
Eng. Sci., 2021, 14, 46–58 

46 | Eng. Sci., 2021, 14, 46-58                                                                        © Engineered Science Publisher LLC 2021 

  

Engineered Science 

DOI: https://dx.doi.org/10.30919/es8d1160 

 

 

Thionaphthoquinones as Photosensitizers for TiO2 Nanorods 
and ZnO Nanograin Based Dye-sensitized Solar Cells: Effect of 
Nanostructures on Charge Transport and Photovoltaic 
Performance 

 

Sharad A. Mahadik,1, 2 Amit Patil,1 Habib M. Pathan,2,* Sunita Salunke-Gawali1,* and Ray J. Butcher3 

 

Abstract 
 

Two analogs of thionaphthoquinone dyes, viz; AMT; 2-((thiophen-2-yl)methylamino)-3-chloro-naphthalene-1,4-dione and 
AET;2-((thiophen-2-yl)ethylamino)-3-chloro-naphthalene-1,4-dione are synthesized from 2,3-dichloronaphthalene-1,4-dione 
and were used as light harvester in the TiO2 and ZnO based dye-sensitized solar cells (DSSC's). FT-IR analysis of AMT and AET 
showed N-H band’s existence at 3316 cm-1 and 3269 cm-1, respectively. X-Ray Crystallographic Data Collection and Refinement 
confirms the AMT crystallizes in monoclinic space group P2/c. The optical properties of the photosensitizers loaded ZnO 
shows the broadband in the UV region assigned to π → π⃰ transition while a visible region band assigned to n → π⃰ charge 
transfer transition. The photovoltaic performances of thionaphthoquinone photosensitizers in TiO2 nanorod and ZnO 
nanograin based electrodes were studied and compared. Electrochemical impedance analysis reveals the higher electron 
transport rate in ZnO, but the improved efficiency of TiO2 based DSSC is due to the higher dye loading and fast electron 
injection. The power conversion efficiencies of the DSSC's fabricated using AMT and AET photosensitizers on ZnO and TiO2NR 
(NR = nanorod) electrodes are 0.02, 0.03, and 0.23, 0.32 %, respectively. The hydrothermally deposited TiO2nanorod arrays 
exhibited the highest performance over doctor blade method deposited ZnO based DSSC's. The present study will open a 
new route to fabricate highly efficient DSSC's using morphologically dependent photoelectrode. 
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1. Introduction  

Since the first report on TiO2-based dye-sensitized solar cells 

(DSSCs) by O'Regan and Grätzel,[1] due to relatively high 

potentials like solar energy conversion efficiency, easy 

manufacture, and their low cost, DSSCs have been considered 

as one of the excellent candidates for a new renewable energy 

source.[2] Nickel cobalt sulfide (NiCo2S4), Copper hydroxide 

(Cu(OH)2) are eco-friendly, low-cost materials used in  

 

supercapacitors for energy storage applications.[3,4] DSSCs are 

a third-generation solar cell that works similar to 

photosynthesis in which different sensitizers are used for 

absorption of light energy.[5] Grätzel and co-workers reported 

that the high-efficiency DSSCs consist of a Ruthenium (II) 

based light absorbing sensitizer loaded nanocrystalline TiO2 

photoanode, redox couple I-/I3
- as an electrolyte, and 

platinized conducting glass as counter electrode.[6,7] None the 

less, Ruthenium (II) based dyes have provided a relatively 

high efficiency; however, there are several drawbacks of them 

such as the durability due to the presence of two or three NCS 

groups, high cost, the rarity of noble metals, and lower molar 

extinction coefficients above 600 nm.[8] Several researchers 

attempted the synthesis and loading of metal-free organic dyes 

in DSSC's to replace Ru (II) based dyes[9] to address these 

issues. Metal-free organic dyes such as 9-phenylxanthene 

dyes (e.g., Rhodamine B dye, rose Bengal dye and fluorescein 
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dye, etc.) are also used as photosensitizers for DSSC's and 

studied their solar cell properties.[10–13] However, besides the 

sensitizers, several other parameters affect the photovoltaic 

performance of the DSSC's such as photochemically stable 

semiconductor materials, molar absorption coefficient, 

electrolyte performance for the regeneration of photosensitizer 

and sheet resistance of the conducting transparent substrates, 

etc.[14-17] Additionally, as the high viscosity of redox electrolyte 

containing iodide and triiodide (I–/I3
–) ions,[18] the diffusion of 

I– and I3
 – ions in ionic liquids is slow, and therefore to reach a 

high conversion efficiency of DSSC's, thin, porous electrodes, 

a high-extinction-coefficient dye should be needed.[19] Despite 

electrolyte, the current research is going on to enhancing the 

efficiency of DSSC by replacing standard Ru-based dyes with 

organic dyes and developing photoanodes with various 

morphologies and metal oxide semiconductors such as zinc 

oxide (ZnO), TiO2 and tin oxide (SnO2).[20-24] 

The power conversion efficiency of 11–13% under the 

simulated one sun illumination has been reported via 

polypyridyl and porphyrin complexes of ruthenium or zinc 

and dyes with carboxy-anchor moieties for binding to the 

surface of the TiO2.
[25,26] Therefore, the fabrication of DSSCs 

with a power conversion efficiency of over 14% has attracted 

considerable interest from numerous research communities.[27] 

As the morphology and structure of the photoanode have a 

crucial role in reducing charge recombination, promoting 

electron transport, and increasing charge collection efficiency, 

selecting the electrode material is one of the critical 

parameters in DSSCs. Therefore, an attempt has been made to 

develop the DSSC's with novel photosensitizers and ZnO and 

TiO2 based photoelectrodes with different structure and 

morphology. Besides, the photosensitizers are derivatives of 

naphthoquinone and act as a chemosensor property; these are 

redox-active compound, these compounds absorb light in UV 

region (π→π⃰) transition and visible region (n→π⃰) transition. 
[28,29] The AMT and AET act as donor-π-accepter (D-π-A) dye 

structures during the DSSC working. In our previous work, the 

2R-(n-alkylamino)-1,4-naphthoquinone were used as a 

photosensitizer for the mesoporous ZnO based 

photoelectrodes. The 2R-(n-alkylamino)-1,4-naphthoquinone 

photosensitizer loaded mesoporous ZnO photoelectrodes 

showed better power conversion efficiency with less 

recombination between photoanode/electrolyte interface and 

higher electron lifetime than the other photosensitizers.[30] 

Therefore attempts have been made to form a novel AMT and 

AET sensitized ZnO nanograin and TiO2 based DSSC's. 

