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ให้ประสิทธิภาพสูงสุดเท่ากับ 8.90% ฟิล์ม polypyrrole-MWCNTs เตรียมด้วย chemical 
deposition ให้ประสิทธิภาพสูงสุดเท่ากับ 6.56% ฟิลม์ WC-Pt ให้ประสิทธิภาพสูงสุดเท่ากับ 
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Abstract  
 
Project Code: MRG5480024 
 
Project Title: Development of conductive polymer films as the counter electrode of dye-
sensitized solar cell 
 
Investigator: Samuk Pimanpang  
 
E-mail Address: samukpi@kku.ac.th 
 
Project Period: 2 years 
 
Abstract: 

In this work, we had studied many catalysts (MWCNTs, polypyrrole, WC or Pd) 
for fabricating the dye-senstized solar cell (DSSC) counter electrode.  The different 
efficiencies were obtained from each catalyst.  The highest efficiency based on the 
annealed hydrothermal treatment MWCNTs (AHT-MWCNTs) DSSCs is 7.66%.  The 
highest DSSC efficiency based on the composited Pt-MWCNTs prepared by 
electrophoretic method is 8.90%.  The highest DSSC efficiency based on the 
composited polypyrrole-MWCNTs DSSCs is 6.56%.  The highest DSSC efficiency 
based on the composited Pt-WC DSSCs using organic electrolyte is 4.29%.  The 
highest efficiency of the inverted flexible DSSCs based on the organic electrolyte is 
2.64%.  The variation of the cell performances is attributed to the different electrode 
catalytic activity and charge-transfer resistivity. 
 
Keywords: Dye-sensitized solar cell; Counter electrode; Catalyst 
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Dye-sensitized solar cell 

 

 

Introduction 

The increasing of pollution and the decreasing of oil reservation have attracted 

researchers to find an alternative energy resource, which do not cause the pollution to 

the environment.  Various types of non-polluted energy resources, such as solar cell 

or fuel cell, have been considered for the possible future energy resources.  Solar cell 

has received a strong interested for many years, but it is not widely used yet because 

the solar cell price is still expensive.  Many types of solar cell such as amorphous Si, 

crystal Si, GaAs, multilayer solar cell or dye-sensitized solar cell, are fabricated.  The 

dye-sensitized solar cell (DSSC) has been intensively studied because of its simple 

structure, low fabrication cost, promising light harvesting efficiency and 

environmental friendliness.  The high energy conversion efficiency of dye-sensitized 

solar cells is accomplished through the use of a highly porous semiconductor film 

coated with a monolayer dye-sensitizer as the working electrode, which was 

developed by O’Regan and Grätzel in 1991 [1].  TiO2 nanoparticles are commonly 

used as a semiconductor because they deliver the highest energy conversion 

efficiency among semiconductors (ZnO, Nb2O5, WO3, In2O3, SnO2) [2-5].  TiO2 

nanoparticles serve as the electron-transport medium between dye-sensitizers and the 

electron collector (transparent conductive substrate).  Electrons from the electron 

collector will flow through the external load reaching the counter electrode, and 

undergo reduction with tri-iodide ( 

3I  + 2 e  3 I ) with the help of the catalyst 

film.  Thus, the catalyst film (counter electrode) is an important component of the 

DSSC device, which directly affects the cell performance.   

Platinum (Pt) film is commonly used as the DSSC counter electrode because 

of its good catalytic activity, but Pt is an expensive material.  Other cheaper materials 

have been studied as an alternative DSSC catalyst such as carbon black, carbon 

nanotubes or conductive polymers [6-10].  Carbon nanotubes are considered for use 

as the DSSC counter electrode because of their unique properties such as good 

catalytic activity, good conductivity, high thermal stability, high aspect ratio and 

comparatively lower price than Pt.  Conductive polymers are also interested in using 

as the counter electrode because of its easy fabrication, high redox reaction and also 

lower price than Pt.  Thus, by switching to a carbon nanotube and conductive polymer 

counter electrode, the DSSC production costs should be minimized.  However, at the 

present, the performance of the carbon nanotube and conductive polymer DSSCs is 

still poor.  Therefore, the performance of the nanotube and polymer DSSCs is needed 

to be improved prior to a commercialize product.   

