
*Corresponding author: hosseinnezhad-mo@icrc.ac.ir 

available online @ www.pccc.icrc.ac.ir 

Prog. Color Colorants Coat. 13 (2020), 177-185 

 

 

Investigation of DSSCs Performance: The Effect of 1,8-naphthalimide Dyes 

and Na-doped TiO2 
 
M. Hosseinnezhad

1, 2*
, M. Ghahari

3
, H. Shaki

4
, J. Movahedi

5
 

1.
 Department of Organic Colorants, Institute for Color Science and Technology, P.O. Box: 16765-654, Tehran, Iran 

2.
 Center of Excellence for Color Science and Technology, Institute for Color Science and Technology, P.O. Box 16765-654, 

Tehran, Iran 
3.
 Department of Nanomaterials and Nanocoatings, Institute for Color Science and Technology, P.O. Box: 16765-654, 

Tehran, Iran 
4.
 Department of Chemical Engineering, Faculty of Engineering, Golestan University, P.O. Box: 155, Aliabad Katoul, 

Iran. 
5.
 Department of Physics, Shahrood University of Technology, P.O. Box: 36155-316, Shahrood, Iran 

 

ARTICLE INFO 
 

Article history: 

Received: 16 Jul 2019 

Final Revised: 22 Sep 2019 

Accepted: 24 Sep 2019 

Available online:23 Dec 2019 

Keywords: 

Dye-sensitized solar cells 

Organic photosensitizer 

Photovoltaic materials 

Power conversion efficiencies 

Na doped TiO2. 

 

 

 
 

 
 

 
 

n this paper, we selected three organic dyes based on 1,8-naphthalimide 

as photosensitizers for DSSCs preparation. The organic dyes were 

sensitized from acenaphthene as the starting material by standard 

reactions. Na-doped TiO2 was prepared via one step hydrothermal method for 

preparation of dye-sensitized solar cells. Spectrophotometric measurements of 

the organic photosensitizers in DMF and on Na-doped TiO2 substrate were 

carried out in order to study their maximum absorption wavelength. The 

maximum absorption wavelength for Dyes 1, 2 and 3 in DMF are 427, 434 and 

435 nm and on TiO2 films are 442, 446 and 446 nm, respectively. Finally, the 

proposed dyes were used as photosensitizer in a dye solar cell structure in the 

presence of Na-doped TiO2 and their photovoltaic properties were investigated. 

The conversion efficiencies for the synthesized Dyes 1, 2 and 3 are 1.09%, 1.37% 

and 1.32%, respectively. Prog. Color Colorants Coat. 13 (2020), 177-185© 

Institute for Color Science and Technology. 
 

 

  

  

  

  

  

1. Introduction 

Dye-sensitized solar cells (DSSC) have attracted 

considerable attention due to their simple preparation 

procedure, architectural and environmental compatibility 

and good performance under diffuse light conditions [1-

3]. The first fabricated DSSC was found to absorb 

visible light with wavelengths up to approximately 800 

nm and the energy conversion efficiency of over 7%. In 

2011, conversion efficiency of 11.4% was achieved by 

employing nanostructured semiconductor electrodes [4]. 

Recently, a conversion efficiency of 13% was reported 

by Mathew et al. [5] by using mesoporous 

semiconductor electrodes and porphyrin sensitizers. 

The basic components of DSSC include photo-anode, 

sensitizer, electrolyte, and counter electrode. 

Semiconductor nanostructures are employed to develop 

the photo-anode [6-9]. 

Akhtar and co-workers synthesized ZnO 

nanoparticles as photo-anode for DSSCs and achieved 

power conversion efficiency (PCE) of 4.1% [10]. They 

reasonably obtained good dye absorption of ∼2.75 × 

10
−7

 mol/cm
2
 through the surface of ZnO Nanoparticle 

(NPs) thin film. Gholamrezaei et al. used sol–gel 

method to prepare SrTiO3 nanostructures [11]. They 

investigated the effect of morphology and paste 

formation on cell efficiency. They obtained a PCE of 

0.58% with fill factor (FF) of 59%. Das et al. used 

template method to fabricate TiO2 photo-anode [12]. A 

I 
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sol-gel method was employed to synthesize nano-

porous TiO2. In this method, dextran (TNPO-D) and 

glucose (TNPO-G) were used as templates. Calcination 

process caused the decomposition of templating agents 

and formation of 10 nm nano-pores in TiO2 which was 

then employed in DSSCs. They obtained PCE of 4.1% 

and 3.7% for TNPO-D and TNPO-G, respectively. 