In this investigation, we have designed and synthesized 

novel two analogs of thionaphthoquinones dyes, viz; AMT; 2-

((thiophen-2-yl)methylamino)-3-chloro-naphthalene-1,4-

dione, AET; 2-((thiophen-2-yl)ethylamino)-3-chloro-

naphthalene-1,4-dione. The molecular structures of 

photosensitizers (AMT and AET) are shown in Fig.1. We used 

a doctor blade method and hydrothermal technique to fabricate 

ZnO nanograin and TiO2 nanorod arrays electrodes. Further 

electrodes were analyzed for their structural, morphological, 

and optical properties. Dye-sensitized solar cells are 

developed by loading thionaphthoquinones photosensitizer 

solutions as AMT and AET on the ZnO and TiO2 based 

photoelectrodes in a separate set of experiments. Depending 

upon AET and AMT's choice, the ZnO and TiO2 based 

electrodes are named ZnO/AMT, ZnO/AET, TiO2NR/AMT, 

TiO2NR/AET, respectively. Further, device characteristics in 

terms of the photocurrent, carrier recombination, and transport 

times of the fabricated photoanodes (ZnO/AMT, ZnO/AET, 

TiO2NR/AMT, and TiO2NR/AET) are investigated in detail. 

EIS results of the AET photosensitizer loaded on ZnO/AET 

photoelectrode exhibited lower charge transfer resistance (R2) 

than AMT, suggesting less recombination between 

photoanode/electrolyte interface and higher electron lifetime 

than the (ZnO/AMT, TiO2NR/AET, and TiO2NR/AMT). 

Comparing the optimum ZnO nanograin and TiO2NR based 

DSSC's photoelectrochemical properties, the best device 

efficiency is achieved for the AET photosensitized TiO2NR 

(TiO2NR/AET) electrodes (0.32 %).  The present study 

provides a mechanistic explanation for the dye conjugation 

and development of organic (AMT, AET) sensitized ZnO and 

TiO2NR based DSSC's. 

 
Fig. 1 Molecular structures of photosensitizers (AMT and AET, 

respectively). 

 

2. Experimental  

2.1 Materials and methods 

The materials used viz 2,3-dichloronaphthalene-1,4-dione 

were purchased from Sigma-Aldrich. Dichloromethane (AR), 

Toluene (LR), Methanol (AR), Ethanol (AR) were purchased 

from Merck Chemicals. Toluene was distilled by standard 

methods,[31] and dry methanol was prepared by the literature 

reported procedure.[32] Thiophen-2-ylmethanamine (AR), 

Titanium butoxide, Hydrochloric acid, 2-(thiophen-2-

yl)ethanamine (AR), ZnO powder (Sigma-Aldrich), 

ethylcellulose (SRL), α-terpineol obtained from HPCL, and 

acetylacetone (SRL) was used as received.  

 

2. 2 General procedure for the synthesis of photosensitizers 

2-((thiophen-2-yl)methylamino)-3-chloro-naphthalene-1,4-

dione (AMT) and 2-((thiophen-2-yl)ethylamino)-3-chloro-

naphthalene-1,4-dione (AET) was synthesized by using 

Scheme 1(a,b). Specifically, 1 g of 2,3-dichloronaphthalene-

1 ,4 -d ione  (4 .40  mmol )  w as  d i s so l ved  in  25  ml 

dichloromethane. Further, the solution was kept stirring for 30 

min at room temperature (26°C). The required amount of 
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thiophen-2-ylmethanamine/2-(thiophen-2-yl)ethanamine 

(4.40 mmol) was added dropwise with constant magnetic 

stirring. The reaction mixture was further stirred for 12 h at 

room temperature (26 °C). Further, the color of the reaction 

mixture was turned from yellow to orange. The product 

obtained was evaporated in air and purified by exhaustive 

column chromatography (Solvent system 100 % toluene). 

 
Scheme 1 Scheme 1 (a) Synthesis of photosensitizer AMT (from 

left to right) respectively 2,3-dichloronaphthalene-1,4-dione, 

thiophen-2-ylmethanamine, 2-((thiophen-2-yl)methylamino)-3-

chloro-naphthalene-1,4-dione, (b) Synthesis of photosensitizer 

AET (from left to right) respectively 2,3-dichloronaphthalene-

1,4-dione,2-(thiophen-2-yl)ethanamine, 2-((thiophen-2-

yl)ethylamino)-3-chloro-naphthalene-1,4-dione (photosensitizer 

AET). 

 

2.3 Characterization of AMT and AET 

FT-IR spectra of AMT and AET recorded between 4000 and 

400 cm-1 as ATR Spectrophotometer (Fig. S1 and Fig. S2 in 

ESI†). Melting points (mp) of compounds were determined 

using the melting point apparatus (Make- METTER) and by 

DSC; (Differential Scanning Calorimetry) recorded on 

SHIMADZU, Make-TA Q2000; Tzero aluminum pan used as 

sample holder in DSC studies (Fig. S3 and Fig. S4 in ESI†). 
1H (400 MHz) and 13C (100 MHz) NMR of all compounds 

were recorded in DMSO-d6 on Varian NMR instrument. TMS 

(tetramethylsilane) was used as the reference in the CDCl3 

solvent, while the spectra recorded in DMSO-d6 are calibrated 

with solvent peak δ = 2.5 ppm (Fig. S5, Fig. 6 and Fig. S7, Fig. 

S8 in ESI†). The mass of the AMT and AET was determined 

by the Liquid chromatograph-mass spectrum (LC-MS) 

recorded on Bruker mass spectrometer (Make: IMPACT II 

UHR-TOF, Ultra-High-Resolution Time-Of-Flight) (Fig. S9 

and Fig. S10 in ESI†). 

