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 This work summarises investigations focused on the photoanode impact on the photovoltaic 

response of dye-sensitized solar cells. This is a comparison of the results obtained by the 

authors’ research team with literature data. The studies concern the effect of the chemical 

structure of the applied dye, TiO2 nanostructure, co-adsorbents addition, and experimental 

conditions of the anode preparation. The oxide substrates were examined using a scanning 

electron microscope to determine the thickness and structure of the material. The TiO2 

substrates with anchored dye molecules were also tested for absorption properties in the  

UV-Vis light range, largely translating into current density values. Photovoltaic parameters 

of the fabricated devices with sandwich structure were obtained from current-voltage 

measurements. During tests conducted with the N719 dye, it was found that devices 

containing an 8.4 µm thick oxide semiconductor layer had the highest efficiency (5.99%). 

At the same time, studies were carried out to determine the effect of the solvent and it was 

found that the best results were obtained using an ACN : tert-butanol mixture (5.46%). Next, 

phenothiazine derivatives (PTZ-1–PTZ-6) were used to prepare the devices; among the 

prepared solar cells, the devices containing PTZ-2 and PTZ-3 had the highest performance 

(6.21 and 6.22%, respectively). Two compounds designated as Th-1 and M-1 were used to 

prepare devices containing a dye mixture with N719. 
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1. Introduction 

Solar energy is considered to be the most promising of 

all renewable energy sources. The use of solar radiation to 

produce electricity, i.e., the photovoltaic effect, is already 

playing an important role today. Currently, photovoltaic 

(PV) technologies can be divided into three groups among 

which the third-generation solar cells based on organic 

materials are beginning to play an increasingly important 

role. [1] Dye-sensitized solar cells (DSSCs) are of parti-

cular interest for their wide practical applications. The first 

experiments with dye-sensitized solar cells were carried on 

in the 1960s and 1970s [2, 3]. However, the first efficient 

DSSC was presented by Graetzel and O’Regan in 1991 [4]. 

The unquestionable advantages of this device are its ability 

to operate at wide angles of incidence, good efficiency at 

low irradiance, ability to colour and transparency change, 

and low-complexity manufacturing methods, which 

translates into relatively low production costs. Currently, 

the maximum efficiency of DSSCs is 14.2% [5]. 

The performance of DSSCs depends in a complex way 

on both the type of materials used and the preparation of 

individual solar cell components. The aim of the study was 

to determine the influence of photoanode preparation and 

construction conditions on the photovoltaic response of 

devices. Experimental aspects of the photoanode 

preparation included the determination of correlation 

between the applied conditions for the anode dye 

sensitization and the thickness of the mesoporous TiO2 

layer [6–9]. The photoanode structure was modified by 

using various TiO2 nanostructures [10–12] and dyes, as 

well as by the addition of co-adsorbents [6, 12–15]. The 

oxide nanostructures are added mainly to develop a surface 

to which dye molecules can anchor and improve electronic 

conductivity. [10, 12] It is also worth noting a very 

important publication that very clearly shows how 

important the development of the photoanode oxide surface 
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is in correlation to the photovoltaic parameters of the solar 

cell. [16] The addition of co-adsorbents to the dye solution 

prevents the formation of aggregates on the semiconductor 

surface, increasing the current density and decreasing the 

resistance [15, 17, 18]. Moreover, dye mixtures were used 

for the anode sensitization [19–21]. Similar studies with the 

N719 dye have been extensively carried out in the 

literature, among others, Refs. 18, 22–24 can be cited. In 

addition, much attention is now being paid to the process 

of co-sensitization of metal-free dyes [25, 26]. The 

influence of the above-mentioned factors on the absorption 

properties in the UV-Vis light range of the photoanode, its 

surface morphology, and the PV parameters determined 

from the current-voltage characteristics (open-circuit 

voltage, Voc, short-circuit current density, Jsc, fill factor, FF, 

and power conversion efficiency, PCE) of solar cells with 

the FTO/TiO2+dye/EL-HSE/Pt/FTO structure was 

analysed. Additionally, the electron generation efficiency 

as a function of the wavelength of the incident photon to 

the current efficiency (IPCE) was determined for selected 

DSSCs. 

