercial applications 

of DSSCs would surpass a lot of other PV technologies. G24i has produced 25 MW capacity from 

DSC modules in 2007 in Cardiff, Wales (UK) (http://www.g24i. com), and there are a few other 

DSSC demonstration modules since then. However, the maximum outdoor aging test has still been 

a serious challenge where many reported to be up to 2-3 years. [268] 

4.2 Methodology 

4.2.1 DSSC module cost 

The techno-economic cost analysis was performed for a hypothetical DSSC manufacturer 

located in the United States, starting operation in 2024. The manufacturing cost is calculated using 
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an internally developed spreadsheet calculator based on the ‘‘bottom-up cost modeling’’ as used 

by Powell, [269] Goodrich,[270] and Woodhouse et al.[271] In short, we consider the mass-scale 

manufacturing of DSSCs modules with a production volume of 200 MWp per year. Projections of 

potential perovskite module costs have been made following the standard engineering cost 

estimating methodology in the literature.[271-273] To provide a realistic and accurate estimation, 

we chose a relatively conservative approach (see assumptions in below) for developing a cost 

estimation and analyzed the uncertainties of the most sensitive assumptions. 

4.2.1.1 Reference module assumptions 

To estimate the module manufacturing cost, we selected a monolithic module geometry 

based on a rigid glass substrate as the reference module. Currently, a variety of device structures 

and alternative materials for DSSCs are reported in the literature. 

The DSSC module is constructed with the reference dye-sensitized cells and other components 

that are essential for the module production. The latter, so-called balance of module (BOM) 

components, include glass plates, interconnection busbars, sealant, lamination film, edge-sealing 

frame, a junction-box, and wiring. This glass–glass design should provide excellent protection 

against water-induced degradation,[274] is compliant with the environmental regulatory codes and 

standards,[275] and is widely used in the conventional design of commercial thin-film (CdTe[276] 

and CIGS[271]) PV modules. This glass–glass module configuration also lowers the probability of 

emission of toxic contents to the environment,[277] and eases the environmental concerns 

associated with using water-soluble Pb-based perovskite materials.[278] 

4.2.1.2 Manufacturing processes 

DSSC materials and module architectures must be amenable to low-cost, high-throughput 

processing, in addition to being efficient and stable. Details of manufacturing lines are not widely 
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available because of the obvious commercial importance to their owners. Manufacturing processes 

will also vary significantly depending on whether DSSC modules are rigid or flexible, the module 

architecture, and the substrate material. Materials and manufacturing steps must be well-matched. 

Dye molecules are sensitive to a temperature above 100 ºC, so any high-temperature processing 

should be completed before dyeing. It is possible to seal cells and leave small fill holes for 

subsequent, dyeing, rinsing, and electrolyte filling. With this procedure, the design of the filling 

system and the module is critical. Sastrawan et al. at Fraunhofer ISE have designed meander-type 

parallel current collecting modules with partially interdigitated current collectors, Fig. 92 that 

minimizes the number of cells that need to be independently filled.[279] Further details regarding 

the processing advantages of different module designs were described by Tulloch.[280] 

In order to compete with other current PV technologies and reach future targets in terms of 

cost, manufacturing line speeds of 2 to >20 m/min are likely to be necessary.[267] Processing in 

the research lab for small cells is commonly performed by hand and without regard for time; 

however, suitable automated and high-speed protocols must be developed for manufacturing. For 

example, TiO2 nanoparticle films are commonly sintered at 450C for 30 min and dyeing is routinely 

done overnight. These procedures would require exceedingly long process lines to accomplish. 

