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ABSTRACT 

 
Along with the depletion of petroleum-based fuels, the development of renewable energy 
resources is a must. One of them is through DSSC (Dye Sensitized Solar Cells) technology, 
which has a dye sensitizer and semiconductor as the main components. The aim of this 
research is to investigating the photovoltaic performance of complexes series from metals 
(Mn(II); Fe(II); Co(II) and Ni(II)) and naphthol blue-black (NB) as a ligand. This 
investigation also successfully revealed factors that are highly influencing photovoltaic 
efficiency, namely the band-gap energy and the conductance of metal-NB complexes. The 
Fe(II)-NB complex has performed the highest photovoltaic activity as a result of the d-d 
electron transition and MLCT (Metal to Ligand Change Transfer) character which are 
covered by vivid color from the ligand. The bonding between metal and ligand was shown at 
a wavenumber of 316.33 cm-1 for M-N bonding and 486.06 cm-1 for M-O bonding. Fe(II)-NB 
complex had the narrowest band gap energy which is 5.86 eV and had the highest value of 
conductance and the highest efficiency, namely 0.0925%. This experiment successfully 
demonstrates that the narrower the energy gap of a molecule, the ability to transfer 
electrons is faster. Thus, the efficiency of the solar cell becomes higher. This investigation has 
proven that the narrow band gap makes the electron transfer becomes easier.  
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1.  INTRODUCTION  
 
The world is currently dealing with the effects of climate change, such as rising global 
temperatures due to the greenhouse effect, longer and more severe droughts, more extreme 
tropical storms, and an increase in the frequency of extreme weather events [1-3]. This condition 
endangers the existence of all living things on Earth. The best way to address this issue is to 
reduce the primary causes of climate change, namely the use of fossil fuels, and to seek out 
renewable energy resources. The negative impact of climate change can be mitigated by reducing 
the use of fossil fuels in all aspects of life. Traditional hydrocarbon fuels could be replaced with 
an environmentally friendly renewable energy source [4].  
  
On the other hand, the increasing of human population also brings  new issues such as, providing 
energy for their life.  The world energy demand is predicted to reach nearly 45 trillion kilo watt 
hours (kWh) by 2050 [5, 6]. Therefore, the provision of a renewable energy source becomes 
significant to be done immediately.  
 
Because sunlight is more environmentally friendly than fossil fuels, it has become increasingly 
important in the production of green energy. The Dye-Sensitized Solar Cell (DSSC) is an 
outstanding solar cell technology with numerous advantages. DSSC proposes a low fabrication 
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budget, is easily modified, eco-friendly, and highly efficient [7]. DSSC cells are made up of 
semiconductors, dye sensitizers, conductive glass for the cell body, and electrolyte solution [8-
10]. Because of the importance of semiconductor and dye sensitizers in DSSC performance, many 
researchers are focusing on their development. 
 
This study concentrated on improving dye sensitizer performance because it is an important 
photon harvester of sunlight [9, 11]. Metal complexes were developed as dye sensitizers on DSSC 
in this project because the dye sensitizer material from metal complexes is easy to modify the 
band gap [12]. The metal complexes were synthesized from the metal centers of Mn(II), Fe(II), 
Co(II), Ni(II), and the ligand naphthol blue-black (NB), wherein the metal complexes will be 
written as Mn-NB, Fe-NB, Co-NB, and Ni-NB in the rest of the article. Ligand NB was chosen 
because it contains a chromophore group, allowing the NB to harvest photons from sunlight [9]. 
On the other hand, the metal center with the lowest oxidation number was chosen so that the 
resulting metal complexes have a significant character for the electron transfer process known as 
Metal Ligand Charge Transfer (MLCT). Because of its good ability to harvest energy from sunlight, 
a metal complex with MLCT character is preferable and usable as a dye sensitizer on DSSC [13-
15].  
 
This experiment finally synthesized and characterized a series of metal-NB complexes, 
investigated their photovoltaic performance, and determined their band gap energy to analyze 
factors that determine that metal complex's photovoltaic trait. The wavelength and band gap of 
metal complexes were investigated, as well as their wavenumber and functional group and 
conductance value. Fluorine thin oxide (FTO) was used as a conductive glass, titanium dioxide 
(TiO2) as a semiconductor, and potassium iodide (KI3) as an electrolyte solution in this study. 
 