2. Effect of experimental conditions on the photoanode 

preparation 

The effects of TiO2 thickness (4.5, 7.3, 8.4, and 15.0 µm), 

type of solvent (MeOH, DMF, and ACN : t-BuOH), time of 

immersion of the electrode in the dye solution (24, 48, and 

72 h), and addition of co-adsorbents (chloric acid, CA, 

deoxycholic acid, DCA, and chenodeoxycholic acid, 

CDCA) were taken into account in the present study [6]. A 

commercial dye di-tetrabutylammonium cis-bis(isothio-

cyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)ruthenium(II) 

(N719) was used to prepare the tested solar cells.  

The thickness of TiO2 layers was determined by SEM 

measurements (Fig. 1). 

The effect of the TiO2 layer thickness on the roughness 

factor (root mean square – RMS) determined from AFM 

measurements was observed, the value of which increased 

(from 36 to 86 nm) with the layer thickness. The photo-

anodes with TiO2 thicknesses of 7.3 and 8.4 µm showed the 

most favourable UV-Vis properties which translated into 

IPCE values. Good absorption properties, including a wide 

range of sunlight absorption, have a decisive influence on 

the current density generated during the process, translating 

into the efficiency of the entire solar cell. However, the 

current densities in DSSCs are also influenced by the 

interfaces energy losses which are associated with the shunt 

(RSH) and series (RS) resistances of the devices [27]. It was 

found that the resistances for authors’ devices reported  

in Ref. 6 depended on the thickness of the metal oxide  

(TiO2 = 4.5 nm: RSH = 2071 ·cm2, RS = ·cm2; TiO2 = 

7.3 nm: RSH = 2653 ·cm2, RS = 82 ·cm2; TiO2= 8.4 nm: 

RSH = 3182 ·cm2, RS = 67 ·cm2; TiO2 = 15 nm: RSH = 

2222 ·cm2, RS = 61 ·cm2). The application of TiO2 

thicknesses of 7.3 and 8.4 µm increased the shunt 

resistance and decreased the series resistance compared to 

a TiO2 thickness of 4.5 µm. Device with a TiO2 thickness 

of 8.4 µm showed RSH increased by 53% and lowered RS by 

37% over to cell with a thickness of 4.5 µm. The decrease 

of RS suggests a better electrical contact between the TiO2 

and FTO surface, whereas the increase of RSH confirms a 

better resistance to the electron loss to parasitic processes. 

Together with an increase of RSH and a drop of RS, an 

increase of PCE was seen. Registered PV parameters of the 

fabricated devices consisting of the reference dye (N719) 

are shown in Table 1.  

Table 1.  

Photovoltaic parameters of fabricated solar cells. 

Parameter  
Voc 

[mV] 

Jsc 

[mA·cm−2] 

FF 

[−] 

PCE 

[%] 
Ref. 

TiO2 

thickness 

[µm] 

4.5 689 13.66 0.44 4.20  

7.3 720 17.42 0.44 5.75  

8.4 762 14.34 0.54 5.99  

15.0 733 13.60 0.57 5.80  

3.5 733 7.36 0.47 2.51  

6.0 756 11.14 0.54 4.49  

8.0 746 12.42 0.56 5.02  

10.0 793 12.75 0.59 5.93  

12.0 763 11.81 0.59 5.15  

14.0 742 8.28 0.57 3.24  

6.0 680 3.60 0.50 1.20  

10.0 690 4.30 0.50 1.44  

14.0 710 3.30 0.42 1.00  

8.7 628 9.40 0.64 3.89 

[6]

[7]

[8]

[9] 

10.2 652 10.10 0.63 3.99  

11.6 669 12.50 0.66 5.52  

13.1 661 8.80 0.64 3.74  

14.5 619 2.90 0.69 2.20  

MeOH (24 h) 562 14.73 0.36 3.20 [6] 

