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Abstract Article Info. 

        This study presents a strategy to increase the efficiency of dye-sensitized solar 

cells (DSSCs) by doping titanium dioxide (TiO2) with different magnesium (Mn) 

concentrations (1, 3, 5, 7, and 9%) generated by the sol-gel process and effectively 

employed as a photo-anode (the working electrode) for DSSCs. The Doctor Blade 

method coated the indium-doped tin oxide (ITO) glass with a thin film layer. X-ray 

diffraction (XRD) was used to evaluate the characteristics of undoped and 

manganese-doped TiO2, and the results demonstrate that all of the thin films are 

anatase. The samples were examined using XRD to assess grain size before and 

after Mn doping. The spectrum of UV-Vis absorption changes; accordingly, as 

doping increases, the energy gap decreases. The smallest energy gap's value (2.4 

eV) is 7% manganese doping. AFM pictures show the average roughness and root 

mean square of the weight percentage of films doped with 5%. Field effect 

scanning electron microscope (FE-SEM) studies show that the particle size of thin 

films gets smaller as more Mn is added, which happens at least as much as 7% Mn 

doping. The optimal thickness for TiO2 paste over conductive glass is 15 μm, and 

the cell's power conversion efficiency increased to 0.604074% with an Imax of 

4.965 mA, a Vmax of 0.488 V, and a fill factor (FF) of 68.45954%. 
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1. Introduction  
Dye-sensitized solar cells (DSSCs) gained progress in 1991 because of their low 

cost, simple fabrication method, good stability, and high conversion efficiency. Recently, 

doping titanium dioxide (TiO2) with nano mental and metal elements was seen as a 

promising method to customize the TiO2 photo anode's electronic properties in DSSCs. 

This method was successful in enhancing DSSCs' photovoltaic (PV) performance [1]. 

Extensive research is being done on DSSCs. Also, DSSCs are especially appealing for 

creating integrated PV cells since the device's color may be changed easily by choosing 

various cells and dyes on flexible substrates shown already [2]. The DSSCs consist of a 

photoanode (semiconductor with adsorbed dye molecules), counter electrode (thin layer 

of redox catalyst), and electrolyte in the inter-electrode space (made of organic 

solvent with redox mediator)  [3]. Electrolytes are crucial in determining how well a cell 

performs. Generally, using an electrolyte along with the right additions increased the 

conversion efficiency regarding DSSC. To improve open-circuit photovoltage (Voc) and 

therefore conversion efficiency (η) of DSSC, additives are added to the electrolytes [4]. 

The electrolyte solution has an important role in obtaining high efficiency of adding 

suitable chemicals, and its usefulness to enhance open circuit. As a result, increased 

efficiency (η) in DSSC [5]. Found highest value efficiency of ruthenium with a base TiO2 
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film reached 11%–12%, but became undesirable because of its high cost [6]. The research 

interest in nanostructured TiO2 thin films is rapidly rising due to its numerous and 

potential applications, such as photo catalysis, photonics, optoelectronics, 

electrochemistry, and photo electrochemistry [7]. Titanium dioxide exists as anatase, 

rutile, and brookite. Although rutile is the most widespread and stable form of titanium 

dioxide, anatase is preferred for its high photocatalytic activity [8]. Doping can be made 

homogenous from the initial solution or restricted to the nanoparticle surface. The metal 

ions can narrow the TiO2 band gap by introducing discrete energy levels within the 

forbidden gap or contribute to the separation of photo-generated charges (e
-
 /h

+
) by 

capturing the electrons. Even though adding transition metal ions (Mn) to TiO2 

can increase its photocatalytic efficiency, other variables related to the synthesis process 

and the final catalyst's physical properties affect this material's activity. One of the 

proposed methods for producing TiO2 in literatures [9, 10] The Photocatalysis process is 

based on the irradiation by photons of energy equal to or greater than their bandgap 

energy of semiconductor particles that transmits the electron from the valence band (VB) 

to the conduction band (CB), thus creating an electron-hole pair [11]. When photons with 

energy (hν) equal to or greater than the semiconductor with bandgap (Eg) are incident, 

electrons and holes are created in the conduction band and valence band [12]. The 

simplest description of the solar cells uses photovoltaic technology to turn sunlight 