Zhu et al. reported two new sensitizers based on 

triphenylamine-dicyanovinylene and used for p-type 

dye-sensitized solar cells [13]. This study suggested 

that amendment of the bridging moiety among 

triphenyl amine and the carboxylic group by 

cumulative thiophene units is a promising way for 

averting charge recombination and hence power 

conversion efficiency can be boosted. Four new 

organic dyes were synthesized by Reddy et al. [14]. 

The dyes had electron rich thiophene spin-offs as 

antennas and cyanoacrylic acid as acceptor, bridged by 

phenothiazine or phenoxazine. The light harvesting 

ability of the dyes could be improved by the alkyl 

substituted thiophene units. Movahedi et al. designed 

and synthesized free-metal dyes based on indoline [15]. 

The proposed dyes were synthesized from 

phenothiazine as the starting material by standard 

reactions. The conversion efficiency for the 

synthesized dye was 0.92%. 

In this paper, an attempt has been made to prepare 

DSSC using Na-doped TiO2 as photo-anode and 

indoline-based organic dyes as sensitizer. The 

fabricated DSSC was studied for its structure and 

efficiency using platinum as the catalyst for counter 

electrode and iodide-triiodide as electrolyte. The 

spectrophotometric properties of the organic dyes in 

solution and on a nanoanatase TiO2 substrate and 

electrochemical measurements were examined. The 

cyclic voltammetry (CV) data were used to determine 

the highest occupied molecular orbital, lowest 

unoccupied molecular orbital levels and band gap of 

the organic dyes. The structure of the dye molecules 

are shown in Figure 1. 

 

2. Experimental 

2.1. Materials and instrumentation  

All compounds used in this study were of analytical 

grade unless otherwise stated. The synthesis route and 

full characterization of the intermediates, organic dyes 

and nano-particles are described elsewhere [16, 17]. UV-

visible spectrophotometry was carried out on a Cecil 

9200 double beam transmission spectrophotometer to 

obtain molar extinction coefficients and absorption 

maxima.  

 

 
Figure 1: Chemical structure of the organic dyes. 
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2.2. General procedure for fluorescent dyes 

preparation 

The solution of 4-nitro-N-aminobenzensulfonamode-

1,8-naphthalimide, 4-nitro-N-4-amino-N-2-thiazoyl-

benzenesulfonamide-1,8-naphthalimide and 4-nitro-N-

4-amino-N-(2-pyrimidinyl) benzenesulfonamide-1,8-

naphthalimide as intermediates (5 mmol) was prepared 

in 30 mL DMF. Then allylamine (5 mmol) was added 

to the solution at room temperature separately. After 24 

h, the final stage of reaction was controlled by TLC in 

a solvent system n-hexane/acetone (1:1). The resulting 

solutions were poured into 300 mL water. The 

precipitations were filtered off, washed with water and 

dried. Recrystallization from ethanol offered the dyes 

1-3 as orange crystals. 

 

2.3. Electrochemical measurements 

Electrochemical measurements of the synthesized dyes 

were carried out in solution in acetonitrile. The 

oxidation potential (Eox) was measured using three 

small-sized electrodes. Ag quasi reference electrode 

(QRE) was used as the reference. Platinum wires were 

used as the photo-anode and counter electrode. All 

electrode potentials were calibrated with respect to 

ferrocene (Fc)/ferrocenium (Fc
+
) redox couplet. An 

acetonitrile solution of each dye containing 

tetrabutylammonium perchlorate (0.1 mol dm
-3

) and 

ferrocene (ca. 1 mmol dm
-3

) was prepared. The 

electrochemical measurements were performed at a 

scan rate of 100 mV s
-1

 [18, 19]. 

