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      The effects of changing ligand structures of cobalt complexes as electrolytes on the performance of the dye-sensitized solar cell were 
investigated. In this paper, cobalt(II/III) tris(2,2′-bipyridine), cobalt(II/III) tris(4,4′-dimethyl-2,2′-bipyridine) and cobalt(II/III) tris(4,4´-
dimethoxy-2,2′-bipyridine) complexes as electrolytes in conjugate with  organic dye D149 were investigated to consider  the correlation of 
the cobalt complexes structural  on the efficiency of the dye-sensitized solar cell. The Voc values of the prepared cells are related to the 
redox potential of their complexes and the maximum Voc was observed with cobalt(II/III) tris(2,2′-bipyridine) electrolyte. The obtained 
results represented that the cobalt(II/III) tris(4,4´-dimethyl- 2,2′-bipyridine) electrolyte has the highest efficiency in the solar cell compared 
with other cobalt complexes. These observed results have been interpreted by a possible interaction between the dye and cobalt complexes, 
which is more pronounced in the cobalt(II/III) tris(4,4´-dimethoxy-2,2′-bipyridine) cell. This interaction should be fine-tuning with the 
structure of dye and complex to increase the efficiency of the dye-sensitized solar cell. In addition, the results demonstrated that a thinner 
layer of the TiO2 film decrease both the effects of mass transport issues and the charge recombination, therefore, it has significant 
advantages for cobalt electrolyte.  
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INTRODUCTION 
 
      Dye-sensitized solar cell (DSSC) includes 
nanocrystalline metal oxides, photosensitizers, a counter 
electrode and an electrolyte with a redox couple [1-14]. The 
electrolyte, as a substantial part in DSSC, is responsible for 
the electron transport amongst oxidized dye and counter 
electrode [15,16]. The DSSC electrolyte should have 
proprieties such as long-term stability, high conductivity, 
positive potential compared to HOMO of the dye, ability to 
regenerate dye and no mass transport limitation [17]. An 
extensive range of molecular species and transition metal 
complexes have been investigated as redox couple in the 
electrolyte including I-/I3

-, Br-/Br3
- [18], SCN-/(SCN)3

- [19], 
ferrocene/ferrocenium [20], copper (I/II) [21–24] and cobalt 
(II/III) [25,26]. I-/I3

-  is used mostly as a redox couple in the  
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DSSC because of appropriate short circuit current and high 
stability [27,28]. Despite the excellent performances, it has 
some disadvantages, for instance,  low redox potential, 
visible light absorption and its corrosive nature towards 
most metals [29-33]. With regards to these, cobalt 
polypyridine complexes can be replaced by Tri-
iodide/iodide redox potential [34,35], which have tunable 
redox properties and noncorrosive nature towards the 
cathode [36-38]. 
      The first report of cobalt electrolyte in DSSC was 
published with ruthenium (Ru) dyes and a maximum power 
conversion efficiency (PCE) about 2.2% was reached in 
2001 [39]. Since then, many aspects of the cobalt complexes 
in DSSCs with Ru dyes, organic dyes and  porphyrin dyes 
have been studied [30,37,40,41]. 
      Hagfeldt et al. in 2010 recorded an efficient cell with 
cobalt bipyridyl as an electrolyte in combination with a 
bulky organic  dye  [42].  This  promoted  attentions in  dye- 
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sensitized solar cell based on cobalt electrolytes in 
combination with organic and porphyrin dyes. Gratzel et al. 
have reported 13.0% efficiency by utilizing SM315 dye (a 
zinc-porphyrin dye) and Co(II/III) electrolyte [43].  
      It has found that one of the limitations of cobalt 
complexes is fast recombination amongst the injected 
electrons in the semiconductor and cobalt electrolyte. 
Another limitation for these complexes is diffusion 
impediment, which led to decrease in the fill factor of the 
DSSC. Therefore, an optimized condition for cobalt cells 
was supposed by using blocking groups on cobalt 
complexes and increasing TiO2 pore size [44-46]. As a 
consequence, the structure of the cobalt complex and dye 
are very crucial for DSSCs performance. The recent 
progress is considered bulky substituents for suppressing 
recombination properties [47-49]. Also, to achieve an 
efficient cell, it is necessary to consider the proper dye with 
specific electrolyte, semiconductor and light intensity [50-
56]. In fact, a small change in any component of DSSC can 
have a direct or indirect effect on other component and 
improve or reduce the efficiency [57-66]. 
      In this study, we perused three complexes of 
cobalt(II/III) tris(2,2′-bipyridine), [Co(bpy)3][PF6]2/3 
,cobalt(II/III) tris(4,4´-dimethoxy-2,2′-bipyridine), 
[Co(dMO-bpy)3][PF6]2/3 and cobalt(II/III) tris(4,4´-dimethyl-
2,2′-bipyridine), [Co(dm-bpy)3][PF6]2/3 as electrolytes in 
DSSC devices. Both of the methyl- and methoxy-
substituents are considered as donor group but methoxy is 
stronger electron donor compared with methyl. This work 
provided us the opportunity to investigate the effect of 
different substituted cobalt electrolytes on the efficiency of 
D149 sensitized solar cells. The D149 has a high extinction 
coefficient but without any longer alkoxy chains and the 
blocking effect of the steric groups. By using an indoline 
dye (D149) [67], we investigated this hypothesis that the 
interaction between dye and cobalt electrolyte could be 
effective on  cell performance. The cobalt complexes and 
the organic dye structure applied in this study are 
represented in Scheme 1. 
 