 

2.4 X-Ray Crystallographic Data Collection and 

Refinement of the Structures 

X-ray quality crystal AMT was obtained after the evaporation 

of methanol solvent. The crystal of the appropriate size was 

chosen for data collection. Data for AMT were collected on 

D8 venture PHOTON 100 CMOS diffractometer using 

graphite Monochromated Mo-Kα radiation (λ = 0.71073Å) 

from a Mo-target rotating-anode X-ray source was used. Final 

cell constants obtained from the least-squares fit of several 

thousand strong reflections. Intensity data corrected for 

absorption using intensities of redundant reflection with the 

program SADAB.[33-34] The structure was solved readily by 

direct methods and subsequent difference Fourier techniques. 

The Siemens ShelXTL[35-37] software package used for a 

solution and Mercury 3.8 for the structures' artwork, 

SHELXL2018/3, based on F2, was used to refine the structures. 

All non-hydrogen atoms anisotropically refined, and hydrogen 

atoms were placed at the calculated position and refined as 

riding atoms with isotropic displacement parameters. The 

crystallographic parameters for AMT can be represented in 

Table S1-S8 in ESI†. Crystallographic data have been 

deposited with the Cambridge Crystallographic Data Centre 

(CCDC). They may be obtained on request quoting the CCDC 

deposition number 2042885 from the CCDC, 12 Union Road, 

Cambridge CB21EZ, UK (fax: +44 1223 336 033; E-mail 

address: deposit@ccdc. cam.ac.U.K).  

 

2.5 Preparation of photoelectrodes (ZnO nanograins and 

TiO2 nanorod arrays) 

2.5.1 Formation of ZnO compact layer on FTO 

The fluorine-doped tin oxide (FTO) having a resistance 16 

Ω/□ (ohms per square) was cleaned with a soap solution, 

followed by 15 min ultrasonication in a mixture of double-

distilled water (DDW), ethanol and then again washed with a 

copious amount of DDW.[38,39] Further, a ZnO compact layer 

on the FTO substrate was deposited using the SILAR method. 

Typical SILAR process includes 0.1M Zn(NO3)2.6H2O 

solution in DDW and 20% ammonia solution in one beaker; 

the second beaker contains the cold water and the third beaker 

filled with hot water (80°C). During the SILAR process, FTO 

was dipped in the successive beaker with 5 sec, 2 sec, and 10 

sec, respectively. After thirty cycles, ZnO compact layer was 

formed on the FTO substrate. Finally, the films were annealed 

in the box furnace at 450°C for 1 h. 

 

2.5.2 Developments of ZnO photoelectrodes and AMT, 

AET photosensitization 

In the second step, after the ZnO compact layer was formed 

on the FTO substrate, the ZnO paste was prepared separately 

using thoroughly grinding of 0.5 g ZnO powder with 10 ml 

ethanol in mortar and pestle. The mixture was ultrasonicated 

for 1 h. Furthermore, ethylcellulose and 1.36 g of α-terpineol 

were added, followed by 4 h ultrasonication. Again, 2-3 drops 

of acetylacetone were added to the above-prepared mixture 

and then ultrasonicated for the next 1 h. Afterward, the mixture 

was filled in a bottle and was kept in an incubator for 9 h to 

form the paste. Finally, the doctor blade method was used to 

prepare ZnO nanograin photoanodes. In the typical process, 
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two edges of the compact layered FTO covered by scotch tape 

and ZnO nanograin paste was coated on a compact ZnO 

layered FTO substrate. The as-deposited film was air-dried at 

60C in an incubator for 3 h, and then finally annealed in the 

box furnace at 450C for 1 h. Lastly, to increase the 

photoanode's porosity, the ZnO nanograin photoelectrodes 

were treated with water vapors[40] using a steamer. After water 

vapors treatment, the photoelectrodes were dried at room 

temperature (27C) and annealed at 120C in a furnace for 1 

h. The AMT, AET photosensitized ZnO photoelectrodes were 

prepared via the sensitizing process. The 0.01 M solution of 

photosensitizers in methanol was prepared first. Then, doctor-

bladed ZnO nanograin photoanodes were dipped into the 

sensitizer solution for 72 h at room temperature (27°C) under 

the dark condition. After loading photosensitizers, the 

photoanodes were washed with ethanol for 10 s to remove the 

unloaded and loosely attached photosensitizer molecules. 

Finally, these AMT, AET photosensitized ZnO 

photoelectrodes were termed ZnO/AMT and ZnO/AET. 

 

2.5.3 Developments of TiO2 nanorod photoelectrodes and 

AMT, AET photosensitization  

The FTO was cleaned and having a resistance of 16 Ω/□ (ohms 

per square). Synthesis of TiO2 nanorod (TiO2NR) by 

hydrothermal process, a 1 ml of titanium butoxide was added 

in the 30 ml of concentrated HCl stirred for 5 min. The same 

amount of DDW (30 ml) was poured into the above solution 

with vigorous stirring for the next 30 min. Further, this 

solution was transferred into the Teflon-lined stainless-steel 

autoclave. Afterward, two FTO's were fitted into the FTO 

holder and kept into the autoclave such that its conducting 

edges are facing the walls of the autoclave. Finally, the 

autoclave was closed and maintained at 150 °C for 4 h in the 

electric oven. After cooling to room temperature, the white 

TiO2/ FTO films were washed with a copious amount of DDW 

and dried at room temperature (27 °C).[41,42] The AMT, AET 

photosensitized TiO2NR photoelectrodes were prepared via 

the sensitizing process. Initially, a 0.01 M solution of 

photosensitizers (AMT and AET) in methanol was prepared 

separately. Then, hydrothermally prepared TiO2NR 

photoanodes were dipped into the sensitizer solution for 72 h 

at room temperature (27°C) under the dark condition. After 

loading photosensitizers, the photoanodes were washed with 

ethanol for 10 s to remove the unloaded and loosely attached 

photosensitizer molecules. Finally, these AMT, AET 

photosensitized TiO2NR photoelectrodes were denoted 

TiO2NR /AMT and TiO2NR /AET. 