 

2.4. Assembly of dye-sensitized solar cells 

(DSSCs) and photovoltaic characterization  

A nanocrystalline film was coated on a transparent 

FTO/glass substrate. The dye was adsorbed by dipping 

the coated FTO/glass in a 5×10
-5

 M ethanolic solution 

of the dye containing 7% 4-tert-butylpyridine and 50 

mM 3α,7α-dihydroxy-5β-cholic acid (cheno) for 12 h. 

The visible bands in the absorption spectrum of the 

dyes after adsorption on the nanocrystalline film only 

appeared after the work electrodes were dipped in the 

dye solution for at least 12 h. The presence of 4-tert-

butylpyridine and cheno is necessary to avoid surface 

aggregation of the sensitizer. Finally, the film was 

washed with acetonitrile-ethanol 1:1 mixed solution. 

Acenonitrile-ethylene carbonate (v/v=1:4) containing 

tetrabutyl ammonium iodide (0.5 mol dm
-3

) was used 

as the electrolyte. The dye-adsorbed nanocrystalline 

electrode, the Pt counter electrode and the electrolyte 

solution were assembled into a sealed sandwich type 

solar cell [20-23]. 

Photovoltaic properties were measured under 

monochromatic light with a constant photon number 

(5×10
15

 photon cm
-2

 s
-1

). J-V characteristics were 

measured under illumination with AM 1.5 simulated 

sun light (100 mW cm
-2

) through a shading mast (5.0 

mm×4 mm) by using a Bunko-Keiki CEP-2000 system. 

 

3. Results and Discussion  

The starting material for the preparation of 

naphthalimide derivatives was 4-nitro-1,8-naphthalic 

anhydride. The synthesized dyes were prepared by 

imidation, reduction and allylation reactions from 4-

nitro-1,8-naphthalic anhydride. The imidation of 

aromatic cyclic anhydrides occurs through nucleophilic 

substitution mechanism, in which the reaction of the 

attacking amine is carried out in an acetic acid under a 

reflux condition. For preparing 4-nitro-N-substituted-

1,8-naphthalimide, 4-nitro-1,8-naphthalic anhydride was 

reacted with the corresponding amine and the 

completion of the reaction was controlled by TLC. 

Preparation of 4-amino(allylamino)-N-substituted-1,8-

naphthalimide as an intermediate plays significant role 

in the naphthalimide dyes and colored polymer series. 

Reduction of 4-nitro-N-substituted-1,8-naphthalimides 

with tin(II) chloride and hydrochloric acid in ethanol as 

the solvent gave 4-amino-N-substituted-1,8-naphtha-

limides. 4-Allylamino-N-substituted-1,8-naphthalimides 

were synthesized by the reaction of 4-nitro-N-

substituted-1,8-naphthalimides with allylamine in DMF 

as the solvent. The yields of 4-amino(allylamino)-N-

substituted-1,8-naphthalimides [16, 24, 25]. 

The maximum absorption wavelength (λmax) and the 

molar extinction coefficients (εmax) for the synthesized dye 

in DMF are shown in Table 1 and Figure 2, together with 

the λmax of the corresponding dyes adsorbed on the 

Na/TiO2 film. The absorption peaks at organic can be 

assigned to an intra-molecular charge transfer between the 

donor and acceptor groups [26], providing an efficient 

charge-separation for the excited state. For the organic 

dyes, when an extra electron acceptor was linked to the 

vinyl bridge, the λmax had a bathochromic shift [27, 28]. 