EXPERIMENTAL  
 
Materials and Methods 
      Cobalt(II)  perchlorate  hexahydrate, Hydrogen Chloride 

 
 
Acid, Ammonium Thiocyanate, Hydrogen peroxide,  
lithium perchlorate, 4-tert-butylpyridine, 4,4′-Dimethyl-2,2′-
dipyridyl, 4,4′-Dimethoxy-2,2′-dipyridyl, 2,2′-dipyridyl, 
D149  dye, Fluorine Doped Tin Oxide (FTO) glasses        
(~7 Ω/sq),  were obtained from Sigma-Aldrich and used 
without further purification. The TiO2 paste and scattering 
paste were purchased from Sharif Solar. All solvents 
including: Ethanol, Acetonitrile, Tetrahydrofuran (THF), 
Methanol, tert-butyl alcohol, Acetone, Toluene and 
Dichloromethane (DCM) were purchased from Merck.  
      NMR Spectroscopy (Bruker Avance II 300 MHz),           
UV-Vis (SPECORD S-600 and Shimsdzu-2100), Ultra-
Sonic (Sonics VC-750), Solar Simulator (PROVA 8300), IV 
Tracer (Sharif Solar IV-25) were used with the specified 
instruments. Cyclic voltammetry spectra were achieved with 
a μAutolab Type III under nitrogen atmosphere in 
acetonitrile solvent at scan rate of 100 mV s-1. The redox 
electrolyte solution was 3 × 10-3 M [Co(L)3(PF6)2] and 
saturated TBAPF6 in acetonitrile. The working electrodes 
for CVs was a Glassy Carbon. An Ag/AgCl and Pt 
electrodes ware employed as reference and counter 
electrode. 
 
Synthesis of Cobalt Complexes 
      The cobalt complexes were prepared according to the 
literature method.[42][34] Briefly, for the synthesis of 
[Co(bpy)3][PF6]2 and  [Co(dm-bpy)3][PF6]2 ,an equivalent 
amount of CoCl2.6H2O were dissolved in a minimum 
volume of methanol, followed by that, a solution of 3.3 
equivalents of the bipyridine ligand in methanol added 
dropwise to the solution. The methanolic solution was 
stirred under reflux for 2 h. An excess amount of 
tetrabutylammonium hexafluorophosphate (TBAPF6) was 
added to the mixture to precipitate the compound. The 
product was filtrated and washed with methanol and dried 
under vacuum. For the synthesis of [Co(dMO-bpy)3][PF6]2 
[34], an equivalent amount of CoCl2 was added to a solution 
of 2 equivalents of 4,4´-dimethoxy- 2,2´-bipyridine ligand in 
DCM. This solution was stirred under reflux for 5 hours to 
form a pink compound. Then one further equivalent amount 
of 4,4´-dimethoxy- 2,2 -́bipyridine ligand was added to the 
ethanolic solution containing an equivalent amount of this 
pink compound, and the solution was reflux for 1 h. In     
the next step,  an  excess  amount  of  tetrabutylammonium  
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hexafluorophosphate (TBAPF6) was added to precipitate the 
product. Oxidation of cobalt complexes was accomplished 
by the addition of an excess amount of H2O2 (30% solution 
in water) to the acetonitrile solution of the corresponding 
cobalt(II) complexes. In the following, the solvent was 
removed by using a rotatory evaporator. 
 