Conductive polymers such as polyaniline, polypyrrole and PEDOT:PSS are 

successfully used as the film counter electrode.  J.-G. Chen et. al. [11] used a spun 

PEDOT:PSS film and W. Hong et. al. [12] used spun graphene/PEDOT:PSS film 

coated on the conductive glass as the DSSC counter electrode, and they obtained a 

reasonable efficiency.  W. Hong et. al. [12] found that the addition of graphene 

increases the solar cell performance.  For polypyrrole and polyaniline, J. Wu et. al. 

[13] and Z. Li et. al. [14] had prepared polymer films by chemical deposition and 

electrochemical deposition on the conductive glass, respectively, and tested as the cell 

counter electrode.  These two polymers provided a very promising DSSC efficiency.  

Chemical deposition will use chemicals to activate the polymerization onto the 

substrate.  The disadvantage of this method is that it is hard to control the deposition 
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rate.  Electrochemical deposition is used the voltage potential to activate the 

polymerization.  The deposition rate will be controlled by the potential different.  The 

electrochemical deposition can perform by two ways: 1) direct voltage and 2) cyclic 

voltage.   

In this report, we had used many different materials such as carbon nanotubes 

(CNTs), polypyrrole, PEDOT:PSS, NiSO4, tungsten carbinde (WC), Pd or Pt for 

fabricating the DSSC counter electrodes.  The performance of each counter electrode 

will report in each section separately.     
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Results 

 

1. Fabrication of multiwall carbon nanotubes (MWCNTs) by hydrothermal 

method for the DSSC counter electrodes 

 

MWCNTs films 

 CNT films were coated on FTO (8 Ω/sq., Solarnix) by a hydrothermal method 

(PARR 5500 series compact reactor).  Optical and scanning electron microscope 

(SEM) images of hydrothermally deposited CNT (HT-CNT) film are presented in Fig. 

1(a).  The optical image shows CNT coating onto FTO substrate.  The SEM image, 

Fig. 1(a), reveals non-uniform CNT deposition with impurities.  Impurities were 

likely generated by CNT decomposition during acid treatment and/or hydrothermal 

process.  They can also arise from CVD preparation.  CNTs bond to FTO glass 

through functional group interaction as illustrated in Fig. 1(c).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

Fig. 1: (a) Optical and SEM images of HT-CNT, (b) optical and SEM images of 

AHT-CNT, and (c) schematic presenting the functional groups of CNTs and FTO 

interaction. 
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Solar cell efficiency   

DSSCs were assembled using dye-sensitizer coated TiO2 films as working 

electrodes (WEs) and HT-CNT films as CEs.  Carbon film was removed to maintain 

an active area of 1.5 cm x 0.3 cm as shown in optical image, Fig. 1(a).  Cell 

performance was measured using a solar simulator (PEC-L11, Japan) under light 

intensity of 100 mW/cm
2
.  The photocurrent-density (J) vs. photovoltage (V) curves 

are shown in Fig. 2.  Photoelectric parameters such as short-circuit current density 

(Jsc), open-circuit voltage (Voc), fill factor (FF) and energy conversion efficiency (η) 

were extracted from J-V curves and are summarized in Table I.  It is seen that FF and 

η of HT-CNT DSSC (0.21 and 2.37%) are much lower than those of sputtered-Pt 

DSSC (0.73 and 8.01%).   Since the WEs and electrolyte of these two devices were 

fabricated using the same conditions, the factors impacting performance differences 

should be from the CEs.  Surprisingly, cell performance is significantly improved to 

7.66% after film annealing.  The η enhancement is subjected to the increment of FF 

from 0.21 to 0.68.     

 

 

Table 1:  Summary of open-circuit voltage (Voc), short-circuit current density (Jsc), fill 

factor (FF) and solar cell efficiency (η) of hydrothermal treatment carbon 

nanotube (HT-CNT), annealed hydrothermal treatment carbon nanotube 

(AHT-CNT) and Pt DSSCs. ID/IG values of HT-CNT and AHT-CNT. 