directly into electricity. It is based on two theoretical parameters: the loss of charge 

carriers through so-called recombination mechanisms and the generation of current by 

absorbing incident illumination [13].  Metal oxides are compounds that contain at least 

one metal and one oxygen ion in their chemical formula such as ZnO, Fe3O4, TiO2, 

Al2O3, BaTiO3, and BaZrO3. They play an important role in the fields of chemistry, 

physics, and materials science [14] is a particularly appealing method for introducing 

foreign metal ions into TiO2 films and powders, Titanium dioxide is widely utilized in a 

variety of applications, including (DSSCs) dye-sensitized solar cells, water and air 

purification self-cleaning [15]. 

The purpose of this work is to increase the charge carriers in dye sensitized solar 

cells by increasing active charge carriers to the electrode and so increasing their 

efficiency. 
  

2. Experimental Work 
2.1. Materials  

TiO2 powder anatase at 38 nm was prepared. Acetic acid 1-Propanol CH3CH2OH 

(assay 99.80%) with deionized water, manganese MnCL2. 4H2O, (undoped 97%), Ti 

[OCH (CH3)2]
4
, titanium tetraisopropoxide (TTIP) Potassium iodide (KI), iodine 

(I2), acetic acid solution, ethanol, and acetic acid were used in this study.  

Also used are: conductive glass coated with ITO (resistance 11 Ω/sq), organic 

solvent-based electrolyte, dye Rhodamine B, distilled water, sealing agent acetone 

(transmission (80%)), sheet resistance (11 Ohm/sq), Chinese TES1333 digital radiation 

detector used as a solar power meter. The DSSC - China's open-circuit photovoltage and 

short-circuit photocurrent were measured using a digital multimeter.  

 

2.2. Experimental Procedure 

The working electrode was prepared by applying the TiO2 paste to an ITO 

conductive glass using the doctor-blade approach. The thickness of the titania layer was 

measured using Scotch tape that was applied to the left and right sides of the substrate's 

conductive glass face and had a thickness of 15 μm. After that, the Scotch tape was 

removed, and the films were placed in a covered Perti dish to dry for 30 minutes. The 

films were then annealed at 550
o
C for 30 mins in an ambient environment. Lastly, the 
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working electrode was cooled to room temperature. It was then immersed in a 0.25 mg 

Rhodamine B dye solution for 24 hours.  A similar procedure was used to prepare the 

working electrode. Two holes of 1 mm diameter were drilled in a second ITO conductive 

glass on which carbon paste was applied on its conductive side to prepare the counter 

electrode. Carbon paste was applied using the Doctor-blade approach, and the electrodes 

were annealed at 550°C for 30 mins in an ambient atmosphere. As a result, carbon is 

evenly distributed and exhibits strong catalytic activity. The counter electrode was placed 

on top of the working electrode, with the carbon film facing the TiO2 paste side of the 

working electrode. A sealant gasket with a spacer of 30 μm thickness was used to 

sandwich the working electrode and counter electrode together. Lastly, a pipette was used 

for injecting some drops of electrolyte through the counter electrode's holes in the contact 

area between the two glasses, and a plaster to prevent evaporation sealed the holes. The 

electrolyte was evenly dispersed over the stained TiO2 film through capillary action. 

Using tissue or cotton, extra electrolyte from the exposed part of the glass was removed 

using tissue or cotton. The working electrode was prepared from TiO2 and from Mn-

doped TiO2. In both cases, the entire cell was exposed to sunlight to generate energy, and 

efficiency was calculated. 

 

2.3. Assembly and Measurements of the Solar Cells 

The electrodes were gathered face to face to keep the TiO2 coated surface and the 

carbon coated face in touch with the electrolytes in between. The electrolyte was spread 

evenly throughout TiO2 nano-particles. After the completion, the DSSC system was 

activated with a light source of (55-watt xenon lamp) that was set up in a 500 W/m
2
 solar 

simulator. This lamp emits almost the same wavelengths as sunlight The testing 

temperature was 23
o
C-25

o
C. The performance of the cell was measured with a digital 

multi-meter (Agilent 34401). 