Preparation of Porous TiO2 Photoanode 
      The photoanode was prepared exactly according to the 
previous paper [51]. The FTO glasses were washed with 
detergent solution, distilled water and ethanol respectively 
in an ultrasonic bath (each step for 10 min). Then, the FTO 
glasses were pretreated in 40 mM aqueous TiCl4 solution at 
60 °C for 10 min, and then again rinsed with water and 
ethanol. The Mesoporous TiO2 films were deposited onto all 
FTO glasses by the doctor blade method. After that, the 
FTO glasses were dried at 125 °C for 10 min. This 
procedure was repeated to get a suitable thickness. In the 
following, a light-scattering paste was deposited with the 
same method. The electrodes were heated in a furnace at 
325 °C for 5 min, at 375 °C for 5 min, at 450 °C for 15 min 
and finally at 500 °C for 15 min. Afterward, the electrodes 
were once again treated with 40 mM TiCl4 solution and 
heated at 450 °C for 15 min and 500 °C for another 15 min.  
After the sintering, when TiO2 electrodes were cooled to         
80 °C, the electrodes were immersed in a dye solution 
containing 0.1 mM D149 in a mixture of acetonitrile and 
tert-butyl alcohol (volume ratio, 1:1) or toluene and  kept at 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
room temperature overnight. 
 
Preparation of Counter Pt-electrodes and DSSC 
Fabrication 
      The Pt-electrodes were prepared exactly according to 
the previous paper [51]. The FTO glasses were washed in an 
ultrasonic bath by using the detergent solution. The washed 
glasses were kept for 20 h in a 1 M solution of HCl. After 
draining and drying them, a 5% H2PtCl6 solution in 2-
propanol was spin-coated on the surface of FTO glasses. 
Finally, they were annealed at 420 °C for 1.5 h in the 
atmosphere. The photoanode and Pt-counter electrode were 
assembled into a simple type cell. The cobalt electrolyte is 
consisted of 0.189 M Co(II), 0.045 M of Co(III), 0.8 M 
LiClO4 and 1.3 M TBP (4-tert-butylpyridine) in a 
acetonitrile 
 
RESULTS AND DISCUSSION 
 
Spectral Properties  
      UV-visible spectra of the synthesized complexes in 
acetonitrile solution are displayed in Fig. S1. The obtained 
results represented that the absorption maxima of all 
complexes located in the UV region. However, calculated 
extinction coefficients at 440-450 nm for the 
[Co(bpy)3][PF6]2, [Co(dm-bpy)3][PF6]2 and [Co(dMO-
bpy)3][PF6]2 complexes are about 2.2 × 102 M-1 cm-1,         
2.7 × 102  M-1 cm-1    and   2.4 × 102  M-1 cm-1 ,   respectively.  

 

Scheme 1. Chemical structures of the organic dye and redox shuttles 



 

 

 

Parsa et al./Inorg. Chem. Res., Vol. 2, No. 2, 145-157, December 2019. 

 148 

 
 
These observed extinction coefficients are very weak 
compared to the other redox mediators, particularly I-/I3

-. 
      Cyclic voltammograms of the synthesized complexes 
under nitrogen are represented in Fig. 1. Clearly, the 
Co(II)/(III) redox peaks of [Co(dm-bpy)3][PF6]2/3 and 
[Co(dMO-bpy)3][PF6]2/3

 samples shift to a less positive 
potentials compared with [Co(bpy)3][PF6]2/3. The obtained 
results corresponded to the presence of the electron-
donating groups (methyl and methoxy) on the bipyridine 
ligands. It should be mentioned that the addition of the 
electron-donating groups to the bipyridine ligand led to 
increasing the electron density in the HOMO orbital of the 
complex, and this effect will in itself lead to enhance the 
electropositive character of the cobalt complexes, while it 
reduces the electronegativity of them [17]. 
 