Alternative materials and processes such as fast-curing TiO2[267] and dyeing procedures requiring 

only minutes[281] have already been developed. 
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Fig. 92. (Color online) DSSC modules produced by (a) Fraunhofer ISE, Germany, (b) G24 
Innovations, Ltd., Wales, (c) Dyesol Ltd., Australia, and (d) 3GSolar Ltd., Israel.[282] 

One of the advantages of DSSCs compared to crystalline silicon and thin films are low-

cost, low-energy processing. Energy payback periods of less than one year are expected. No 

cleanroom, vacuum processing, or high temperatures (above 450 ºC) are required. No new 

technologies need to be developed for DSSC manufacturing. High throughput processes can be 

borrowed from other industries including thin-film PV, printing, and laminating. For example, TiO2 

layers are typically deposited by screen printing and cured in an inline oven. Availability of 

standard equipment and processing will enable the fast development of new manufacturing lines 

for DSSC modules. Equipment for small-scale automation of many of the DSSC fabrication 

processes is already offered by Dyesol. 
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The first step of the manufacturing line is substrate preparation where the front and back 

electrodes are prepared by industrial-scale FTO sputtering. The charge transport layer TiO2 is then 

prepared by screen printing followed by a post-deposition heat treatment at an in-line oven. After 

the sintering process, the dye sensitization process takes place where dye is being applied to the 

surface to be adsorbed and dried. After that, the back glass which has gone through the FTO 

sputtering and WS2/AC screen printing would be added to the front glass in order to make the 

sandwich structure of the PV cell. The next step in the manufacturing line is to hole drill and 

electrolyte fill the cells before the sealing and encapsulation process. The line will come to an end 

through the framing and electrical interconnection steps. 

To calculate the manufacturing cost per unit area ($ per m2) of the DSSC module (MC) the 

cost of each parameter during the manufacturing process should be summed up as shown in 

Equation 8. 

Equation 8 

𝑀𝐶 =	-(𝑀$ +	𝑈$ +	𝐿$ +	𝐸$ +	𝐷$)
$

 

Where Mi stands for raw materials costs, Ui for costs of utilities, Li for line labor costs, Ei 

for equipment maintenance costs, and finally Di which stands for the depreciation costs in the ith 

step of the manufacturing process. All of the mentioned costs are considered as being per unit area 

($ per m2). Therefore, the materials costs should be determined in the first place. Table 17 provides 

information about each component and the raw materials that are required for the manufacturing 

process while the material costs of each component are determined based on their price per unit of 

weight and the required weight per unit of area (m2).  

Materials and utilities costs are two categories that are directly determined by the selection 

of the device structure and the manufacturing processes, while labor costs could be varying from 
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place to place. Thanks to the automation of the production line, the labor costs are expected to be 

minimized in comparison with other recurring costs. The time of processing and the degree of 

automation for every step is used in order to evaluate the minimum labor cost. The maintenance 

cost is considered as a fixed percentage (20%) of the costs of equipment and buildings. That is to 

say, a fixed percentage of the expensive equipment will cause a higher cost to maintain and repair. 

The equipment costs can be found in Table 18. It is of great importance to mention that the 

manufacturing costs in the various periods of production could be changed based on the method of 

distributing depreciation costs. For instance, whether a company depreciates its physical properties 

in the early period or at the later stages. 

Table 17. Materials costs for the reference module. 

Component Raw material Price 
($/kg) 

Weight 
(g/m2) 

Material cost 
($/m2) 

Glass 3 mm Glass 0.8-1.1 7500 7.0000 

FTO FTO 550-900 1.790 1.2980 

CE AC 0.60-5.50 40 0.0240 

CE WS2 10-50 20 0.2000 

PE TiO2 2-4 16 0.0320 

PE N719 
C58H86N8O8RuS2 2-5 4 0.0080 

Electrolyte Iodine 20-50 0.45 0.0090 

Electrolyte Lithium iodide 12-20 0.15 0.0017 

Electrolyte 4-tert-Butylpyridine 
C9H13N 7-8 1.68 0.0118 

Electrolyte C8H15IN2 29-80 7.10 0.2058 

Electrolyte CH5N3.CHNS 10-30 0.26 0.0026 

Electrolyte C5H9N 10-25 5.3 0.053 

Electrolyte CH3CN 5-10 29.65 0.1482 

Junction Box - - - 7.500 
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The costs of depreciation, utilities, labor, and maintenance per m2 are mentioned in Table 