2.6 Construction of dye-sensitized solar cell (DSSC) 

In the present investigation, DSSC is fabricated with the key 

parameters such as AET and AMT sensitized ZnO nanograin 

and TiO2 nanorod based working electrodes, redox-mediator 

(electrolyte), and a counter electrode. The spacer was used 

(thickness ~40 μm) between the working electrode and 

counter electrode with a 0.5 x 0.5 cm2 active cell area. The 

platinum electrode was used as a counter electrode. The 

photosensitizers loaded photoanodes were sandwiched with a 

platinum electrode. The polyiodide was injected between the 

photoelectrode and platinum electrode; simultaneously, care 

was taken to avoid any air bubble inside the solar cell assembly. 

Electrolyte solution was a mixture of 0.5M tetra-n-

propylammonium iodide ((CH3CH2CH2)4NI) and 0.05M 

iodine (I2) in an (ethylene carbonate: acetonitrile) mixed 

solvent (80: 20) proportion was used.[43] This prepared device 

was further used for the photovoltaic measurement. The 

components and the experimental Scheme of AET and AMT 

photosensitized ZnO and TiO2 based DSSC is shown in Fig. 2. 

 

 

 
Fig. 2 Experimental process of AET and AMT photosensitized ZnO and TiO2 based DSSC. 
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2.7 Characterization of photosensitizers 

2.7.1 Characterization of AMT 

Orange solid, Yield: 0.78 g, 90.51 %. mp: 125.02C (Fig. S3 

in ESI†). Anal. data calc. for C15H10O2NSCl (303.7 g/mol): C, 

59.31; H, 3.32; N, 4.61 %. Found: C, 59.22; H, 3.04; N, 4.06%. 

FT-IR (ATR, cm-1): 3316, 1671, 1595, 1566, 1512, 1333, 1290, 

1242, 1137, 1056, 1017, 829, 716, 702, 627, 546, 501, 449 

(Fig.S1 in ESI†). 1H NMR (400 MHz, DMSO-d6, δ(ppm)): 

8.08 (d, J = 7.5 Hz, 1H, Ar), 7.95 (d, J = 7.5, 1H Ar), 7.81(t, J 

= 7.5 Hz,1H, Ar), 7.73( t, J = 8 Hz, 1H, Ar), 7.40  (t, J = 5Hz, 

1H, Ar), 7.04 (d, J = 7.5 Hz, 1H Ar), 6.97 (d, J = 6 Hz 1H), 

5.11 (s, -CH2), 2.51(s, -NH) (Fig. S5 in ESI†).13C NMR (100 

MHz, DMSO-d6, δ(ppm)):180.60, 176.33, 176.04, 142.90, 

142.84, 135.41, 135.14, 133.34, 132.17, 131.37, 130.38, 

127.54, 127.31, 127.01, 126.31, 126.07, 125.76, 42.77, 40.53, 

40.32, 40.11, 39.91, 39.70, 39.49, 39.28 (Fig. S6 in ESI†). LC-

MS (m/z): 303.76 g/mol (303.70 g/mol) (Fig. S9 in ESI†). 

 

2.7.2 Characterization of AET 

Orange solid, Yield: 0.78 g, 90.51 %. mp: 120.28 C (Fig. S4 

in ESI†). Anal. data calc. for C16H12O2NSCl (317.7 g/mol ): C, 

60.47; H, 3.81; N, 4.41 %. Found: C, 60.22; H; 3.78, N, 

4.50%.FT-IR (ATR, cm-1): 3269, 1674, 1645, 1601, 1572, 

1503, 1443, 1357, 1332, 1290, 1264, 1247, 1227, 1132, 1069, 

820, 787, 719, 677, 610, 548, 497, 465, 415 (Fig. S2 in ESI†). 
1H NMR (400 MHz, DMSO-d6, δ(ppm)):7.98 (d, J = 7.5 Hz, 

1H, Ar), 7.96 (d, J = 7.5, 1H Ar), 7.82(t, J = 7.5 Hz, 1H,Ar), 

7.74( t, J = 8 Hz, 1H, Ar), 7.52  (t, J = 5 Hz, 1H, Ar), 7.33 (d, 

J = 7.5 Hz, 1H, Ar), 6.94 (t, J = 5 Hz 1H), 3.99 (q, J = 6 Hz, 

2H-CH2), 3.14 (t, J = 6 Hz, 2H, -CH2), 2.51(s, -NH) (Fig. S7 

in ESI†).13C NMR (100 MHz, DMSO-d6, δ(ppm)):180.57, 

175.92, 145.65, 140.85, 135.40, 133.19, 132.33, 130.32, 

129.73, 127.55, 126.95, 126.29, 126.01, 124.84, 45.89, 31.43 

(Fig. S8 in ESI†). LC-MS (m/z): 317.9 g/mol  (317.75 g/mol) 

(Fig. S10 in ESI†). 

 

2.8 Characterization of ZnO nanograin and TiO2 nanorods 

arrays photoelectrodes 

The structure and crystallite size of prepared ZnO nanograin 

and TiO2 nanorods arrays based photoelectrodes was 

calculated using a powder X-ray diffractometer, Bruker D8, 

with Cu-kα radiation source, wavelength (λ) = 0.154 nm and 

the angular range of 20-80⁰. The X-ray tube used with a fixed 

current of 30 mA and voltage set 40 kV, respectively. The UV-

Vis absorption spectra of dyes and photoanodes were collected 

using the Jasco Ultraviolet-Visible spectrophotometer model 

(V-670). The morphology of photoanodes was further 

analyzed using the JEM-2010 field emission-scanning 

electron microscopy (FE-SEM) instrument (SUPRA40VP, 

Germany). The Fourier-transform infrared spectroscopy (FT-

IR) spectra of photosensitizers (AET and AMT) and 

photosensitizers loaded photoanodes were recorded in 4000-

400 cm-1 using a BRUKER FT-IR spectrophotometer. 

 

2.9 Photovoltaic measurements  

The photocurrent density-voltage (J-V) characteristic curves 

of DSSC's were obtained for an active cell area (0.25 cm2) 

generated using a Keithley 2400 source meter and solar 

simulator (ENLITECH Model SS-F5-3A) with incident light 

intensity 100 mW cm−2. Electrochemical impedance 

spectroscopy (EIS) was measured using 

potentiostat/galvanostat (Vertex IVIUM Technologies, 

Netherlands). Measurements were carried out at applied 

potential -0.22 V with 0.01 V amplitude over a frequency 

range of 1 Hz – 1000 kHz under illumination with a light 

intensity of 100 mW cm−2. All the EIS spectra were fitted 

using ZView software. 