Photovoltaic Pproperties  
      Effect of film thickness on the photovoltaic 
performance. At first, various thicknesses of the TiO2 films 
were made. The effect of the thickness of the TiO2 film on 
J-V curves for D149 (as sensitizer) in conjugated with 
synthesized [Co(dm-bpy)3][PF6]2/3 electrolyte is shown in 
Fig. 2 and detailed photovoltaic parameters of this cell are 
summarized in Table 1 (J-V curves and detailed 
photovoltaic parameters of all cobalt cells are displayed in 
Fig. S2 and Table S1). 
      All the prepared cells were presented the best JSC and 
efficiency at 9 μm thickness, while  the VOC was not 
changed with thickness [68]. Hagfeldt et al. have claimed 
that the photocurrent increment of the thin film of the 
cobalt-DSSCs is due to the high charge-collection efficiency 
in them, which caused a faster electron transport and slower 
recombination rates through the TiO2 film [68,42]. Electron 
transport rate is also related to the cobalt electrolyte mass-
transport, which is slower in the thick TiO2 film. These data 
confirm that the thickness of the TiO2 is very important in 
the DSSCs with the cobalt electrolyte and thin films 
improve the performance of the cobalt electrolyte in the 
DSSCs. So TiO2 with the 9 μm thickness was used for 
further studies in this work. 
      Effect of dye-soaking solvent on the performance of 
DSSC. The I-V curves of D149/TiO2 cells with [Co(dm-
bpy)3][PF6]2/3 electrolyte with two different solvents are 
presented  in  Fig. 3 and Table 2. Interestingly, changing the  

 
 
dye-soaking solvent has a considerable effect on the D149-
cell. An increase in Jsc is observed when going from 
acetonitrile/ tert-butyl alcohol to toluene. This is related to 
the higher solubility of the dye in toluene than in 
acetonitrile/ tert-butyl alcohol.  The amount of dye-loading 
was significantly increased when the toluene solvent was 
used. All the cobalt prepared cells were presented the best 
JSC and efficiency in toluene solvent. Therefore, the DSCCs 
sensitized with D149 were prepared and optimized in 
toluene as dye-soaking solvent and 9 µm thickness of the 
TiO2 film.  
      The J-V measurement of the prepared DSCs with D149 
in conjugated with cobalt electrolytes are displayed in         
Fig. 4. The obtained data are summarized in Table 3. As a 
result, the Voc values of the prepared cells are related to the 
redox potential of their complexes. Thus the difference in 
VOC values is predominantly attributed to the differences in 
the redox potentials of these complexes and increase with 
increasing redox potential value [40,69]. For instance, the 
maximum Voc was observed with [Co(bpy)3][PF6]2/3  

electrolyte, which the redox potential of this electrolyte (see 
voltammograms in Fig. 1) located in the more positive 
region compared with other complexes. Also, the obtained 
results represented that the Jsc of the [Co(dm-bpy)3][PF6]2/3 

and  [Co(dMO-bpy)3][PF6]2/3 cells increased in comparison 
with [Co(bpy)3][PF6]2/3 cell. The Jsc of these cells were 
increased in the order of [Co(bpy)3][PF6]2/3 < [Co(dMO-
bpy)3][PF6]2/3 < [Co(dm-bpy)3][PF6]2/3. The bulky groups 
(methyl and methoxy) on the cobalt complexes can act as a 
spacer, and reduced the charge recombination, enhanced 
charge transport and improved Jsc.  
      The results are in agreement with the published outputs 
of Hagfeldt and co-workers that for dyes without insulating 
effect, the electron lifetime and recombination were 
dependent on the substituents on the cobalt complexes [42]. 
This enhancement of the Jsc plays an substantial role to 
improve the efficiency of the related cells. (see Table 3).    
      The best efficiency (η = 4.36% at 1000 Wm-2 
irradiation) was obtained for [Co(dm-bpy)3][PF6]2/3 cell with 
Jsc = 13.81 (mA cm-2) and Voc = 546 (mV). A similar 
efficiency was found by   Hagfeldt and co-workers for the 
prepared cell with [Co(dm-bpy)3][PF6]2/3  as electron-donor 
cobalt electrolyte and D29 dye [42]. Although the electron-
donating ability and bulky effect of the methoxy-substituent  
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are suitable, the Jsc and efficiency of the prepared cell with 
[Co(dMO-bpy)3][PF6]2/3 are lower than [Co(dm-
bpy)3][PF6]2/3 cell. It seems that the cell performance is not 
just dependent on the bulky group and electron-donor 
properties  of   the  substituent  on   the   redox  couple.  The 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
oxygen in the methoxy substituent is the difference between 
[Co(dMO-bpy)3][PF6]2/3 and [Co(dm-bpy)3][PF6]2/3 
structure. This oxygen might interact with the dye and 
decrease the efficiency of the cell. Therefore, the structure 
of   dye   and   cobalt   complexes   is   important    for   their  