19. Note that the manufacturing cost can be considerably decreased after the depreciation cost is 

eliminated from the balance sheet. In this study, we selected the linear depreciation method to 

estimate the expected value of the module cost. In this method, the physical property costs are 

evenly distributed to each year of production throughout the lifetime of the factory. Since the 

available information on the costs and prices from DSSC companies are very limited, other 

assumptions and cost data were taken from the literature and online sources, including global 

trading websites, as well as from reports from governments and other organizations. 

Table 18. Equipment costs. 

Equipment Footprint 
(m ´ m) 

Unit price 
($k) 

Power 
(kW) 

Operating time 
(min/module) 

Glass cutter machine 2.9 ´ 1.8 2 – 9 3 2 

FTO sputtering 10 ´ 2.5 1000 – 3000 500 30 

Screen Printing 6 ´ 2.5 20 – 80 10 3 

Furnace 6 ´ 2.5 150 – 360 30 60 

Dye adsorption 6 ´ 2.5 20 – 80 25 20 

Electrolyte injection and 
sealing 2 ´ 1 20 – 60 1.5 10 

Soldering system 2.5 ´ 5 120 – 140 10 2 

Testing table 2.5 ´ 1 10 – 15 0.5 1 
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Table 19. Distribution of direct manufacturing cost in each step. 

Process Utilities 
($/m2) 

Labor 
($/m2) 

Depreciation 
($/m2) Maintenance ($/m2) 

Front Glass 0.259 0.231 0.158 0.011 

Sputter FTO 0.394 0.116 0.900 0.232 

Print TiO2 0.066 0.270 0.203 0.023 

Print Dye 0.062 0.502 0.236 0.032 

AC coating 0.058 0.077 0.223 0.023 

WS2 coating 0.058 0.077 0.223 0.023 

Electrolyte 
injection 0.008 0.009 0.191 0.019 

Sealing 0.002 0.019 0.181 0.017 

Back Glass 0.259 0.231 0.158 0.011 

Junction-box 0.002 0.019 0.158 0.010 

Testing 0.000 0.008 0.163 0.011 

  
4.2.2 Levelized Cost of Energy calculation (LCOE) 

The Levelized Cost of Energy of a PV system employing dye-sensitized PV modules has 

been estimated to evaluate the potential solar electricity cost of DSSCs. To have a reliable 

estimation of the LCOE, the system advisor model developed by the National Renewable Energy 

Laboratory (NREL) has been used. Generally, the ratio of the total lifecycle cost of a PV system to 

the total energy generated during the lifetime of the system is called the LCOE. 
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The LCOE of a single-owner PV power plant with the power of 100 MW that operates 

under the Purchase Power Agreement (PPA) and is installed in Wichita, Kansas is evaluated. It is 

of great importance to consider the fact that this new PV technology would take a couple of years 

at a development stage in order to be commercialized later. Therefore, the expected PV system cost 

inputs that are considered in this study are for the year 2024 in the calculation.[283] It has to be 

noted that since the development of future alternative energy generation technologies should be 

commercially viable without government incentives, several subsidies are being excluded in this 

study such as the investment tax credit or production tax credit. 

4.3 Results and discussion 

4.3.1 Manufacturing cost 

Fig. 93 (a) illustrates the direct manufacturing cost distribution and the materials cost 

breakdown of the reference module with a total manufacturing cost. We calculated the 

manufacturing cost of the reference model as $22.4 per m2, which consists of 16.5 per m2 for 

associated BOM components (glass, frame, laminating film, junction-box, and testing) and $5.9 

per m2 for processing the DSSC cells (utilities, labor, depreciation, maintenance) as can be seen in 

Table 17Table 19, respectively. In comparison, the processing and associated BOM components 

costs for perovskite cells are $8 per m2 and $29 per m2, respectively. Note that the perovskite 

processing cost is much lower than some other PV technologies such as CIGS and CdTe cells with 

the processing costs of $29 per m2 and $27 per m2 (excluding BOM, in 2016 dollars), respectively. 