DMF (24 h)  664 12.22 0.55 4.45  

ACN : t-BuOH (24 h) 730 13.19 0.56 5.46  

ACN : t-BuOH (72 h) 698 21.34 0.41 6.30  

 

The TiO2 with a thickness of 8.4 µm was used to 

prepare the anode for further studies due to the highest solar 

cell performance. It is worth comparing the obtained results 

showing the influence of the oxide semiconductor layer 

thickness on the PV performance. In the cited works [7–9], 

the studies were also based on commercially available Ru-

dyes (N719 [7, 9] or N3 [8]). In Refs. 7–9, the TiO2 thick-

ness was in the range of 3.5 to 14.5 µm. As shown in 

Table 1, the best photovoltaic performance was obtained 

for TiO2 layers with thicknesses in the range of 8.5 to 

10 µm. Each time, a decrease in the current density can be 

observed for the thickest TiO2 layers. In Ref. 6, however, it 

was found that the amount of adsorbed dye molecules was 

  

Fig. 1. The SEM cross-sectional images of the tested photoanodes [6]. 
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the highest for a substrate with a thickness of 15 um. This 

may be caused by the TiO2 layer being too thick which 

hinders the absorption of photons by the dye and can cause 

reflection and scattering. Considering the effect of the type 

of solvent used to prepare the dye solution, it was found 

that the use of the ACN : t-BuOH solvent mixture provided 

the solar cell with the highest number of anchored dye 

molecules (2.95∙10−7 mol·cm−2) to be obtained with the 

highest IPCE and PCE values. As the anode immersion 

time in the solution was increased from 24 to 72 h, the PCE 

value increased by 66, 40 and 15% in MeOH, DMF, and 

ACN : t-BuOH, respectively. The differences in efficiencies 

of cells prepared with different solvents and the amount of 

anchored dye molecules can be explained by considering 

the donor-acceptor reaction between solvents and hydroxyl 

surface groups of TiO2 [28]. The so-called donor number 

(DN) of the solvent was found to be particularly important 

for the interactions between the solvent and the hydroxyl 

surface groups of TiO2. The donor number of MeOH, 

DMF, ACN, and tert-butanol is 19, 26.6, 14.1, and 

38 kcal·mol−1, respectively [28]. It can be concluded that 

solvents with a higher DN value will cause more dye 

molecules to anchor to the TiO2 surface [28]. 

Studies on the effect of the co-adsorbent addition 

showed an improvement in PV performance when CDCA 

was used, and the PCE conversion efficiency increased 

from 5.96 to 6.22%.  

3. Effect of dyes chemical structure 

Synthesized phenothiazine derivatives of the chemical 

structure shown in Fig. 2 [21, 30, 31] were used to prepare 

the DSSC devices. The results obtained on the construction 

of the photoanode prepared by using the reference dye 

(N719) were taken into account in the preparation of the 

solar cells.  

Taking into account the current research trends, it is 

worth noting that phenothiazine derivatives are increas-

ingly investigated in photovoltaic devices [32–35]. The 

great advantage of this group of compounds is the high 

electron-donating capacity and the non-planar butterfly 

conformation which hinders the molecular aggregation. In 

addition, it is important that phenothiazine derivatives can 

be relatively easily obtained and modified, often at low cost 

and with a low environmental impact [36]. The effect of the 

structure of the substituent –R in the acetylene bond on the 

electronic absorption properties and the energies of the 

limiting molecular orbitals of the synthesized dyes was 

observed, as shown in Fig. 3. 

The photoanodes containing phenothiazine derivatives 

(PTZ-1–PTZ-5) showed lower RMS values (~18 nm)  

and absorbed light more intensively in the range from  

350 to 600 nm compared to the anode sensitized with  

N719 (RMS = 86 nm) [(Fig. 3(b)]. The PCE conversion 

efficiency of the solar cells sensitized with phenothiazine 
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Fig. 2. Chemical structure of compounds tested in DSSCs  

[19–21, 30, 31]. 