 

 

Electrode 
J-V  Raman 

Jsc (mA.cm
−2

) Voc (V) FF η (%)  ID / IG 

HT-CNT 14.40 0.79 0.21 2.37  1.17 

AHT-CNT 14.27 0.78 0.68 7.66  0.97 

Pt 14.02 0.77 0.73 8.01  N/A 
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Fig. 2: Photocurrent-density (J) vs. photovoltage (V) curves of HT-CNT, AHT-CNT 

and Pt DSSCs.   

 

 

2. Fabrication of mixed Pt and carbon nanotube films by the electrophoretic 

deposition for the DSSC counter electrodes 

 

SEM images of counter electrodes  

 Fig. 3a shows the schematic electrophoretic deposition.  Fig. 3b shows the 

curves of deposition current vs. time of MWCNTs, Pt and MWCNTs/Pt films.  It 

appears that the current of Pt and MWCNTs/Pt films is higher than that of MWCNTs 

film. This implies faster coating or ion exchange at the electrode for Pt and 

composited MWCNTs/Pt films than for that of MWCNT film.  This is due to the 

purity of Pt ions undergoing electrodeposition; however MWCNTs undergo 

electrophoretic deposition.  Pure modified MWCNTs were attracted to the FTO 

surface because its surface was covered by negatively charge functional groups (-

COOH or –OH), which were generated by acid modification.  The presence of 

negative charges on nanotube surfaces is confirmed by nanotube coating on the 

positive electrode (anode).  The interaction between modified nanotubes and FTO 

glass could occur via functional groups, -COOH group on MWCNTs with -OH group 

on FTO.  In contrast, it is hypothesized that Pt and composited MWCNTs/Pt films 

were formed on the negative electrode (cathode).  The opposite Pt deposition 

direction would be because the complex Pt ion ( 4

2

3( )Pt NH  ) is positively charged.  Pt 

formation on FTO can be explained by following equations: 
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Fig. 3: (a) Schematic of the deposition setup and (b) the deposition current (I) vs. time 

(t). 
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Fig. 4: Photographs of MWCNTS(left), Pt(middle) and MWCNTs/Pt(right) films (a), 

low and high magnification SEM images of MWCNTs films (b, c), Pt films (d, e) and 

MWCNTs/Pt films (f, g) on FTO/glass substrates.
  

 

 

 

  
4

2

3 4 2 3( ) ( ) 2Pt NH Cl Pt NH Cl       (1) 

  
4

2 0

3 3( ) 2 4Pt NH e Pt NH         (2) 

 

 

Following this reasoning, during MWCNTs/Pt film deposition, MWCNTs were 

surrounded by 4

2

3( )Pt NH   ions and were attracted to the negative FTO glass resulting 

in both MWCNTs and Pt deposition.  In this case, MWCNTs are linked to conductive 

glass through Pt islands.  Fig. 4a shows a photograph of MWCNTs (left), Pt (middle) 

and MWCNTs/Pt (right) counter electrodes.  All films have black color, and 

MWCTs/Pt film has the darkest color.  This is attributed to both Pt and nanotube 

formation.  Figs. 4b, 4d and 4f show the top view SEM images of MWCNTs, Pt and 

MWCNTs/Pt on the FTO/glass substrates, respectively.  High magnification FESEM 

image of MWCNTs film (Fig. 4c) detects nanotubes (diameter ~30-50 nm) coated on 

FTO surface.  Pt islands are clearly observed on the Pt film (Fig. 4e).   

 

DSSC performances 

 Fig. 5 shows the photocurrent-voltage curves of MWCNTs, Pt and 

MWCNTs/Pt DSSCs.  Photoelectric parameters such as short-circuit current density 

(Jsc), open-circuit voltage (Voc), fill factor (FF) and efficiency ( ) were extracted from 

J-V curves and are presented in Table 2.  The short-circuit current density (Jsc) and 

open-circuit voltage (Voc) of Pt DSSC are about 14.28 mA/cm
2
 and 0.79 V, compared 

to the Jsc of 16.10 mA/cm
2
 and Voc of 0.77 V of MWCNTs/Pt DSSC.  The increase of 