Therefore, we can confidently mention that the lower costs for DSSC cells are due to lower energy 

needs, less capital-intensive manufacturing process, and the use of lower-cost materials similarly 

to the perovskite PV module.[275] 
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The materials costs are found to be the main cost segment of the DSSC module as can be 

seen in Fig. 93 (a) and are comprising 74% of the whole cost. Interestingly, only 5% of the total 

material cost is contributed to the materials in the DSSC cell structure (PE, CE, and electrolyte). 

The thin structure of the DSSC cell leads to saving materials and energy consumption reduction as 

well as high production throughput for the process. The remaining 95% of material costs belong to 

all other BOM category including glass, FTO, and junction-box, as can be found in Fig. 93 (b). 

The second most dominant cost is related to depreciation that is accounting for 12% of the 

total cost. In general, depreciation costs are highly dependent on the process throughputs that are 

sensitive to the device architecture and design of processing. This is due to the expensive capital 

costs of the processing facilities. For instance, the throughput of 0.53 m2 min-1 which is measured 

as relatively slow has been considered by Chang et al. for perovskite module cells due to its slow 

manufacturing process, such as thermal evaporation of Ag or Au as well as the sintering process of 

TiO2.[271] It has to be mentioned that a higher processing throughput leads to a reduction of the 

manufacturing cost. Fig. 94 explains the functionality of the manufacturing cost of a perovskite 

module based on the processing throughput. As an example, when the throughput is increasing 

from 0.5 m2 min-1 to 1.4 m2 min-1 the manufacturing cost is reducing by around 20%. However, 

this effect is less significant when throughput is increased to 2 m2 min-1 and beyond that. 
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(a) 

 

(b) 

 

Fig. 93. (a) Direct manufacturing cost distribution and (b) materials cost breakdown of the 
reference module with a total manufacturing cost of $22.4 per m2. 
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Fig. 94. Manufacturing cost of perovskite module as a function of processing throughput. [275] 

4.3.2 Levelized Cost of Energy 

In order to calculate the LCOE of DSSCs, the Levelized Cost of Energy calculator is being 

used that is provided by the national renewable energy laboratory’s (NREL) website. This 

calculator provides information to estimate both utility-scale and distributed generation renewable 

energy technologies by comparing a number of other factors such as capital costs, operations and 

maintenance (O&M), performance, and fuel costs. However, this calculator does not consider some 

parameters including financing issues, discount issues, future replacement, or degradation costs.  

There are some assumptions to estimate the LCOE. In case of financing assumptions, we 

expect the project to be working for 25 years with a 3% discount rate. One of the important 

parameters is the capacity factor that is known as the ratio of the annual energy that the system 

produces to the amount of energy it would produce if that system operated at full nameplate 
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capacity for the whole year. The capacity factor in this project is considered to be 15%. Some of 

the other assumptions regarding the renewable energy system cost and performance are the capital 

cost that is considered as $110 per kW, $7 per kW-year for fixed, and $0.002 per kWh for variable 

operation and maintenance costs. The heat rate is described as the amount of fuel burned for each 

unit of electricity produced and therefore this number is zero for renewable energy systems since 

PV technologies do not require fuel. The electricity price is assumed to be 12 cents per kWh and 

the cost escalation rate is 3%. Using all of these assumptions, the Levelized Cost of electricity for 

the energy system of this project is calculated as 1.2 cents per kWh. In the meanwhile, the Levelized 

or annualized cost of electricity from the utility assuming today’s cost of electricity is measured as 

17.1 cents per kWh. The distributed generation data used within this calculator is sponsored by the 

U.S. Department of energy's federal energy management program. 