 

 
 

 
 

 

Fig. 3. UV-Vis spectra of PTZ-1–PTZ-5 in chloroform (a), TiO2 

with adsorbed dye molecules (b), and scheme of energy 

levels of the solar cell components (c) [30, 31]. 

 

(a) 

(b) 

(c) 
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derivatives with acetylene bonding was higher than that of 

the reference device containing N719 (Table 2). Only when 

PTZ-6 was used, the cell efficiency was marginally lower 

than the reference solar cell.  

Table 2.  

Photovoltaic parameters of DSSCs containing new 

phenothiazine derivatives and their mixtures with N719  

with the reference device. 

Dye 
Voc 

[mV] 

Jsc 

[mA·cm−2] 

FF 

[−] 
PCE [%] Ref. 

N719 631 12.34 0.46 3.56  

PTZ-1 730 15.38 0.45 5.03  

PTZ-2 759 16.74 0.49 6.21  

PTZ-3 700 17.96 0.48 6.22  

PTZ-4 631 11.87 0.54 4.22  

PTZ-5 703 12.08 0.56 4.80  

N719 664 12.22 0.55 4.45  

PTZ-6 650 17.27 0.42 4.85  

N719/PTZ-6 668 19.65 0.41 5.60  

PTZ-7 710 10.80 0.69 5.35  

PTZ-8 640 10.06 0.69 4.43  

W21 610 14.20 0.67 5.80  

W22 640 13.50 0.66 5.70  

W23 670 13.00 0.66 5.75  

D1 780 16.66 0.68 8.80  

D2 800 16.73 0.68 9.05  

D3 750 14.70 0.71 7.83  

D4 770 14.42 0.71 7.90  

N719 718 20.40 0.40 5.75  

N719/Th-1 655 20.98 0.45 6.30  

N719 747 19.64 0.46 6.84  

N719/M-1 726 18.18 0.50 6.78  

N719 658 18.59 0.62 7.61  

N719/IS1 660 10.62 0.63 4.35  

N719/IS2 668 15.45 0.64 6.61  

N719/IS3 663 17.20 0.62 7.08  

N719/IS4 671 18.77 0.61 7.69  

N719/IS5 680 19.23 0.62 8.09  

N719 760 12.29 0.74 6.90  

N719/D35 (0.4:0.1) 770 12.70 0.74 7.20  

N719/D35 (0.3:0.2) 780 13.39 0.76 8.00  

N719/D35 (0.2:0.3) 750 13.73 0.74 7.60  

N719/D35 (0.1:0.4) 760 13.76 0.71 7.40  

N719 666 16.90 0.65 7.28 

[30]

[31]

[21]

[33]

[34]

[35]

[19]

[20]

[37]

[24]

[38] 

N719/AZ5 698 17.90 0.63 7.91  

The use of phenothiazine derivatives in DSSCs is 

currently increasingly explored, although it is still often 

theoretical [39–41]. Both the research conducted by authors’ 

team and most of literature reports point to phenothiazine 

derivatives as a good alternative to metal- dyes. In the 

works cited, high efficiencies of the studied cells can be 

observed, in most cases exceeding 5%. In Ref. 35, high 

values of Voc (750–800 mV) can be observed, indicating a 

very good match between the fermi level of the oxide 

semiconductor-dye system and the redox potential of  

the electrolyte. In many cases, DSSCs containing 

phenothiazine derivatives show higher efficiencies than 

reference solar cells prepared with the same methods. 

Studies have also been carried out on mixtures of 

synthesized dyes with N719 to reduce the amount of 

commercial dye used while maintaining their performance 

[19–21, 24, 37, 38]. In addition, in the case of the mixture 

of N719 with a bithiophene derivative, the preparation of 

the solution was examined, taking into account the order of 

addition of each dye: PTZ-6, Th-1, or M-1 (Th-1 and M-1 

in Fig. 2 [19–21]. The highest PCE (6.30%) was observed 

in the solar cell where the anode was immersed in the 

mixture of N719 and Th-1. Initial immersion of the anode 

in the N719 solution for 48 h, then in the Th-1 solution, and 

repeating the process on a new medium in the reverse order 

of dipping caused the fabricated device PCE to drop to 2.27 

and 3.20%, respectively. The use of dye mixtures had a 

beneficial effect on the PV parameters of the solar cells, 

increasing or maintaining the PCE at the same level. 