Jsc leads to an improvement of MWCNT/Pt DSSC efficiency to 8.90%, which is 

higher than of Pt DSSC (~8.13%).  For a comparison, a thermally deposited Pt 

electrode was fabricated and tested as a DSSC counter electrode.  The DSSC with 

thermally deposited Pt counter electrode generates an efficiency of ~7.77%.  We 

elected not to show its J-V curve to avoid confusion. This thermally deposited Pt 

DSSC efficiency is lower than those of the electrophoretic Pt and MWCNTs/Pt 

DSSCs.  Comparing the performance of the Pt and MWCNTs/Pt DSSCs to values 

reported in the literature, the efficiency of the electrodeposited Pt DSSCs was ~6.40-

7.6% and the efficiency of thermal deposited Pt DSSCs was ~5.58-6.3%.  The 

electrophoretic deposition of the Pt and MWCNTs/Pt DSSCs in this work deliver 

better cell performance.  The improvement of composited MWCNTs/Pt cell 

performance is mainly attributed to an increase in electrode effective surface area 

promoting electrode catalytic activity.  MWCNTs DSSC provides the lowest FF 

(0.13), Jsc (12.82 mA/cm
2
) and efficiency (1.42%).  This is due to the low nanotube 

loading.   
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Table 2: Summary of series resistance (Rs), charge-transfer resistance at counter 

electrode/electrolyte (Rct1), open-circuit voltage (Voc), short-circuit current density 

(Jsc), fill factor (FF) and solar cell efficiency (η) of MWCNTs, Pt and MWCNTs/Pt 

DSSCs. 

 

 

 

 

 

 

 

 

 

Fig. 5: Photocurrent density (J) vs. photovoltage (V) curves of MWCNTS, Pt and 

MWCNTs/Pt DSSCs. 

 

 

 

 

Counter electrode  
Rs 

(Ohm) 

Rct1 

(Ohm) 

Jsc 

(mA/cm
2
) 

Voc (V) FF Efficiency (%) 

MWCNT ~8.2 ~1560 12.82 0.82 0.13 1.41 ± 0.20 

Pt ~7.6 ~1.9 14.28 0.79 0.72 8.13 ± 0.10 

MWCNT/Pt ~7.9 ~1.1 16.10 0.77 0.71 8.90 ± 0.30 
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3. Fabrication of polypyrrole and composited polypyrrole-nanoparticles 

(MWCNTs, Ni and TiO2) for the DSSC counter electrodes 

Film morphology 

PPy films were successfully coated onto the FTO glass pieces by a chemical 

deposition method.  Work pieces are shown in the optical and SEM images of Fig. 6.  

It was seen that the PPy and composited PPy-MWCNTs films had a black color.  On 

the other hand, composited PPy-Ni and PPy-TiO2 films were of a lighter color.  This 

implies that more polymer was deposited in the PPy and composited PPy-MWCNTs 

films than in the composite PPy-Ni and PPy-TiO2 films.  The SEM image of pure PPy 

film, Fig. 6b, reveals nanoparticle formation with particle sizes ~380-460 nm.  

Polymer film did not fully cover the FTO substrate.  Nanoparticle formations are also 

observed on all three composited PPy-nanoparticle films with particle sizes ~340-360 

nm, as seen in Fig.6c-6e.  Neither MWCNTs, Ni nor TiO2 nanoparticles are detected 

on the composited films.  This is likely due to the large polymer particles (~380-460 

nm, Fig. 6b) covering smaller nanoparticles (~12-22 nm); i.e. nanoparticles were 

inserted in polymer particles. 

 

DSSC performance 

The performance of dye-sensitized solar cells was measured under an 

irradiation intensity of 100 mW/cm
2
.  Photocurrent-density (J) vs. photovoltage (V) 

curves are presented in Fig. 7.  Photoelectric parameters such as short-circuit current 

density (Jsc), open-circuit voltage (Voc), fill factor (FF) and energy conversion 

efficiency (η) were extracted from J-V curves.  These parameters are listed in Table 3.  