This shift in the maximum absorption peak arises from the 

fact that more stronger electron acceptor of two aromatic 

rings the overall electron withdrawing ability of the 

system and hence lowering the level of the lower 

unoccupied molecular orbital (LUMO), thus reducing the 
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gap between the higher unoccupied molecular orbital 

(HOMO) and the LUMO states [18, 29]. Upon dye 

adsorption onto the photo-anode surface, the maximum 

absorption wavelength is bathochromically shifted as 

compared to the corresponding spectra in solution, 

implying that dyes adsorbed onto the photo-anode surface 

contain partial J-type aggregates [24, 27]. The molar 

extinction coefficients of Dyes 1, 2 and 3 in DMF at their 

respective λmax are also shown in Table 1, indicating that 

these novel dyes have good light harvesting abilities. 

The fluorescent characteristics of the dyes 

measured in DMF are represented in Table 1. In DMF 

solution, dyes show fluorescence due to the charge 

transfer from the electron-donating group to the 

acceptor group. The maximum fluorescence emission 

of the dye in DMF is 527.5 nm. The absorption 

maxima (λmax) of the fluorescent dyes were in the 

visible region (427–435 nm), while the fluorescence 

emission (λF) was observed in the region of 526–527.5 

nm. Data presented in Table 1 showed that different 

substituents at the N-imide and C-4 positions have a 

small effect on the fluorescence maxima (λF). 

The oxidation potential (Eox) of organic dye was 

measured in solution by cyclic voltammetry [18, 19]. 

There are two distinct redox waves observed in the 

voltammogram. The first oxidative wave (I) was due to 

the oxidation of the internal standard of ferrocene, 

whereas the second wave (II) near was due to the 

electrochemical oxidation of dyes [22, 32]. Although the 

standard Eox value is usually not easily obtained 

experimentally, it can be approximately estimated from 

the cyclic voltammetric peak potential method. 

The standard and estimated Eox values will be equal 

if the electrochemical oxidation is a reversible step [33-

36]. The electrochemical properties are listed in Table 

2. The CV curves of organic dyes are presented in 

Figure 3.   

 

Table 1: Absorption properties of the organic dyes. 

Dye λmax (nm)a ε (M-1cm-1) λmax (nm)b λF (nm)a 

1 427 12362 442 527.5 

2 434 13289 446 526 

3 435 13019 446 527 

a) in DMF solution, b) on photo-anode substrate 
 

 

 
Figure 2: UV-Vis spectra of organic dyes. 
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Table 2: Electrochemical properties of the organic dyes. 

Dye Epa (V) E0-0 (V) ELUMO (V) 

1 0.84 2.09 -1.25 

2 0.90 2.22 -1.32 

3 0.91 2.21 -1.30 

 

 
Figure 3: CV curves of the organic dyes. 

 
 

X-ray diffraction pattern of Na-doped TiO2 film is 

shown in Figure 4. It can be seen that all the peaks at 

27.39°, 36.08°, 39.10°, 41.3°, 43.97°, 54.36°, and 

56.68° correspond to rutile TiO2 phase according to 

JCPDS 01-088-1173. Remarkable amount of NaCl 

phase is also observed beside the rutile phase which 

may be due to insufficient washing process. A low 

amount of Na ions doped in the titan phase and residue 

has remained as NaCl phase. In addition, the sample 

contains a low amount of anatase TiO2 phase. 

The morphological features of undoped and Na-

doped TiO2 samples were examined using FESEM 

(Figure 5). Figure 5 shows the formation of TiO2 

nanoparticles and NaCl particles synthesized via 

hydrothermal method. It can be seen that most of the 

nanoparticles are cubic, however, there are some 

irregular TiO2 and rod shape NaCl particles. As can be 

seen in Figure 5, doping of TiO2 by sodium has no 

remarkable effect on the morphology of TiO2 particles. 

However, it seems that the average size of TiO2 

particles has reduced after doping. The average particle 

size of TiO2 is less than 200 nm. The EDX analysis of 

two different morphologies reveals that the rod shape 

particles are NaCl and the others are TiO2 [17, 36]. 

Dye-sensitized solar cells (DSSCs) were 

constructed and compared in order to clarify the 

relationships between the sensitizing behavior of 

organic dye molecules and Na-doped TiO2 thin films. 