Appearing differences in PV parameters of solar cells 

sensitized with N719 are due to the use of different solvents 

to prepare the dye solution caused by the need of the 

solvent selection, taking into account the solubility of the 

synthesized compounds (PTZ-6, Th-1, and M-1). Of 

course, it should be borne in mind that the use of co-sensi-

tization does not always increase efficiency, as indicated, 

among others, in Refs. 20 and 37. The application of the 

co-sensitization process is aimed at extending the range of 

light absorption by the cell, which largely translates into an 

increase in the density of the generated current and may 

also cause an increase in the quasi-fermi level, thus, 

increasing the difference between the redox potential of the 

electrolyte which will translate into an increase in Voc [42]. 

As can be seen from Ref. 24, the efficiency of the cell 

containing two dyes may be even more than 1% higher than 

for the reference dye (an increase from 6.90 to 8.00%), 

given the significant limitation of its use. 

4. Effect of TiO2 nanostructure 

Three types of TiO2 nanostructures were investigated: 

nanoparticles (NP), nanowires (NW), and nanotubes (NT). 

SEM studies showed that the prepared oxide layers had 

similar thicknesses of 10.15 (NP), 11.4 (NP/NW), and 

11.15 m (NP/NT). On the other hand, the difference was 

observed in the RMS values, 20, 150, and 35 nm for NP, 

NP/NW, and NP/NT, respectively. The surface 

morphology of TiO2 from N719 was also investigated using 

an optical microscope (Fig. 4). Other examples can be 

found in the literature comparing TiO2 nanostructures and 

their impact on device performance. In Ref. 10, the 

prepared TiO2 nanostructures such as nanoparticles (TNP), 

nanoflakes (TNF), and nanotubes (TNT-1) were compared 

with the commercial TiO2 nanoparticles (P25) often used 

in DSSC. The spherical TiO2 nanoparticles (GSS) obtained 

by the research team, as well as the rod-shaped (GSR) and 

wire-shaped (GSW) were also investigated in Ref. 11. In 

all cited works on the effect of the TiO2 nanostructure on 

device performance, the commercial dye N719 was used 

for the solar cell preparation. 
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UV-Vis investigations of TiO2 layers with the adsorbed 

N719 showed similar and definitely better absorption 

properties of photoanodes with NP and NP/NT compared 

to NP/NW (Fig. 5).  

Compared to the others, the layers with NW were 

characterized by a lower capacity to adsorb N719, confirmed 

by desorption studies. Considering the photovoltaic response 

of cells with N719 returning different TiO2 nanostructures, 

the beneficial effect of the presence of NT became apparent 

(Table 3), which resulted in a 36% increase in PCE. 

Table 3. 

PV parameters of DSSCs containing different TiO2 nanostructures. 

TiO2 +dye 
Voc 

[mV] 

Jsc 

[mA cm−2] 

FF 

[−] 

PCE 

[%] 
Ref. 

NP/N719 720 15.80 0.44 5.10 [12] 

NP/PTZ-6 675 10.54 0.58 4.21  

NP/N719/PTZ-6 730 15.06 0.54 6.10  

NP/N719/PTZ-6/ 

CDCA 
732 15.20 0.59 6.69  

NP/NW/N719 738 8.89 0.62 4.15  

NP/NW/PTZ-6 697 5.90 0.61 2.50  

NP/NW/N719/PTZ-6 740 11.48 0.57 4.90  

NP/NW/N719/PTZ-6/ 

CDCA 
740 11.34 0.63 5.44  

NP/NT/N719 725 16.27 0.46 5.56  

NP/NT/PTZ-6 678 10.71 0.61 4.56  

NP/NT/N719/PTZ-6 714 16.33 0.54 6.48  

NP/NT/N719/PTZ-6/ 

CDCA 
711 16.60 0.58 6.97  

P25/N719 704 10.39 0.64 4.68  

TNP/N719 746 10.95 0.66 5.39  

TNF/N719 728 12.90 0.68 6.39  

TNT-1/N719 748 13.75 0.70 7.20  

P25/N719 730 7.40 0.74 4.00 

[10]