2. MATERIAL AND METHODS  
 
2.1 Materials  
Materials which were used in this probe were provided by Sigma Aldrich. There are naphthol blue 
black (C22H14N6Na2O9S2; 80%), manganese sulfate salt (MnSO4), Mohr salt [(NH4)2Fe(SO4)2.6H2O], 
cobalt(II)chloride dihydrate (CoCl2.2H2O), nickel sulfate hydrate (NiSO4.7H2O), ethanol (C2H5OH; 
Merck, 99%), I2 solution in potassium iodide (KI), titanium tetraisopropoxide (TTIP; 97%), Triton 
X-100 (C14H22O(C2H4O)4); Merck, 98%), hydrochloric acid (HCl), acetic acid (CH3COOH), ethanol 
(C2H5OH), and aquabides. 

 

2.2 Synthesis of Metal-NB Complexes 
 

All metal-NB complexes were synthesized based on the mole ratio of metal: naphthol blue-black 
(ligand) which was 1:3. To begin with, one mole metal and three mole naphthol blue-black 
powder were weighed.  After that, ethanol was used to dissolve metals and naphthol blue-black. 
The metal solutions were then combined with naphthol blue black solution, agitated for a quarter 
hour, and then refluxed for 90 minutes at temperature of 78 °C. In the next step, each metal-NB 
complex solution was heated until the solution was reduced to one third. After a solid of metal 
complex was obtained, the precipitate was separated from the solution by filtering via a Buchner 
funnel, purified by using hot ethanol, and the last step was to let the sample dry [9]. 

 
 
2.3 Characterization of Metal-NB Complexes 
 

In this project, UV-VIS spectrophotometer was used to analyze the absorption band 
characteristics and to determine the band gap energy of metal-NB complexes. A Fourier 
Transform Infra-Red (FTIR) spectrophotometer was utilized to investigate bonding between 
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metal and ligand NB structure. A conductometer was operated to determine the ability of metal-
NB complexes in conducting ion or electrons (the electrical conductivity). 

 

2.4 Determination Band Gap Energy of Metal-NB Complexes 
 

The metal-NB complexes were weighed 0.001 gram, dissolved in distilled water, and diluted with 
ethanol to the mark in a 10 ml volumetric flask. Band gap energy is determined by calculating the 
absorbance of complex compounds at a wavelength of 200-800 nm with a range of 1 nm using a 
UV-Vis spectrophotometer first. After that, the Tauc graph plot method is applied by drawing a 
linear line to intersect the X axis on the graph of the relationship between h.ʋ and (α.h.ʋ)2 [16]. 
Where h is Planck constant (6,626 × 10-34 Js = 4,136 × 10-34 eV); ʋ = beam frequency (Hz); α = 
absorption coefficient).  

 
2.5 Determination Photovoltaic Performance of Metal-NB Complexes 

2.5.1 Semiconductor preparation on DSSC from titanium dioxide  
 
Titanium dioxide was prepared by the sol gel method. Firstly, 5 ml of Triton X-100 was added to 
12 ml of acetic acid. Then, the solution was added by 225 ml of ethanol while being stirred for five 
minutes. In another glass beaker, 15 ml solution of TiO2 precursor namely Titanium isopropoxide 
(TTIP) was solvated by 1 ml of hydrochloric acid. After that, the Triton X-100 and TTIP solution 
were blended and stirred for a two hours until the formation of sol. The sol could then be layered 
on the conductive glass [9].  

2.5.2 Preparation of a working electrode and a counter electrode on DSSC 
 

For a working electrode, a 10-2 M solution of the metal-NB complexes was used to submerse the 
TiO2-coated glass plate for 24 hours. This must be done so that the metal-NB complex is immersed 
homogeneously on a glass plate. Firstly, the glass plate was placed in a dark, tightly covered 
container to prevent scratches from damaging the TiO2 coating. Secondly, the glass plate’s surface 
was covered with carbon allotropy (graphite) that produced by a graphite pencil for a counter 
electrode. Lastly, a counter electrode re-covered with carbon from wax smoke uniformly [9]. 

 

2.5.3 Fabricating process of DSSC cells 

First of all, the previously made working electrode was placed on a table in a position where the 
naphtol blue black complex compound was placed on top. Next, the counter electrode was placed 
in front of the working electrode. Note that there should be no air bubbles in the I2 in KI solution 
in the electrode. The clamping clips were properly arranged to maintain the composition of the 
glass plate together. Then the DSSC series were connected to a multimeter, with the positive (+) 
pole connected to the counter electrode and the negative (-) pole connected to the DSSC work 
electrode. Finally, the maximum voltage and current were determined. The measurement was 
taken place when the sun is present. The intensity of the sun's radiation was then measured with 
a luxmeter [7]. 
 