The comparative photovoltaic levelized cost of energy calculator (comparative PV LCOE) 

is used to determine the LCOE of our DSSC photovoltaic system.[284] In this method, the baseline 

and the proposed technology are being compared to each other based on cost, performance, and 

reliability inputs. Here, we compare our DSSC with two different baseline technologies that are 

mono-Si and CdTe. All three technologies are considered to have a glass-glass structure and have 

fixed tilt in utility-scale systems. The closest location to Wichita, Kansas that is available for this 

calculator is Hutchinson Munical Ap in Kansas and this location is considered for these three 

different PV technologies. The discount rate of all three technologies is considered as 3%. 

The first baseline cell technology is the mono-Si cell that the cost of front and back layers 

are calculated as $4.06 and $3 per m2, respectively. The non-cell module and cell costs are $18 and 

$34.40 per m2, respectively. The total operation and maintenance cost of the mono-Si cell is $15.40 

per kWDC per year. The balance of system (BOS) cost is reported as $0.33 per W for power-scaling 
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and $55.70 per m2 for area-scaling. The performance of the mono-Si PV technology is reported as 

19% with an energy yield of 1572 kWh per kWDC. In the case of reliability, the degradation rate of 

this PV technology is 0.36% per year for a total service life of 25 years. Therefore, the LCOE of 

mono-Si PV technology is measured as $0.0475 per kWh while the module price of this technology 

is $0.36 per W, and the total installed system cost is $0.98 per W. 

The second baseline is the CdTe-based PV technology, and the cost of front and back layers 

is calculated as $4.06 and $3 per m2, respectively. The non-cell module and cell costs are $18 and 

$30 per m2, respectively. The total operation and maintenance cost of the mono-Si cell is $15.40 

per kWDC per year. The balance of system (BOS) cost is reported as $0.33 per W for power-scaling 

and $55.70 per m2 for area-scaling. The performance of the CdTe PV technology is reported as 

16% with an energy yield of 1611 kWh per kWDC. In the case of reliability, the degradation rate of 

this PV technology is 0.40% per year for a total service life of 25 years. Therefore, the LCOE of 

CdTe PV technology is measured as $0.0499 per kWh while the module price of this technology 

is $0.40 per W, and the total installed system cost is $1.07 per W. 

The third system is our DSSC PV technology that as we reported earlier, the cost of front 

and back layers is measured as $8.298 per m2 each. The non-cell module and cell costs are $7.5 

and $0.6961 per m2, respectively. The total operation and maintenance cost of this DSSC is 

calculated as $9.74 per kWDC per year. The balance of system (BOS) cost is reported as $0.31 per 

W for power-scaling and $63.04 per m2 for area-scaling. The performance of this DSSC is assumed 

as 16% with an energy yield of 1475 kWh per kWDC. In the case of reliability, the degradation rate 

of this PV technology is considered as 0.648% per year for a total service life of 25 years. 

Therefore, the LCOE of DSSC PV technology is measured as $0.0438 per kWh while the module 

price of this technology is $0.18 per W, and the total installed system cost is $0.88 per W. 
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By comparing the results of each technology, the PV LCOE of DSSC is 8% and 12% 

cheaper than that of mono-Si and CdTe technologies. The module cost of DSSC is also 50% and 

55% lower than the module cost of mono-Si and CdTe technologies, respectively. The total 

installed system cost of DSSC that is calculated by the NREL calculator is 10% and 18% lower 

than that of mono-Si and CdTe technologies. Therefore, based on these results there is no doubt 

that DSSC as the proposed technology is very cost-effective in comparison with the mono-Si and 

CdTe technologies. 