 

3. Result and discussion 

3.1 Synthesis and characterization of photosensitizer AMT 

and AET 

Photosensitizer AMT and AET were synthesized (Scheme1a, 

b) at room temperature (26C) and characterized by FT-IR 

(Fig. S1 and S2 in ESI†), 1H (Fig. S5 and S7 in ESI†) and 13C 

(Fig. S6 and S8 in ESI†) NMR, elemental analysis, LC-MS 

(Fig. S9 and S10 in ESI†), UV-visible spectroscopy, and 

single-crystal X-ray diffraction studies. The melting point of 

photosensitizers was obtained by Differential Scanning 

Calorimetry (DSC) (Fig. S3 and S4 in ESI†). A sharp peaks at 

~3316 cm-1, 1671 cm-1, 1595 cm-1 and 1565 cm-1 in FT-IR 

were assigned to N-H, C=O, C-N, C=C vibrations 

respectively. The characteristics paranaphthoquinone (p-NQ) 

vibrations were observed at~ 1290 cm-1 and 1242 cm-1, while  

C(3)-Cl  was observed at 716 cm-1 for AMT.[30,44] For AET, a 

sharp peak at 3269 cm-1, 1674 cm-1, 1601 cm-1 and 1572 cm-1 

in FT-IR were assigned to N-H, C=O, C-N, C=C vibrational 

frequencies, respectively. A characteristics 

paranaphthoquinone vibrations were observed at ~ 1290 cm-1 

and 1247 cm-1, while C(3)-Cl  was observed at 719 cm-1 for 

AET.[30,44]  

 
Fig. 3 ORTEP of AMT. The ellipsoids were drawn with a 50% 

probability. 
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3.2 Single-crystal X-ray diffraction studies of AMT 

photosensitizer 

Fig. 3 shows ORTEP (Oak Ridge Thermal Ellipsoid Plot) of 

AMT photosensitizer, and the ellipsoids were drawn with a 50% 

probability. Besides, Fig. 4 shows - stacked dimer chains 

of the asymmetric molecules of AMT. The crystal data of 

AMT and hydrogen bonding geometries are presented in Table 

S1 and Table S2 in ESI†, respectively. AMT crystallizes in 

monoclinic space group P2/c. The asymmetric unit comprises 

two AMT molecules; those differed in bond distances (Fig. 

S11 in ESI†) and hydrogen bonding interactions (Table S2 in 

ESI†). The carbonyl bond distances are C(1)-O(1A) = 1.227 

Å, C(1B)-O(2B) = 1.217 Å and C(4A)-O(2A) = 1.221Å. These 

distances were similar to the oxidized form of similar 

naphthoquinones.[28,29,45,46,47] Also, the bond angles of C 

(3A)-N(1A)-C(11A) and C(2B)-N(1B)-C(11B) are found to 

be 127.81. The naphthoquinone and thiophene rings are not 

on the plane. The planes of the naphthoquinone ring and 

thiophene rings of the asymmetric molecules make an angle of 

85.2 and 82.4. One of the asymmetric molecules is in the 

vicinity of four neighboring molecules, while the other in the 

vicinity of three similar molecules (Fig.S12 in ESI†). With the 

opposite orientation of the molecules, both the molecules of 

asymmetric unit form a dimer via N-H···O interaction, that 

supported by C···S close contacts. Further, a polymeric chain 

of the - stacked dimer is formed via C-H···O interaction 

(Fig.4). 

 
Fig. 4 - stacked dimer chains of asymmetric molecules of AMT. 

3.3 Surface morphology of ZnO and TiO2NR photoanodes 

Surface and cross-sectional FESEM of ZnO nanograin paste 

on FTO revealed that the FTO's entire surface is covered with 

hexagonal and oval-shaped ZnO nanograins as shown in Fig. 

5(a). The cross-sectional FESEM of the ZnO photoanode 

shows a thickness of the ZnO nanograin based photoanode is 

11.95 µm Fig. 5(b). It can also be seen that the ZnO 

nanoparticles covered on the FTO show the porous structure 

of the developed photoanode. The porous structure of the 

photoelectrode allows efficient dye loading for effective  

DSSCs. Despite the ZnO electrode, the Fig. 5(c) and Fig. 5(d) 

shows the surface and cross-section images of the 

hydrothermally deposited TiO2 photoelectrode. Fig. 5(d) 

shows the thickness of TiO2 nanorods is approximately 1.7 µm. 

The vertically aligned TiO2 nanorod arrays uniformly covered 

the FTO conducting side. The nanorod's upper faces are round-

shaped, and some space is present in between the two 

nanorods led to a porous structure to hydrothermally TiO2 

photoelectrodes. This porous structure could be helpful during 

the photosensitizer loading and photovoltaic measurements. 

The more electrolyte is inserted into porous and more give rise 

to the more active surface area.[48] 

 
Fig.5 Surface and cross-sectional FE-SEM images of (a, b) doctor 

bladed ZnO nanograin photoanodes, (c, d) hydrothermally based 

TiO2 nanorod arrays grown on FTO surface. 

 

3.4 X-ray diffraction analysis of ZnO and TiO2NR 

Photoanodes 

Fig. 6(a) depicts the XRD patterns of doctor bladed ZnO 

nanograins photoelectrodes.The XRD peaks observed at 2θ = 

31.6, 34.3, 36.1, 47.3, 56. 4, 62.7 and 68.3 correspond to (100), 

(002), (101), (102), (110), (212), and (201) planes of 

hexagonal structure of ZnO (JCPDS file 36-1451 of ZnO). The 

high-intensity peaks in the XRD pattern of doctor-bladed ZnO 

nanograins photoelectrodes indicate ZnO nanoparticle's 

polycrystalline nature.[49] The FTO substrate peaks are 

indicated by "*". Further, Fig. 6(c) depicts the XRD pattern of 

the hydrothermally deposited TiO2 nanorod arrays grown on 

the FTO substrate at 150 oC for 4h. The presence of XRD 

diffraction peaks at 2θ = 36.13°, 41.2°, and 54.31° have 

resembled the tetragonal phase of the rutile TiO2 (reference 

code. 98-002-4277). The results well agreed with the results 

obtained by Wu et al..[50] Furthermore, Fig.6. (b,d) shows the 

full-width half maxima (FWHM) of (100) and (101) peaks of 

the ZnO and TiO2NRs. The crystallite size of ZnO and 

TiO2NR at (100) and (101) peaks is calculated by using 

Scherrer's formula.[51] The crystallite size of ZnO is 13.51 nm 
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and 24.26 nm for TiO2NR, respectively. However, the higher 

intensity of FTO peaks in the TiO2NR/FTO photoanodes is 

due to the ZnO-based photoanodes lower thickness. The 

results are well matched to the FESEM.[52] 