 

Fig. 1. Cyclic  voltammogram  of  (a) [Co(bpy)3][PF6]2/3,  (b) [Co(dm-bpy)3][PF6]2/3, (c) [Co(dMO-bpy)3][PF6]2/3  in  
            acetonitrile solution with E1/2  values 0.57, 0.41  and  0.37 V vs. NHE, respectively. The shift to a less positive  
            potential in [Co(dm-bpy)3][PF6]2/3 and [Co(dMO-bpy)3][PF6]2/3 voltamograms compared to [Co(bpy)3][PF6]2/3  
           is attributed to the presence  of electron-donating groups, methyl  and  methoxy. Ag/AgCl standard, platinum  

              and glassy carbon electrodes are used as reference, counter and working electrodes. 
 
 

 

Fig. 2. J-V characteristics  measured  under simulated  AM1.5 (1 Sun illumination) for D149 dye  with different film  
            thicknesses in conjugate with [Co(dm-bpy)3][PF6]2/3  electrolyte. The photocurrent decreased with increasing  

               film thickness. 
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                      Table 1. Photovoltaic Parameters of  DSCs with Different Film thicknesses for  D149 dye 
                                     in  Conjugate  with [Co(dm-bpy)3][PF6]2/3  Electrolyte  in  Acetonitile/tert-butyl  
                                     Alcohol as Dye-soaking solvent 
 

Electrolyte 
TiO2 

Thicknesses 
(μm) 

JSC 
(mA cm-2) 

VOC 
 (mV) 

FF 
η 

 (%) 

[Co(dm-
bpy)3][PF6]2/3 

9 6.9 546 0.57 2.14 

[Co(dm-
bpy)3][PF6]2/3 

12 4.82 535 0.61 1.57 

 
 
 
                              Table 2. Photovoltaic Parameters of DSCs with Different Solvent for D149 Dye 
                                             in Conjugate with [Co(dm-bpy)3][PF6]2/3 Electrolytes  
 

Solvent 
JSC 

(mA cm-2) 
VOC 

(mV) 
FF 

η 
 (%) 

Acetonitrile/Tert-butyl 
alcohol 

6.9 546 0.57 2.14 

Toluene 13.81 546 0.58 4.36 

 

 

Figure 3. Current-voltage characteristics of DSCs based on D149 dye in 
 

Fig. 3. Current-voltage  characteristics of DSCs based on D149 dye in conjugate with [Co(dm-bpy)3][PF6]2/3  
            at two different dye-soaking solvents. The TiO2 thickness was 9 μm. The photocurrent increased with  
            toluene as dye-soaking solvent. 
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interaction. The optimized structure of the D149 is 
displayed in Fig. 5.  
      This dye attaches to the TiO2 surface by a bidentate 
bonding, which the ᴨ system of it lay parallel to the TiO2 
surface [70-72]. From the calculation, it is known the D149 
dye have a dipole moment about 10.95 ± 1 Debye and 
polarizability about 382.13 Å3. These dipole and polarity of 
the dye are effective factors for interaction between cobalt 
complexes and the dye. The interactions between D149 dye 
and cobalt complex may include electrostatic interactions, 
hydrogen bonds or van der waals interactions. For example 
oxygen ione pairs in the methoxy-group at the [Co(dMO-
bpy)3][PF6]2/3 complex can be effectively involved with the 
π* orbital of an aromatic ring (π-1p), interaction [73-75]. In  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
addition hydrogen atoms of cobalt complex can interact 
with O, S and N atoms of dye. 
      To gain insight about the possible interactions between 
the D149 dye and cobalt electrolyte, we performed a 
theoretical study of the D149 dye in the presence of the 
[Co(dm-bpy)3]3+ and [Co(dMO-bpy)3]3+ species with the 
LANL2DZ basis set. The optimized molecular structures of 
the adducts of D149 with [Co(dm-bpy)3]3+ and [Co(dMO-
bpy)3]3+ species are presented in Fig. 6. The result 
represents the dye/electrolyte interaction between the 
hydrogen of the cobalt electrolyte and oxygen of D149          
dye. Electron-rich sites in the dye can interact with H             
of the electrolyte. As shown in Fig. 6 the hydrogen of            
the  methyl(methoxy)   and   aryl  group  from  both   cobalt 