This dye was used in DSSCs as sensitizer for 

nanocrystalline anatase TiO2 and Na-doped TiO2. A 

typical photocurrent–photovoltage (J–V) curve for a 

cell based on organic dye is depicted in Figure 6. The 

detailed photovoltaic parameters are also summarized 

in Table 3. The solar energy to electricity conversion 

efficiency (η) of the DSSCs is calculated from short 

circuit current (Jsc), open-circuit photovoltage (Voc), fill 

factor (FF), and the intensity of the incident light (Pin) 

[37]. 
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Figure 4: X-ray diffraction pattern of undoped and Na-doped TiO2 films. 

 

 
Figure 5: FESEM images of Na-doped TiO2 nanostructures. 
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Table 3: Photovoltaic performance of DSSCs based on organic dyes. 

DSSCs based on TiO2 

Dye VOC (V) JSC (mA.cm-2) FF η (%) 

1 0.58 3.59 0.57 1.19 

2 0.57 4.19 0.57 1.34 

3 0.56 4.01 0.57 1.28 

DSSCs based on Na doped TiO2 

Dye VOC (V) JSC (mA.cm-2) FF η (%) 

1 0.52 3.69 0.57 1.09 

2 0.55 4.38 0.57 1.37 

3 0.54 4.31 0.57 1.32 

 

According to the results shown in Table 3, under 

the standard global AM 1.5 solar conditions, the 

conversion efficiencies of solar cells containing organic 

dye (Dyes 1, 2 and 3) based on TiO2 are 1.19%, 1.34% 

and 1.28%, respectively. The efficiencies of solar cells 

containing organic dye (Dye 1-3) based on Na-doped 

TiO2 are 1.09%, 1.37% and 1.32%, respectively. The 

conversion efficiency of the device is probably due to 

the stronger electron withdrawing ability of the 

combined cyanine acceptor groups [38]. The efficiency 

of converting solar energy to electricity by the present 

organic dyes could be improved by extending the 

conjugated length of the organic dyes or by 

incorporation of a thiophene π-bridge [37, 38].  

It can be seen from the photovoltaic results that the 

overall conversion efficiency of DSSCs sensitized by 

Dyes 2 and 3 in the presence of Na-doped TiO2 is 

higher than DSSCs based on undoped TiO2 nano-

particles. The improved performance of Na-doped TiO2 

based DSSC could be attributed to the enhancement in 

optical properties of the sample by decreasing the 

intrinsic defects. Introduction of dopant (Na
+
) to TiO2 

lattice will lead to a downward shift in flat band 

voltage. This in turn enhances the electron injection 

rate from LUMO of dye to the conduction band of TiO2 

which improves the overall DSSC efficiency [17, 36]. 

 

 

Figure 6: Current density-voltage characteristics for a) TiO2 and b) Na-doped TiO2. 
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4. Conclusions 

Three metal-free organic dyes with D-π-A structure 

were utilized as photosensitizer in dye-sensitized solar 

cells devices. Na-doped TiO2 was synthesized via one-

step hydrothermal method successfully for preparation 

of dye-sensitized solar cells. The spectrophotometric 

properties of the organic dyes in solvent and on Na-

doped TiO2 films were examined. The absorption 

maxima of synthesized dyes applied on the surface of 

Na-doped TiO2 film gave a bathochromic effect 

compared to the corresponding dye spectra in solution. 

Finally, the organic dyes were utilized in DSSCs and 

their photovoltaic behaviors were assessed. Solar 

energy to electricity conversion efficiencies of 1.19%, 

1.34% and 1.28% were achieved for synthesized dyes 

1, 2 and 3 in DSSCs based on TiO2, respectively. Solar 

energy to electricity conversion efficiencies of 1.09%, 

1.37% and 1.32% were achieved for synthesized dyes 

1, 2 and 3 in DSSCs based on Na-doped TiO2, 

respectively. The results showed that the overall 

conversion efficiencies of DSSCs sensitized by Dyes 2 

and 3 in the presence of Na-doped TiO2 is higher than 

DSSCs based on undoped TiO2 nano-particles due to 

the enhancement in optical properties of the sample by 

decreasing the intrinsic defects.  
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