It is seen that the efficiency of PPy-based DSSCs is increased after the combination of 

MWCNTs and Ni for both inorganic and organic electrolytes.  They were slightly 

lower with TiO2 addition.  The efficiency of the T
-
/T2 based DSSCs is lower than the 

I
-
/I3

-
 based DSSCs for all cases.  This is due to the lower Jsc and Voc, as seen in Table 

3.  Composited PPy-MWCNTs DSSCs delivered the best performance among three 

composited cells.  This is attributed to the high conductivity and good catalytic 

activity of MWCNTs.  It is worth mentioning that the efficiency of the composited 

PPy-MWCNTs DSSC based on I
-
/I3

-
 electrolyte (~6.52%) in this work is lower than 

found by Peng et al. (~7.02%) [15].  This is possibly explained by incomplete 

polymer coating on the FTO substrate, as seen in Fig. 6.  The chemically deposited 

PPy DSSCs (~6.00%) in this study generated higher cell efficiency than the 

electrochemically deposited PPy DSSCs (~4.72%) of our previous work [16].  

Comparing cell performances with the Pt DSSCs, the efficiencies of the polymer and 

composited polymer-nanoparticle based DSSCs are slightly lower than Pt-based 

DSSCs for both electrolytes.      
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Fig. 6: (a) Optical image of PPy and composited PPy-nanoparticle films.  SEM 

images of (b) PPy film, (c) PPy-MWCNTs film, (d) PPy-Ni film and (e) PPy-

TiO2 film. 
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Fig. 7: Photocurrent-density (J) vs. photovoltage (V) curves of PPy, PPy-MWCNTs, 

PPy-Ni, PPy-TiO2 and Pt DSSCs based on T
-
/T2 electrolyte. 

  

 

 

Table 3:  Summary of open-circuit voltage (Voc), short-circuit current density (Jsc), fill 

factor (FF) and solar cell efficiency (η) of PPy, PPy-MWCNTs, PPy-Ni, 

PPy-TiO2 and Pt DSSCs. 

 

 

Electrode Jsc (mA/cm
2
) Voc (V) FF η (%) 

I
-
/I3- T

-
/T2 I

-
/I3- T

-
/T2 I

-
/I3- T

-
/T2 I

-
/I3- T

-
/T2 

PPy 13.65 8.04 0.71 0.62 0.62 0.56 6.00 2.81 

PPy-MWCNTs 14.99 8.29 0.71 0.63 0.62 0.59 6.56 3.05 

PPy-Ni 14.60 8.29 0.72 0.63 0.60 0.57 6.24 2.96 

PPy-TiO2  13.75 8.24 0.71 0.62 0.65 0.56 6.32 2.89 

Pt 14.24 8.38 0.72 0.64 0.71 0.60 7.20 3.19 
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4. Fabrication of inverted flexible DSSCs 

 Film morphology 

The optical image in Fig. 8(b) shows the formation of Pt films on conductive 

plastic for all four deposition durations.  The film color becomes darker with 

increasing deposition time.  This implies that more Pt particles formed on the plastic 

with increasing deposition time.  The transparency of Pt films was analyzed using 

UV-visible spectroscopy.  The film transmittance significantly decreased from ~84% 

to ~44% for the 30s-Pt film and the 120s-Pt film, respectively, as shown in Fig. 8(b).  

This is consistent with the darkening of film colors as seen in the optical image.  

FESEM was used to characterize the Pt structure.  Figs. 9(a, c, e, g) reveal Pt 

nanoparticle formation with particle sizes ~1-5 nm on the conductive plastic of all 

four samples.  The number of Pt islands increased with increasing deposition duration.  

The increase in the number of Pt islands is an explanation of the decrease in film 

transmittance.  Energy Dispersive X-ray Spectroscopy (EDS) results, Figs. 9(b, d, f, 

h), show the Pt peak at ~2.1 eV.  This confirms that nanoparticles formed on the 

plastic surfaces are Pt islands for all four samples.     

 

 

 

 
 

Fig. 8: The optical image and the percent transmittance of the Pt/plastic films 

reference with the conductive plastic. 
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Fig. 9: (a) FESEM image of the 30 sec-Pt film (30s-Pt) coated on the conductive 

plastic and (b) its EDS spectrum.  (c) FESEM image of 60s-Pt film and (d) its 

EDS spectrum.  (e) FESEM image of 90s-Pt film and (f) its EDS spectrum.  