 
Fig. 6 a) XRD patterns of  Doctor bladed ZnO nanograins 

photoelectrodes, (b) Full-width half maxima (FWHM) peak for 

crystallite size analysis of ZnO (c) hydrothermally deposited TiO2 

nanorod arrays grown on FTO substrate. (FTO peaks indicated by 

"*") and (d) FWHM peak for crystallite size analysis of TiO2NR.  

 
Fig. 7 UV-Visible spectra of (a) photosensitizers, (b) 

Photosensitizers loaded ZnO photoanodes, and (c) 

Photosensitizers loaded TiO2NR photoanodes. 

 

3.5 UV-Vis absorption analysis of photosensitizers (AMT, 

AET) and Photoanodes (ZnO/AMT, ZnO/AET, 

TiO2NR/AMT, and TiO2NR/AET)  

UV-Visible spectra of photosensitizers and photosensitizer 

loaded photoanodes ZnO/AMT, ZnO/AET, TiO2NR/AMT and 

TiO2NR/AET are shown in Fig. 7(a,b,c). Bathohromic shift 

observed in the photosensitizers loaded on the photoanode is 

shown in Table S9 in ESI†. UV- vis spectra of photosensitizer's  

AMT and AET is shown in Fig. 7(a). The maximum 

absorption wavelength  (λmax)  at  ~464  nm and 469 nm, 

respectively, for AMT and AET. The photosensitizer's UV-vis 

spectra loaded photoanodes (ZnO/AMT, ZnO/AET) are 

shown in Fig. 7(b). The maximum absorption wavelength  

(λmax) at 503 nm and 500 nm, respectively (n → π⃰  electronic 

transition). The UV-vis spectra of photosensitizer's loaded 

photoanodes (TiO2NR/AMT, TiO2NR/AET) are shown in Fig. 

7(c). The maximum absorption wavelengths  (λmax) of 

TiO2NR/AMT, TiO2NR/AET at 506 nm and 508 nm (n → π⃰ ) 

electronic transition. 

 
Fig. 8 (a,b) FT-IR characteristiic of photosenstizers AMT and 

AET, (c,d) FT-IR of ZnO photoanodes and (e,f) FT-IR of TiO2 

photoanodes. 

 

3.6 FT-IR analysis of photosensitizers and photoanodes 

Fig. 8(a,b) showed the FT-IR spectra of thionaphthoquinone 

photosensitizers (AMT, AET), and Fig. 8(c-f) of ZnO, TiO2NR 

photoanodes measured in the range of 3450-2650 cm-1 and 

1750-1400 cm-1
, respectively. The FT-IR band frequencies of 

all photosensitizers and photoanodes are summarized in Table 

1. The N-H band of photosensitizers AMT (3316 cm-1) and 

AET (3269 cm-1) was decreased by 50 cm-1 and increased by 

48 cm-1in their ZnO photoanodes, respectively. Whereas as it 

was decreased by 54 cm-1 and increased by 4 cm-1 in the 

TiO2NR photoanodes. On the other hand, the C=O frequencies 

of photosensitizers observed at 1671 (AMT) and 1674 cm-1 
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(AET) shifted to higher wavenumber by 4 cm-1 and lower 

wavenumber 2 cm-1 (in ZnO) and higher wavenumber 

(Bathochromic shift) by 5, 6 cm-1 respectively (in TiO2NR) for 

their photoanodes. However, the C-N frequency observed at 

1595 cm-1 (AMT) and 1601 cm-1 (AET), is increased by 7 cm-

1 and decreased by 7 cm-1 respectively (in ZnO) and 

bathochromic shifted to 15 cm-1, 10 cm-1 respectively (in 

TiO2NR) photoanodes.  

 

Table 1 FT-IR band frequencies of all photosensitizers and 

photoanodes. 

Photosensitizers/ 

Photoanode 

 N-H 

band        

frequencies 

(cm-1) 

C=O  band 

frequencies  

(cm-1) 

C-N band 

frequencies  

(cm-1) 

AMT 3316 1671 1595 

ZnO/AMT 3266 1675 1602 

TiO2NR/AMT 3262 1677 1610 

AET 3269 1674 1601 

ZnO/AET 3317 1672 1594 

TiO2NR/AET 3273 1679 1611 

 

Table 2 Comparative photovoltaic performance of ZnO 

nanograin and TiO2 nanorod photoanodes DSSCs. 

Photosensitizers/ 

Samples 

Voc 

(V) 

 Fill 

factor 

Jsc 

(mA/cm2) 

Efficiency 

 η (%) 

ZnO/AMT 0.21 60 0.17 0.02 

ZnO/AET 0.22 59 0.22 0.03 

TiO2NR/AMT 0.41 33 1.73 0.23 

TiO2NR/AET 0.42 44 1.73 0.32 

 

3.7 Photovoltaic performance 

3.7.1 J-V characterization of ZnO/AMT and ZnO/AET 

photoanodes 

The DSSCs properties of the ZnO electrode-based DSSC were 

investigated in detail. The prepared ZnO/AMT and ZnO/AET 

electrodes were used as photoanodes, and the platinum-coated 

FTO substrate was utilized as a counter electrode in the DSSC 

application. The fabrication scheme of ZnO/AMT and 

ZnO/AET  based DSSC is shown in Fig. 9(a), and the data 

presented in Table 2. Fig. 9(b) illustrates that ZnO/AMT based 

DSSC exhibits short-circuit current density (Jsc) of 

0.17 mA·cm−2, open-circuit voltage (Voc) of 0.21V, fill factor 

(FF) of 0.60%, and a power conversion efficiency (PCE) of 

0.02%. Interestingly, except for fill factor (FF) of 0.59%, a 

ZnO/AET based DSSC exhibits the higher short-circuit 

current density (Jsc) of 0.22 mA·cm−2, open-circuit voltage 

(Voc) of 0.22V, and a power conversion efficiency (PCE) of 

0.03% than that of the ZnO/AMT based DSSC. 