[11] 

GSS/N719 728 9.90 0.73 5.30  

GSR/N719 733 8.30 0.77 4.70  

GSW/N719 735 7.60 0.75 4.20  

Additionally, the effect of TiO2 nanostructures on the 

photovoltaic response of DSSCs was tested in solar cells 

using the synthesized dye PTZ-6, its mixture with N719, 

and the addition of CDCA to the dye mixture. Figure 5 

shows the current-voltage characteristics of devices 

containing TiO2 spherical nanoparticles with the addition 

of nanotubes (NP/NT). The photocurrent density–voltage 

(J–V) curves of the prepared devices containing NP/NT 

nanostructures are shown in Fig. 6 [12].  

The obtained results confirmed the observed regularity, 

i.e., the application of NPs with NT TiO2 decreased the 

PCE values. It was shown that the NP/NT-modified 

titanium oxide was the most effective electrode, probably 

due to the high active surface area which can be confirmed 

by dye loading values being the highest and easy charge 

transfer. Referring to the results obtained in Ref. 12 to the 

cited literature [10, 11], it can be observed that the values 

of the generated current density increase with the develop-

ment of the surface of the oxide structures. In particular, the 

results from Refs. 10 and 12, where the highest values of 

 
 

 
 

 

Fig. 4. The optical microscope images of different TiO2 nanostructures 

with N719: NP (a), NP/NT (b), and NP/NW (c) [12]. 

 

(c) 

(a)  

(b) 

 
 

 

Fig. 5. UV-Vis spectra of different TiO2 nanostructures sensitized 

with N719 (a) and N719+AC-9 (b) [12]. 

 

 

 

(a)

(b)



  P. Gnida, A. Slodek, E. Schab-Balcerzak / Opto-Electronics Review 30 (2022) e140739  6 

the generated current density are recorded for substrates 

containing TiO2 nanotubes, are consistent with each other. 

This is most likely due to the ability to anchor dye 

molecules both from the outside of the nanotube and from 

the inside. It can be seen very well by comparing the 

amount of the adsorbed dye on the oxide substrate. In 

Ref. 12, the desorption of the dye N719 was carried out and 

the following values were obtained: 4.04∙10−8, 3.77∙10−8, 

4.45∙10−8 mol·cm−2 for NP, NP/NW, and NP/NT, 

respectively.  

Intensive research is also carried out on the use of co-

adsorbents for dye solutions. As already mentioned, their 

function is to prevent the formation of dye aggregates on 

the surface of the oxide substrate. Few works, including 

Refs. 6 and 14, show the influence of different co-

adsorbent structures on the performance of DSSCs. In the 

literature, in most cases, the addition of a co-adsorbent 

significantly improves the efficiency of the solar cell. At 

the same time, it is important to properly select both the 

type of co-adsorbent and its concentration for a particular 

dye. Among the works tracked, the increase in efficiency 

ranged from 0.24 to 1.55 percentage points [6, 12–15].  

5. Conclusions 

 Analysing the presented results concerning the 

determination of the influence of the photoanode structure, 

including its dye sensitization method, on PV properties of 

the cells, the following factors can have a favourable 

impact on PCE: thickness of TiO2 ca. 78 µm which is very 

comparable with the literature, presence of TiO2 nanotubes 

as confirmed by the publications cited, use of a mixture of 

acetonitrile with tert-butanol as a dye solvent, increase of 

the anode immersion time in the dye solution, addition of 

chenodeoxycholic acid, use of phenothiazine derivatives 

with dibenzothiophene and methoxybenzene end-capped 

groups as a dye. Furthermore, using the mixture of 

synthesized dyes and N719 allowed to obtain a higher PCE 

value than the reference cell with a 50% reduction in the 

amount of commercial dye. 
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