 

Fig. 4. J-V characteristic of D149 dye in conjugated with cobalt electrolytes. 
 

 
                                  Table 3. Photovoltaic Data of the Perapered solar cells with Different Cobalt  
                                                 Redox Couples  by  the  D149  Dye and under AM1.5 G Simulated  
                                                 Sunlight (1000 Wm-2) 
  

Electrolyte Jsc 

(mA cm-2) 

Voc 

(mV) 

FF η 

(%) 

[Co(bpy)3][PF6]2/3 10.75 614 0.47 3.08 

[Co(dm-bpy)3][PF6]2/3 13.81 546 0.58 4.36 

[Co(dMO-bpy)3][PF6]2/3 12.1 540 0.60 3.95 
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Fig. 5. The optimized structure of D149. The geometry optimization is carried out by the density functional theory  

                 (DFT) method using a hybrid functional B3LYP and 6-31G* basis set. 
 
 

Figure 6: Optimized molecular structures of the D149−[Co(dm-
 

Fig. 6. Optimized molecular structures of the D149-[Co(dm-bpy)3]2+ (a) D149-[Co(dMO-bpy)3]2+ (b) electrolyte adducts. 
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electrolytes bind to carbonylic oxygen of the dye. 
According to Fig. 6 the intermolecular O---H distances are 
smaller than the van der Waals radii of the bonding atoms 
(2.72 Å) [76]. This shorter distance demonstrates an 
interaction between them. 
      The [Co(dm-bpy)3]3+ and [Co(dMO-bpy)3]3+ molecules 
interact with O atoms of the carbonyl group in the D149 dye 
as O----H hydrogen bonds.  The number of these hydrogen 
bonds are four and one for [Co(dMO-bpy)3]3+ and [Co(dm-
bpy)3]3+ molecules, respectively. Partial charge distribution 
of D149, [Co(dm-bpy)3]3+ and [Co(dMO-bpy)3]3+ molecules 
are shown in Fig. S3. According to the Fig. S3 the hydrogen 
atoms in [Co(dMO-bpy)3]3+ are more positive than [Co(dm-
bpy)3]3+ so hydrogen atoms of [Co(dMO-bpy)3]3+ are 
engaged to hydrogen interaction. Also, changing of methyl 
to the methoxy-substituted, one observes a slightly 
increased O-H interaction.  Compared to the isolated D149 
dye, the intramolecular C=O bonds are lengthened in the 
dye–electrolyte structures, representing that D149 bonds 
weaken upon interaction with the electrolyte. The D149-
[Co(dMO-bpy)3]3+ species show larger C-O bond distances 
than the D149-[Co(dm-bpy)3]3+ species. More flexibility of 
the methoxy groups to that of  methyl groups is  responsible  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
for stronger interaction in D149-[Co(dMO-bpy)3]3+ species. 
Consequently, these findings indicate that the 
intermolecular interactions of [Co(dMO-bpy)3]3+ with D149 
are more and stronger than those interactions of  [Co(dm-
bpy)3]3+ with D149.   
      These dye-electrolyte interactions increase the 
concentration of the cobalt complexes near the surface and 
enhancing the recombination rate in the photo-
anode/electrolyte interface. In addition, these interactions 
can reduce the electron injection from the dyes to the TiO2 
by transfer of the excited electron to the electrolyte. 
Subsequently, the electron transfer rate decreased and the 
charge collection efficiency leads to a reduction of the 
photocurrent. Thus it seems that these interactions of 
electrolyte and dye is a factor for decreasing efficiency of 
[Co(dMO-bpy)3][PF6]2/3 cell compared to [Co(dm-
bpy)3][PF6]2/3 cell. 
      The interaction between the dye and iodine electrolyte 
has already been reported [77]. O’Regan et al. reported the 
possibility of complex formation between phthalocyanine 
and iodine near the TiO2 surface accelerating recombination 
and reducing the efficiency [78].  Also, a similar interaction 
was reported for ruthenium dyes/iodine [79] and  ruthenium 