 

3.7.2 Electrochemical impedance spectroscopy (EIS) 

analysis of ZnO/AMT and ZnO/AET photoanodes 

Furthermore, to investigate the kinetics and energetics of 

charge transport and recombination in DSSCs, the 

electrochemical impedance spectroscopy (EIS) has been used. 

Fig. 9(c) shows the electrochemical impedance spectra of the 

ZnO/AMT and ZnO/AET based DSSC under dark conditions. 

The EIS data were fitted by ZView software using the 

equivalent circuit (Inset of Fig. 9(c)), and the fitted values are 

listed in Table 3. The equivalent circuit consists of Two 

resistance and corresponding capacitance. Rs is the resistance 

between the FTO and ZnO nanograins interface through the 

non-zero intercepts on the real axis of the plot between Z,' and 

Z", and the parallel resistance R1 is the bulk charge-transfer 

resistance, and CPE1 denotes corresponding double-layer 

capacitance; meanwhile, R2 and CPE2 characterize the 

charge-transport resistance and the double-layer capacitance 

between of ZnO nanograin based photoanodes and the 

electrolyte interface, respectively.[53,54] It was reported that 

under dark conditions, the more considerable value of R2 

leads to the reduction in charge recombination rate, which is 

favorable towards the enhancement in device efficiency.[55] 

The schematic of charge transfer in ZnO nanograin based 

DSSC is shown in Fig. 9(d). The Bode phase plot shows the 

signature peak, representing interfacial electron 

recombination towards the low-frequency region for the 

ZnO/AMT and ZnO/AET based DSSCs (Fig. 9(e)). Electron 

lifetime was calculated from the bode plot using formula τeff = 

1/2πf.[54] The considerable increase in the τeff values of 

ZnO/AET than the ZnO/AMT indicates the effective 

suppression of the back reaction between the photogenerated 

electrons. This may be the possible reason for the higher 

power conversion efficiency of ZnO/AET based DSSC than 

that of the ZnO/AMT photoanode-based DSSC.[56] Further, the 

photovoltaic properties of ZnO/AET and ZnO/AMT based 

DSSC under one sunlight condition were characterized, with 

the parameters summarized in Table 3. 
 

Table 3 Electron Transport Properties of the photoanodes by using ZnO based DSSCs. 

Samples/ 

DSSC 

parameters 

R1 

(Ω) 

R2 

(Ω) 

R2/ 

R1 

Frequency 

(Hz) 
ᶯcc 

τeff 

(m Sec) 
Ln 

τD 

(m Sec) 

Deff 

(m sec-1) 

Leff 

(mm) 

ZnO/AMT 273.7 6983 25.51 20.89 0.96 7.6 5.05 0.298 0.4758 0.0601 

ZnO/AET 201.1 8877 44.14 12.02 0.97 13.24 6.64 0.299 0.4778 0.0795 
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Fig. 9 (a) Schematic representation of fabricated DSSC based on 

ZnO electrode, (b) J-V, (c) Nyquist plot (Inset reveals the 

Equivalent circuit model for EIS analysis), (d) corresponding 

Scheme of a DSSC formation with marked electron flow and (e) 

Bode phase plot of fabricated AET and AMT loaded ZnO 

electrode DSSCs. 

 
3.7.3 J-V characterization of TiO2NR/AMT and 

TiO2NR/AET photoanodes 

To evaluate the effect of surface morphology on the 

photovoltaic properties of DSSC, the TiO2/AET and 

TiO2/AMT based DSSC devices were fabricated and 

compared with the ZnO nanograin based DSSC (ZnO/AET 

and ZnO/AMT) under the same conditions. Fig. 10(a) shows 

the J–V characteristics for the AET and AMT loaded TiO2 

electrode-based DSSCs. The modified TiO2NR/AET 

photoanode exhibits a short circuit current density (Jsc) of 1.73 

mA cm−2, an open-circuit voltage (Voc) of 0.42 V, and a fill 

factor (FF) of 0.44, resulting in the power conversion 

efficiency (η) of 0.32%. Thus, compared with ZnO/AMT, 

ZnO/AET, and TiO2/AMT, respectively, were significantly 

improved in TiO2NR/AET. 

The improved photocurrent efficiency (PCE) of the AET 

loaded photoanodes than the AMT photosensitizer is because 

of the photosensitizer AET's different substituents than the 

AMT oxidation. Thus, the photosensitizer structure and the 

substituents are affecting the efficiency of DSSCs.[57] Previous 

studies also reported the effect of different substituents like 

alkyl chains, alkoxy groups, aryl groups, anthracene & 

naphthalene rings on the efficiency of DSSCs.[58-61] More 

recently, Khanmohammadi et al. also reported the electron-

donating groups on the moiety part of the naphthoquinone 

photosensitizers to increase the donor part's electron density 

photosensitizers.[62] Therefore, in the present study, the effect 

of the electron-donating substituent such as –CH2– led to an 

increase in the efficiency of the AET photosensitizer loaded 

ZnO and TiO2NR photoanodes. ZnO nanograins' power 

conversion efficiency is much lower than TiO2NR because the 

morphology of the TiO2NR is more porous than the ZnO 

nanograin photoanode. As a result of the higher surface area, 

to increase the number of dye molecules are adsorbed onto the 

TiO2NR photoelectrode.[63] Due to this reason, the absorption 

of sunlight is increased and increases its efficiency.    

 
Fig. 10 (a) J-V, (b) Nyquist plot (Inset reveals the Equivalent 

circuit model for EIS analysis), (c) Bode phase plot of fabricated 

AET, and AMT loaded TiO2 electrode DSSCs and (d) 

corresponding Scheme of a DSSC with marked electron flow.  