(g) FESEM image of 120s-Pt film and (h) its EDS spectrum.  

 

 DSSC performance 

 Flexible dye-sensitized solar cells were assembled using 

electrodeposited-Pt/plastic as a counter electrode and TiO2/SS as working electrode.  

Light was shined on the counter electrode and travelled through the counter electrode 

and the electrolyte to the working electrode.  The photocurrent density (J) and 

photovoltage (V) was measured under 1 sun. J-V spectra (first DSSC of each Pt 

condition in Table 1) are shown in Fig. 5.  DSSC parameters were extracted from the 

J-V curves and summarized in Table 1.  It can be seen in Table 1 that the efficiency of 

the 30s-Pt DSSC is the highest ~2.72%, and that cell efficiency decreases with 

increasing Pt film thickness.  Four cells were assembled and tested for each Pt 

condition.  It sees that the Jsc, Voc, FF and η values of each condition are slightly 

difference.  This means that the property of the working electrode is almost 

controllable, which suggests the reproducing of the screening method.  The average η 

value also exhibits the decreasing trend.  Reduction of the cell efficiency was 

influenced by lowering of the short-circuit current density (Jsc), as seen in Fig. 5 and 

Table 1.  Jsc is related to the current density produced by the solar cell (Jph) as follows: 
( )

( 1)
0

 

  

q J A Rsc s

k TBJ J J e
sc ph

.

 

where, q
 
is the electron charge, J0 is a constant, A is the cell area, Rs is the cell series 

resistance, kB is a Boltzman constant and T is temperature.   From this equation, the 

decreasing of Jph leads to the reducing of Jsc.  Jph is related to the incident light flux, 

bs(λ,x), as follows [14]: 

0 0

( ) ( ) ( ) ( , )

 

 

      
x d

ph s

x

J q T b x dx d





      
 

where, ( )T   is the probability of the photon transmission into the material, ( )   is the 

probability of the electron collected at the electron collector, ( ) 
 
is the probability of 

photon adsorbed, x is the distance from the absorber surface, and d is the absorber 

thickness (TiO2 film thickness).  From eq. 2, it is seen that Jph is directly dependent on 

the light flux, bs(λ,x), projected on the absorber (dye coated TiO2 film).   

In this inverted structure, light travels through the counter electrode and the 

electrolyte, as shown in Fig. 2(a).  Thus, the light intensity focused on the TiO2 

surface is different for each Pt film.  This is because Pt films have different 

transmittances as seen in Fig. 1(b).  The light intensity focused on the TiO2 surface 

(after some light was absorbed by the counter electrode and the electrolyte) can be 

roughly estimated from the transmittances of the Pt/plastic film and the electrolyte.  

The percent light transmittance through the counter electrode (%TCE) is determined 

directly from UV-visible spectra of Fig. 1(b).  The percent light transmittance through 

the organic electrolyte (%TEL) is estimated from the UV-vis spectrum through the 

symmetric-conductive plastic cell spacing by parafilm (~150 μm) and filling with the 

organic electrolyte (conductive plastic||organic electrolyte||conductive plastic) 

referenced with the non-electrolyte cell (conductive plastic||non-

(4) 

(3) 
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electrolyte||conductive plastic) in Fig. S3.  At wavelength 530 nm, the percent light 

transmittance is ~93%.  The wavelength at 530 nm was considered because dye N719 

has its highest absorbance at this wavelength, as shown in Fig. S2.  Thus, the percent 

light flux at wavelength 530 nm is only 78% (~0.84×0.93×100, 

%TCE/100×%TEL/100×100) of the incident light flux on the counter electrode 

projected on the TiO2 film.  The estimated percent light flux at wavelength 530 nm 

focused on the other three DSSCs is listed in Table 1.  It is observed that the estimated 

light intensity projected on the TiO2 film decreased from 78% to 42% for the 30s-Pt 

DSSC and the 120s-Pt DSSC, respectively.  Therefore, the reduction of the light flux 

focused on the absorber is a primary factor that reduces DSSC short-circuit current 

density and cell efficiency.   