4.4 Conclusions and outlook 

In order to commercialize any PV technology successfully, there are several requirements 

to meet. The most important combination of requirements is high efficiency, long-term stability, 

and low cost. Advances in DSSC stable performance for over 20000 hours of continuous 

illumination have made it practical to find this technology in small manufacturing facilities.[285, 

286] Thermal cycling and potential outdoor lifetimes beyond 20 years are some other signs of 

progress have made with DSSCs. Moreover, the material and manufacturing costs are playing a 

big role in the feasibility of this PV technology, where it can reach much lower price costs by 

increasing manufacturing volume and development of supply chains. There is a great potential for 

DSSC capacity while no material limitations preventing the production of hundreds of gigawatts 

of energy.[267]  

DSSCs are in a position to compete with other PV technologies based on their efficiency, 

lifetime, and costs. Despite the efficiency of DSSCs is lower than c-Si and CdTe, it is considered 

a great competitor to amorphous Si for low-cost and low-power markets, as G24i introduced the 

first commercial products in 2009. There is a great potential for to DSSCs reaching efficiencies 

above 15% by optimizing the energetic alignment of cell components so this technology can 
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challenge c-Si and CdTe cells. There are a vast variety of combinations for DSSCs based on the 

dye, redox couple, photoelectrode, and counter electrode that is being used to manufacture the cell 

and it is most likely to find the right combination of components. Therefore, to increase the 

efficiency of DSSCs significantly it is expected to change multiple cell materials simultaneously. 

This analysis indicates the strong potential of DSSCs economically. However, there are 

several barriers to commercialize this technology on large scale. Barriers include aging and stability 

of cells on-site, and heat and illumination. There is also the manufacturing process that is derived 

from other PV manufacturing processes. These concerns will be further allayed by the development 

of the manufacturing process as well as improvements in the stability of the cells. Although these 

issues need to be addressed, determining the low manufacturing cost and LCOE for DSSCs 

provides enough reasons to be optimistic cautiously. 

In this study, a techno-economic cost analysis is performed while investigating the bottom-

up model of manufacturing DSSCs. The critical factors in manufacturing costs have been 

determined for DSSC PV modules and the manufacturing cost of $22.40 per m2 is obtained. 

Moreover, the LCOE of DSSC PV is estimated to be $0.0438 per kWh while the module price of 

this technology is $0.18 per W and the total installed system cost is $0.88 per W in Kansas if a 

system lifetime of 25 years can be achieved. It is noted that the full potential of DSSCs will be 

significantly dependent on stability improvements. Therefore, if the advances in DSSC PV 

technology continue rapidly, there will be no surprise to see this technology as a low-cost leader 

over the PV technologies competition. 
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CHAPTER FIVE 
  

CONCLUSION  

  
  

We have demonstrated the synthesis process of various components of DSSCs, the WS2/AC 

composite CEs, TiO2/WS2 composite photoelectrodes, and ball-milled WS2/AC composite CEs by 

the doctor-blade method. All the composite materials were fabricated in various ratios of the 

components. The I-V, CV, and EIS measurements are completed besides UV-Vis, SEM, and X-

Ray diffraction spectroscopy to reveal the performance, catalytic activity, structure, and electrical 

behavior of the composite-based DSSCs. The WS2/AC composite counter electrode indicates a 

smaller peak to peak gap and a higher current density than that of WS2 or AC CEs that prove this 

composite CE has a better catalytic activity in compare with pure WS2-, and pure AC CE-based 

DSSCs. Moreover, the charge transfer resistance in both interfaces between the CE/electrolyte and 

PE/electrolyte is much smaller than that of pure WS2-, and pure AC CE-based DSSCs. This result 

of EIS measurement illustrates the better conductivity of the WS2/AC composite CEs leading to a 

better performance of DSSCs. The constructed composite DSSC with the ratio 1:2 between WS2 

and AC exhibited high-power conversion efficiency of 6.25%, which is much higher than that of 

WS2 (1.79%) and AC (4.50%) -based DSSCs. This novel WS2/AC based DSSC opens up 

opportunities for a variety of optoelectronic and photoelectrochemical applications. 