 

3.7.4 Electrochemical impedance spectroscopy (EIS) 

analysis of TiO2NR/AMT and TiO2NR/AET photoanodes 

The corresponding electron transport/recombination dynamics 

in the TiO2NR network, electron transfer between the counter 

electrode and electrolyte under dark conditions were carried 

out using EIS. The EIS data were fitted using ZView software 

to determine the electrochemical parameters, and fitted data 

are presented in Table 4. The R2 value of the TiO2NR/AET is 

a bit smaller than that of the TiO2NR/AMT, suggesting the one 

more opportunity for electron loss while traveling to FTO. 

However, the TiO2NR/AET leading to significantly improved 

photovoltaic properties than that of the TiO2NR/AMT DSSCs. 

The results indicated that rather than the electrical contact 

between the photosensitizer loaded TiO2NR, the significant 

AET dye loading, light absorption, and scattering by TiO2 

NR/AET photoanodes are the main factors resulting in the 

highest Jsc and maximum η. Fig. 10(c) displays the Bode plot 
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Table 4 Electron transport properties of the photoanodes by using TiO2NR based DSSCs. 

Samples/ 

DSSC parameters 

R1 

(Ω) 

R2 

(Ω) 

R2/ 

R1 

Frequency 

(Hz) 
ᶯcc 

τeff 

(m sec) 
Ln 

τD 

(m sec) 

Deff 

(m sec-1) 

Leff 

(mm) 

TiO2NR/AMT 352.8 54451 154.33 13.33 0.99 1.10 12.4 0.007 0.405 0.0211 

TiO2NR/AET 324.3 40164 123.84 13.28 0.99 1.18 11.1 0.009 0.303 0.0189 

obtained from EIS analyses. The actual lifetime (τeff) of the 

electrons at the interface between the counter electrode and 

electrolyte can be calculated according to the literature, and 

the value is given in Table 2.[64,65] The comparative 

photovoltaic performance of ZnO nanograin and TiO2 nanorod 

photoanodes DSSCs are summarized in Table 2. The 

architecture of AET and AMT dye-sensitized solar cells based 

on TiO2NR photoanodes is shown in Fig. 10(d). 

 
Fig. 11 Schematic diagram of the light scattering effects in the 

TiO2NR's based DSSC. 

 

In the present investigation, a schematic of a DSSC is 

shown in Fig. 11. The central part is AET sensitized TiO2NR's 

photoelectrode, electrolyte solution, and thin catalyst layer of 

Platinum (Pt) was deposited - on the counter electrode.[66] The 

TiO2NR increased the dye loading capacity and improved light 

scattering ability due to high surface-area-to-volume ratio and 

porous nanostructure.[67, 68] Under the light illumination, due 

to TiO2 nanorods structure exhibits significant light scattering. 

The effective light scattering layer is essential to reduce light 

loss during the DSSC process, reducing power conversion 

efficiency (PCE).[69] Therefore, corresponding to the energy 

difference between its highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO), 

the AET dye-sensitized on the surface of TiO2nanorod absorbs 

more the incident photon flux and excited from the ground 

state (S) to the excited state (S*).[70] 

Further, the excited state of the dye molecule (S*) injects 

the electron into the conduction band (CB) of TiO2NR.[71] 

Subsequently, the electron flows through the one-dimensional 

TiO2NR’s nanostructure to the load before the counter 

electrode entrance. Such an effective electron transfer in 

nanorod structures can retard the fast electrons–holes 

recombination on TiO2NR’s.[72] These electrons are further 

used to reduce the oxidized redox mediator on the counter 

electrodes surface. Thus, the electron transfer cycle will be 

completed when the oxidized AET dye molecule is facilitated 

to its ground state by the redox mediator in the electrolyte in 

the following ways: the oxidized AET photosensitizer is 

reduced by I- ions in the electrolyte, regenerating the ground 

state of the sensitizer, and I- ions are oxidized to I3
– ions and 

the I- ions were regenerated on the counter electrode surface 

by interacting electrons with I3
- ions.[73] Thus, all the above 

merits of TiO2 nanorods based photoanodes improved the 

performance and stability of DSSCs. 

 

4. Conclusions 

We have successfully fabricated and compared the ZnO 

nanograin and TiO2 nanorod based dye-sensitized solar cells 

(ZnO/AMT, ZnO/AET, TiO2-NR/AMT, TiO2-NR/AET) using 

thionaphthoquinones photosensitizers, viz; AMT; 2-

((thiophen-2-yl)methylamino)-3-chloro-naphthalene-1,4-dione,  

AET; 2-((thiophen-2-yl)ethylamino)-3-chloro-naphthalene-

1,4-dione are synthesized from 2,3-dichloronaphthalene-1,4-

dione. This development builds on our successful synthesis of 

thionaphthoquinones photosensitizers, highly crystalline 

TiO2NR, and the ability to agglutinate the AMT, AET with 

nanostructured TiO2NRs. The FE-SEM and optical properties 

confirm the fabricated TiO2NR based photoanode provides an 

appropriate charge transport, pore structure, and significant 

light scattering effect than that of the ZnO nanograin 

photoanodes. The AMT and AET photosensitized ZnO 

nanograins and hydrothermally synthesized TiO2NR 

electrodes based on DSSC's exhibited power conversion 

efficiencies of 0.02 (ZnO/AMT), 0.03 (ZnO/AET), 0.23 

(TiO2NR/AMT), and 0.32% (TiO2NR/AET), respectively. The 

electron-donating substituent effect, such as –CH2–, led to an 

increase in the AET photosensitizer's efficiency-loaded ZnO 

and TiO2NR photoanodes. Additionally, symbiotic structure 

with a considerably faster electron transport rate and effective 

light scattering phenomenon in TiO2NR-based DSSC has been 

explained in detail. Enhanced to DSSC of TiO2NR/AET is 

improved light absorption and decreased charge 

recombination at the photoanode/ photosensitizer /electrolyte 

interface. We believe our novel AET, 2-((thiophen-2-

yl)ethylamino)-3-chloro-naphthalene-1,4-dione sensitized 

TiO2NR based DSSC are simple and easy to scale up with the 

low cost. 
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