 

 

Table 4: Summary of open-circuit voltage (Voc), short-circuit current density (Jsc), 

fill factor (FF) and solar cell efficiency (η) of flexible DSSCs.  The 

expected percent light flux at wavelength 530 nm of the incident light flux 

on the counter electrode projected on the TiO2 film (%bs-TiO2).   

 

 

 

 

 

 

  

Electrode 
Jsc  

(mA·cm
-2

) 

Voc  

(V) 
FF 

η  

(%) 

 

Expected %bs-TiO2  

(at 530 nm) 
 Cell Average Cell Average Cell Average Cell Average 

30s-Pt 

7.57 
7.09 
7.14 
7.53 

7.33 
± 0.25 

0.62 
0.62 
0.61 
0.61 

0.62 
± 0.01 

0.58  
0.58 
0.58 
0.58 

0.58 
± 0.01 

2.72 
2.56 
2.58 
2.69 

2.64 
± 0.08 

 
 

74 

60s-Pt 

7.10 
5.90 
6.39 
6.87 

6.57 
± 0.53 

0.62 
0.60 
0.61 
0.62 

0.61 
± 0.01 

0.58 
0.60 
0.59 
0.61 

0.60 
± 0.01 

2.56 
2.14 
2.30 
2.56 

2.39 
± 0.21 

 
 

65 

90s-Pt 

6.85 
6.60 
5.43 
6.41 

6.32 
± 0.62 

0.60 
0.61 
0.60 
0.60 

0.60 
± 0.01 

0.58 
0.57 
0.58 
0.59 

0.58 
± 0.01 

2.40 
2.30 
1.91 
2.28 

2.22 
± 0.21 

 
 

56 

120s-Pt 

5.80 
6.50 
5.96 
5.81 

6.02 
± 0.33 

0.60 
0.60 
0.60 
0.60 

0.60 
± 0.00 

0.58 
0.56 
0.57 
0.58 

0.57 
± 0.01 

2.03 
2.19 
2.06 
2.05 

2.09 
± 0.07 

 
 

42 
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5. Fabrication of mixed Pd-WC and Pt-WC by thermally deposited for DSSC 

counter electrodes 

Film morphology 

SEM image of WC film in Fig. 10(a) shows that WC particles are not fully 

covered the FTO surface.  Particles seem to agglomerate forming big islands with the 

island size about 1-8 μm.  Energy x-ray dispersive spectroscopy (EDS) of WC film in 

Fig. 10(b) contains the strong W and C peaks, implying that these islands are WC 

particles.  SEM images of Pd and Pt films (in Fig. 10) compose of nanoparticles 

coated on FTO surface with the particle size of ~8 and ~12 nm for Pd and Pt films, 

respectively.  Their EDS spectra, in Figs. 10(d) and 1(h), present the strong Pd and Pt 

peaks for the Pd and Pt films, respectively.  This means that nanoparticles coated on 

the FTO surface are Pd and Pt.  In case of mixed Pd-WC and Pt-WC films, SEM 

images in Figs. 10(e) and 1(i) present WC particles were decorated by nanoparticles.  

EDS spectra of Pd-WC (Fig. 10f) and Pt-WC (Fig. 10j) films confirm the 

achievement of mixing WC with Pd and WC with Pt.       

 

 DSSC performance 

DSSCs were assembled using WC, Pd, Pd-WC, Pt and Pt-WC films as the 

counter electrodes.  The cell performance was measured under an irradiation intensity 

of 100 mW/cm
2
.  Photocurrent-density (J) vs. photovoltage (V) curves are presented 

in Fig. 11.  Photoelectric parameters such as short-circuit current density (Jsc), open-

circuit voltage (Voc), fill factor (FF) and energy conversion efficiency (η) were 

extracted from J-V curves and are listed in Table 5.  It sees that the WC DSSC 

delivers the inferior efficiency (~0.78%).  Interestingly, the composition of WC 

particles with other catalysts (Pd or Pt) greatly boosts up the cell efficiency to 4.62% 

for Pt-WC DSSC and to 3.85% for Pd-WC DSSC.  The efficiency of the composited 

DSSCs is higher than those of the pure Pt DSSC (~3.85%) and Pd DSSC (~1.68%).  