The data show that introducing WS2 to TiO2 enhances the light absorption of the DSSCs, 

particularly in visible light area. Therefore, the DSSCs are able to absorb more light as a result of 

TiO2/WS2 composite photoelectrodes. Additionally, the charge transfer resistance between 

electrolyte and the photoelectrode decreases in presence of WS2 particles. In other words, there are 

less barriers to charge carriers when WS2 is added to TiO2 as proved by EIS measurements. It 
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should be noted that the TiO2/WS2 (40:1) photoelectrode offers a higher average efficiency than 

TiO2 photoelectrodes and suggests that there is an interesting potential to TiO2/TMDs 

photoelectrodes. 

The effect of mechanical deformation on the performance of the DSSCs have been proved 

by applying ball milling process on CE materials. A wide range of time process from 10 minutes 

up to 10 hours have indicated the average crystallite size is decreased by 54%, from 29.68 nm to 

13.54 nm. Moreover, increasing the ball milling process time from 1 hour to 10 hours lowers the 

average particle size from 23.96 nm to 13.54 nm which is about 42% less. Based on the 

performance of ball milled WS2 and WS2/AC nanocomposites, there may be an optimum time of 

ball milling since the highest efficiencies were observed for CEs that are ball milled for 2 hours. 

The reason behind this result is believed to come from the surface area and barriers to the charge 

transferring mechanism. These two factors play the main role in the performance of the ball milled 

CE-based DSSCs. The 2 hours ball milled WS2 exhibits a PCE of 2.70% which is 400% more than 

that of the not ball milled WS2 counter electrode. Similarly, the performance of WS2/AC (1:2) is 

improved by 19% from a PCE of 3.86% for not ball milled CE to 4.60% for 2 hours ball milled 

CEs. 

The potential of commercializing the WS2/AC DSSCs is investigated through a techno-

economic analysis of the bottom-up model. Most of the manufacturing processes for DSSC 

modules are derived from other well-known printing, laminating, or PV manufacturing processes. 

However, the design of modules and integration of processing steps will be critical to achieving 

high throughput and low cost without sacrificing performance. Procedures such as dyeing and 

electrolyte filling that are trivial yet time consuming at the cell level must be done rapidly and 

efficiently when producing DSSC modules at commercial scales. Encapsulation is critical to DSSC 
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lifetime and must be carefully and cost-effectively integrated into the manufacturing. A module is 

introduced where the materials, equipment, and distribution of direct manufacturing costs are 

calculated. The critical factors in manufacturing costs have been determined while the 

manufacturing cost of $22.40 per m2 is obtained. For a system lifetime of 25 years, the LCOE of 

DSSC PV is calculated to be $0.0438 per kWh while the module price of this technology is $0.18 

per W and the total installed system cost is $0.88 per W in Kansas. If the advances in DSSC PV 

technology goes on rapidly, there will be no surprise to find this technology as a low-cost leader 

over the PV technologies competition 

  



 

159  

CHAPTER FIVE 
  

FUTURE RESEARCH 

  
  

There are several components in the DSSCs that each one may play a significant role in the 

performance, stability, and durability of this PV technology. Finding the right combination of 

various component is essential in order to achieve a promising future for DSSCs. In this study, 

several variables have been changed to improve the performance of the DSSCs. Fabrication and 

using nanocomposite counter electrodes and photoelectrodes, and mechanical deformation effect 

have been successfully done. The exploration of the WS2/activated carbon DSSC may be continued 

to improve the performance of the solar cells. There may be several other materials that could be 

used as CE or photoelectrode materials to find out a better performance for the DSSCs. The 

conductive poly(3,4- ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and 

polyaniline (PANI) may be investigated as the potential CE materials to fabricate more 

nanocomposite cells. Additionally, more investigations may be done on the mechanical phase 

transformation of WS2 by ball milling and the optimal ball milling time may be found. The MoS2 

may be another material to be added to TiO2 to explore the performance of the nanocomposite 

photoelectrodes. 
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