 
3. RESULTS AND DISCUSSION 
 

Metal-NB complex compounds were created by reacting metals in a 1:3 mole ratio with naphthol 
blue-black (as a ligand). Following that, all obtained solids were characterized using a UV-VIS 
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spectrophotometer, FTIR, and conductometer. Finally, all metal complexes were used as dye 
sensitizer materials on DSSC cells. The photovoltaic performances of metal-NB complexes were 
determined and compared. The factors that influenced the most the photovoltaic characteristics 
were investigated 

 

 

3.1 The Result of Metal-NB Complexes Characterization 

The first characterization was using UV-VIS spectrophotometer to determine the characteristic 
of absorption band and band gap of the metal-NB complex. The result has been tabled in Table 1. 
The appearance band in the UV region (under 400 nm) on metal-NB complex represents the Metal 
to Ligand Charge Transfer (MLCT) phenomenon. MLCT is the process of electron transfer from 
metal (M) to a ligand (L) and only occurs in the metal complex. The MLCT transition weakens the 
binding of the ligand and strengthens the metallic bond with the ligand [17, 18]. Complex 
compounds that experience the MLCT phenomenon are promising to be applied as dye sensitizers 
in the solar cells because they have a "light-harvesting" characteristic which can absorb more 
sunlight to be converted into electrical energy [13, 15, 19]. From Table 1, we can also conclude 
that the d-d transition band of all complexes is obscured by the maximum wavelength of naphthol 
blue-black and occurs at 616-619 nm. 
 
Table 1 Characteristics band of naphthol blue black (NB) and the metal-NB complexes  

 
Compound Wavelength (nm) 

NB 228 - 619 
Mn-NB 231 272.5 ** 617* 
Fe- NB 233 273.5** 618* 
Co-NB 224 272** 616* 
Ni-NB 227 266, 272** 616* 

*d-d transition **MLCT band  

 
The second characterization was using FTIR to determine the functional group and the metal-
ligand bond on the metal-NB complexes. The spectra and the detail of the wavenumber are shown 
in Figure 1 and Table 2. According to Figure 1, we can see that the spectra of the metal complexes 
are not significantly different from those of the NB ligand. This indicates that naphthol blue black 
as a ligand remains intact and undamaged during the complexation process. This condition is very 
beneficial because the structure of the ligand significantly contributes to the photon capture 
capability of the material dye sensitizer. The binding of metal to ligand in complex compounds 
can be determined by comparing the FTIR spectrum of naphthol blue black with the synthesized 
complex compound. Table 2 shows that all metal-ligand bonding occurred through M-N and M-O 
bonding and appear at wavenumbers below 600 cm-1. Bonding between M-N  for Mn-NB is shown 
at 308.61 cm-1; 316.33 cm-1 for Fe-NB; 324.40 cm-1 for Co(II)-NB and 354.90 cm-1 for Ni-NB. On 
the other hand, M-O bonding for Mn-NB is shown at 540.07 cm-1; 486.06 cm-1  for Fe-NB; 354.90 
cm-1 for Co-NB and 486.06 cm-1 for Ni-NB. The appearance of the metal-ligand bonds across the 
M-N and M-O bonds indicates that the metals and ligand in the metal-NB complex are chemically 
bound. It is beneficial in facilitating electron flow in DSSC cell performance [20].  
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Figure 1. FTIR spectra of ligand NB and metal-NB complexes 

 
Table 2 Table of  functional group from ligand  NB and the metal-NB complexes 
 

Functional 
Groups 

Wavenumber (cm-1) 

NB Mn-NB Fe-NB Co-NB Ni-NB Theoretical and reference 
M-N - 308.61 316.33 324.40 354.90 400 – 300            [21] 
M-O - 540.07 486.06 354.90 486.06 600 - 400             [21] 

SO3Na 1141.86  1103.28 1141.86 1172.72 1141.86 1235 – 1070       [22] 
N=N 1419.61  1419.61 1411.89 1419.61 1419.61 1500 -1400         [23] 
NO2 1489.05 1489.05 1489.05 1489.05 1489.05 1550 -1300         [23] 
C=C 

aromatic 
1573.91 1573.91 1573.91 1573.91 1573.91 1607- 1510         [23] 

OH 3441.01 3371.57 3425.58 3425.58 3425.58 3639 – 3029       [22]  
NH from 
primer 
amine 

3749.62 3749.62 3749.62 3749.62 3749.62 3800 – 3300       [24] 