The improved performance of the composited DSSCs is attributed to the good 

electrocatalytic activities.  The reproducibility was tested by assembling three DSSC 

devices for each CE condition.  Table 5 shows the performance of all fifteen DSSCs.  

It sees that the DSSC characteristics of each condition are quite closed.  This means 

that the qualities of the working electrode, electrolyte and counter electrode are 

almost controllable.          
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Fig. 10: (a) SEM image and (b) EDS spectrum of WC film. (c) SEM image and  (d) 

EDS spectrum of Pd film. (e) SEM image and (f) EDS spectrum of  Pd-WC 

film. (i) SEM image and (j) EDS spectrum of Pt-WC film.  
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Fig. 11: Photocurrent-density (J) vs. photovoltage (V) curves of WC, Pd, Pd-WC, Pt 

and Pt-WC DSSCs based on the T
-
/T2 electrolyte. 

 
 

Table 5: Summary of the solar cell characteristics of fifteen cells. 
 

 

  

Counter 

Electrode 

Jsc (mA·cm
-2

) Voc (V) FF η (%) 

Cell Average Cell Average Cell Average Cell Average 

Pd 

11.98 

11.03 

11.78 
11.60±0.50 

0.60 

0.60 

0.60 
0.60±0.00 

0.23 

0.20 

0.19 
0.21±0.02 

1.68 

1.33 

1.38 
1.46±0.19 

Pd-WC 

11.79 

10.85 

11.10 
11.25±0.49 

0.59 

0.60 

0.60 
0.60±0.01 

0.31 

0.33 

0.25 
0.29±0.04 

2.15 

2.19 

1.69 
2.01±0.30 

Pt 

11.82 

11.45 

10.96 
11.41±0.43 

0.59 

0.61 

0.61 
0.60±0.01 

0.55 

0.55 

0.56 
0.55±0.01 

3.85 

3.81 

3.74 
3.80±0.06 

Pt-WC 

11.40 

11.48 

12.90 
11.93±0.84 

0.61 

0.60 

0.60 
0.60±0.01 

0.59 

0.60 

0.59 
0.59±0.01 

4.08 

4.16 

4.62 
4.29±2.99 

WC 

8.65 

8.57 

8.93 
8.72±0.19 

0.64 

0.64 

0.64 
0.64±0.00 

0.13 

0.14 

0.13 
0.13±0.01 

0.70 

0.78 

0.75 
0.74±0.04 

-2 

0 

2 

4 

6 

8 

10 

12 

14 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

WC 

Pd 

Pd-WC 

Pt 

Pt-WC 

  
 P

h
o

to
cu

rr
en

t 
d

en
si

ty
 (

J
, 
m

A
/c

m
²)

 

Photovoltage (V) 



 23 

Conclusion 

 The different cell performances were obtained from each catalyst.  The highest 

efficiency based on the annealed hydrothermal treatment MWCNTs (AHT-

MWCNTs) DSSCs is 7.66%.  The highest DSSC efficiency based on the composited 

Pt-MWCNTs prepared by electrophoretic method is 8.90%.  The highest DSSC 

efficiency based on the composited polypyrrole-MWCNTs DSSCs is 6.56%.  The 

highest DSSC efficiency based on the composited Pt-WC DSSCs using organic 

electrolyte is 4.29%.  The low charge-transfer resistance and the high electrode 

catalytic activity promote the cell performance.  Therefore, the good catalyst for the I
-

/I3
-
 electrolyte should have high activity with I

-
/I3

-
 redox couple.   
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Future work 

 From this work, we found that the cheaper catalyst (MWCNTs, WC or 

polypyrrole) generate the promising efficiency as closed as to the Pt based DSSCs.  

However, its stability is still poor.  We think that the solid state dye-sensitized solar 

cell should be a better solution even though it provides the lower efficiency.  In 

future, we will use the knowledge on fabricating the working electrode (gained from 

this study) with the solid p-type materials such as CuI, CuSnS or CsSnI2.   
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