 

 

Fig. 7. UV-Vis absorbance spectra of D149 dye (9 × 10-5 M) in the presence of cobalt electrolyte (1 × 10-2 M) with  
  molar ratio 1:1 in acetonitrile (left). Increase absorption intensity with time (right) and subtract graph. 
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dyes/cobalt electrolyte solar cells [80-82]. 
      The interaction between D149 dye and cobalt complexes 
were investigated by UV-Vis spectroscopy and the results 
are displayed in Fig. 7. Spectral change (shift and intensity) 
can be attributed to the complex-formation in solution [83-
87]. According to Figure 7, the addition of D149 solution to 
solution of cobalt electrolyte causes an increase in the 
absorbance intensity, or oscillator strength, for [Co(dm-
bpy)3]3+-D149 and  [Co(dMO-bpy)3]3+-D149 solutions. This 
hyperchromicity is indicative of the interaction between the 
cobalt complex and D149 dye. Type and structure of the 
ligands on the cobalt complexes can contribute to the 
interaction of the dye with electrolyte and result in the 
observed hyperchromism seen in the UV-Vis spectra. 
      In addition, the absorption intensity of spectrum increase 
with time for both solutions but the increase in the 
absorption intensity at 530 nm for [Co(dm-bpy)3]3+-D149 
solution is larger. With subtracting cobalt and dye 
absorption graphs of cobalt-D149 absorption graph it can be 
seen that for [Co(dMO-bpy)3]3+-D149 solution the shape of 
the graph (Indicated the presence of these two species) is 
preserved. However for [Co(dm-bpy)3]3+-D149 solution, 
only the increases intensity of the spectrum at 530 nm is 
seen which is for dye and the absorbance of the electrolyte 
is diminished.  This increase absorption at 530 for [Co(dm-
bpy)3]3+ is more pronounce than [Co(dMO-bpy)3]3+ solution 
that indicated more absorption of D149 in the [Co(dm-
bpy)3]3+-D149 solution. This phenomenon may show 
efficient electron transfer from [Co(dm-bpy)3] electrolyte to 
the D149 dye and result in the more efficient cell. Hence 
with increase inject electron to TiO2 film from dye, Jsc for 
[Co(dm-bpy)3] increased. 
 
CONCLUSIONS 
 
      In this study, the photoelectrochemical properties of 
organic dye D149 in association with cobalt-based 
mediators, [Co(bpy)3][PF6]2/3, [Co(dm-bpy)3][PF6]2/3 and 
[Co(dMO-bpy)3][PF6]2/3 were investigated. The results 
represented that the interactions between cobalt electrolytes 
with the dye molecules probably play a significant role in 
the efficiency of the cell. The chemical structures of cobalt 
electrolyte and D149 dye are provided the possibility         
for their interaction. The  experimental  results  suggest  that  

 
 
efficiency order is [Co(dm-bpy)3][PF6]2 > [Co(dMO-
bpy)3][PF6]2 > [Co(bpy)3][PF6]2/3. [Co(dMO-bpy)3][PF6]2 

shows strong interaction with dye which reduces cell 
efficiency. [Co(dm-bpy)3][PF6]2 shows efficient electron 
transfer to the dye and is another factor for better 
performance of it. In addition, it has been shown that the 
thin film of TiO2 improved performance for the cobalt cells. 
Hence, the best efficiency, η = 4.36%, at 1000 Wm-2 
irradiation was obtained for [Co(dm-bpy)3][PF6]2/3 

 cell with 
Jsc = 13.81 (mA cm2-) and Voc = 546 (mV). We find that the 
organic dyes should possess not only blocking effect for 
suppressing recombination properties, but also the 
functional group and the partial charge of dye must also be 
carefully engineered to prevent interaction between the dye 
and cobalt redox couples. 
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      UV-visible spectra of the synthesized complexes in 
acetonitrile solution , J-V curves and detailed photovoltaic 
parameters of all cobalt cells  in different thickness of TiO2 
displayed in Fig. S2 and Table S1. 
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