 
 

3.2 The Result of Band Gap Energy of Metal-NB Complexes Determination 

The bandgap energy of metal-NB complexes is then determined by measuring the absorbance of 
each complex compound solution. The results of absorbance, absorption coefficient alpha, and 
energy hʋ of the metal-NB complex were used to calculate the energy hʋ and (αhʋ)2 in order to 
determine the bandgap energy of each complex.  Figure 2 depicts the bandgap curves of each 
complex compound.  Complex Mn-NB has a bandgap energy of 5.87 eV, complex Fe-NB has a 
bandgap energy of 5.86 eV, complex Co-NB has a bandgap energy of 5.93 eV, and complex Ni-NB 
has a bandgap energy of 5.87 eV, according to Figure 2. Because the electron will excite more 
easily due to the closer distance between Highest Occupied Molecular Orbital (HOMO) and Lowest 
Unoccupied Molecular Orbital (LUMO), the complex's conductivity value will increase. [25-29]. 
The results of the conductivity determination described in Table 3 support this assertion. The Fe-
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NB complex has the highest conductance, 59.6 ohm-1, as shown in Table 3. The smaller the 
bandgap energy, the closer the HOMO-LUMO bands are to one another, and thus the higher the 
conductance value. This makes the electron injection process easier, resulting in faster electron 
flow and higher electric current generation. [30, 31]. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Mn-NB 

 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Fe-NB 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Co-NB 

 
 
 
 
 
 
 
 
 
 
 

 
 

(d) Ni-NB 
 

Figure 2. Bandgap energy of metal-NB complexes 
 
 

Table 3 Conductance value of metal-NB complexes 
 

Compound Water Mn-NB Fe-NB Co-NB Ni-NB 

Conductance (ohm-1) 1.98 18.27 59.6 24.10 21.70 

 
 

3.3 The Result of Determination Photovoltaic Performance of Metal-NB Complexes 
 

In this study, the photovoltaic performance of metal-NB complexes as dye sensitizers was 
compared to the NB itself as a ligand. In Table 4, it can be compared that the Fe-NB complex 
produces the highest efficiency than the other complex, namely 0.0925 %. The greater efficiency 
value indicates that the compound has a better ability in converting solar energy into electrical 
energy [32]. Fe-NB complex shows higher photovoltaic performance because the electron 
regeneration process occurs easily due to having the narrowest band gap energy and the highest 
conductance value. The narrowest band gap energy of the metal-complex represents that the 
distance of the HOMO-LUMO band is very close or small [33]. This condition is preferable because 
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it can make electrons easier to transport when the DSSC cell is working. This explanation is 
strengthened by the conductance value in Table 3. The distance between of the HOMO-LUMO 
band of complex Fe-NB is the narrowest. It makes the electron moves smoothly so that the 
conductance value becomes high. Besides, the MLCT characteristic that possessed by Fe-NB also 
contributes in supporting its photovoltaic performance. The presence of the MLCT phenomenon 
on the metal-NB complex will strengthen the bonding between metal and ligand, so the metal 
complex will have a good ability in capturing  the energy photons from sunlight [13, 18]. The more 
photons from sunlight are being captured, the higher efficiency of the solar cell will be obtained.  

Finally, the findings of this study demonstrate that a molecule's band gap distance has a 
significant impact on the electron transfer process in a solar cell system. The higher the 
photovoltaic efficiency produced by solar cells, the easier or simpler the electron transfer process 
in solar cell devices is. 

 

Table 4 Photovoltaic performance variable of NB and metal-NB complexes 

Compound Voc (V) JSc  (mA/cm2) FF η (%) 

NB 0.2180 0.0240 0.7844 0.0083 

Mn-NB 0.0380 0.1843 0.8930 0.0126 

Fe-NB 0.3630 0.1418 0.8887 0.0925 

Co-NB 0.0356 0.1643 0.9087 0.0107 

Ni-NB 0.0445 02508 0.6865 0.0155 

Sunlight = 49.44 (watt/cm2)    

 
 

4. CONCLUSION 
 

The photovoltaic performance of series metal-NB complexes has been successfully demonstrated. 
The MLCT phenomenon, band gap energy, and complex conductance value were the main factors 
that affected the photovoltaic performance of metal-NB complexes. Complex Iron-NB 
demonstrated the best photovoltaic performance, as evidenced by the highest efficiency value of 
0.0925 %. In a short circuit, Fe-NB produces a current of 0.567 mA/cm2 and the maximum voltage 
of 0.363 V. 
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