 

2.3. The Theoretical Part 

 2.3.1. Band Gap Energy 

           The band gap energies of dye complexes were calculated using Equation (1) for a 

direct band gap of charge carried from allowed energy levels. Band gap energy of the 

TiO2 samples can be acquired by using Tauc law [16]: 

                                                                                                                                    

where: α represents the absorption coefficient, Eg represents absorption band gap energy, 

hv represents incident photon energy,  represents the corresponding constant of 

absorption, and n is a number that represents the mode of optical transmission.  

 

2.3.2. Cell Efficiency  

The ratio of the electrical power output to the power of incident radiation (Pin) is 

known as the cell's conversion efficiency. Eq. 2 was used to calculate the efficiency(η) of 

converting solar energy to electricity [17]: 

  
          

   
                                                                                                                

In this case, the lighted cell is short-circuited to acquire the short circuit current 

density (Isc), whereas the open circuit voltage (Voc) is produced when the circuit is open 

and no current can pass through it [18].  
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Another important indicator used to quantify the PV performance of a DSSC is the 

fill factor (FF), which is defined as the ratio of the maximum output power of the solar 

cell to its theoretical maximum power and whose value is always less than unity [19]. 

3. Results and Discussion 
3.1. X-ray Diffraction (XRD) 

The XRD patterns, obtained with an X-ray diffractometer, displayed in Fig. 1, were 

used to examine the crystalline structure of the manufactured samples (undoped and Mn-

doped TiO2 thin films of different Mn doping ratios) after two hours of heating at 500°C 

[20]. These patterns suggested the creation of the TiO2 with anatase phase, as eight peaks 

were found attributed to this crystalline phase. Fig. 1 indicates that all samples have an 

anatase phase, and this is a good result for DSSCs application because anatase is more 

active in sunlight harvesting. The peaks correspond to the crystal planes (101), (200), 

(004), (211), (105), (116), (204), (220), and (215). The peak at 2θ=25.28°, belonging to 

the undoped TiO2, was used as a reference to introduce the effect of Mn doping. TiO2 

samples were doped with various amounts of Mn (0, 1, 3, 5and 9%) [21]. The peak 

positions of the undoped and Mn-doped TiO2 thin were identical supporting the 

formation anatase phase. Table (1) lists the data obtained from the XRD analyses on 

different Mn-doped samples of titanium and the crystallite sizes calculated according to 

Scherer equations [22]: 

  
  

        
                                                                                                                                      

where: D denotes the size of crystallite (nm) of a material, K denotes form factor =0.90, 

  represents X-ray wavelength (nm),   is the full width of half maximum intensity of the 

diffracted peak values (FWHM), and   represents Bragg angle. 

 Figure 1: XRD patterns of undoped and Mn -doped TiO2 Thin Film.  
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Table 1: Summary of the data obtained from the XRD analyses on different Mn-doped samples 

of titania. 

Sample Mn% 2θ (Deg.) FWHM (Deg.) dhkl (Å) D (nm) Hkl Phase 

T 0 25.2886 0.3031 3.5190 26.9 (101) AnataseTiO2 

TM1 1 25.2412 0.5628 3.5255 14.5 (101) AnataseTiO2 

TM2 3 25.2432 0.6927 3.5252 11.8 (101) AnataseTiO2 

TM3 5 25.2926 0.1732 3.5184 47.0 (101) AnataseTiO2 

TM4 7 25.2744 0.4330 3.5209 18.8 (101) AnataseTiO2 

TM5 9 25.4103 0.6494 3.5024 12.5 (101) AnataseTiO2 

 

3.2. Measurements of AFM 

Figs. 2-7 show the 2D and 3D AFM images of undoped and manganese-doped 

TiO2 at manganese ratios of (1% - 9%) calcined under a steady degree temperature. They 

showed that the products consist of small particles. At 500
o
C, it is clear that all doped and 

undoped samples have smooth granular surfaces and nano-structure particle size. Table 2 

lists the average surface roughness (RMS) for these films, where the values varied 

between 49.38nm and 58.57nm and the maximum roughness rate was 7% with a minimal 

of 0%. The same result was reported by Sharma et al. [23]. 

Figure 2: AFM images for TiO2 (a) undoped (2D) (b) undoped (3D) (c) Histogram 

Nano- particles. 

 

Figure 3: AFM images for TiO2 (a) TM1 (2-D) and TM1 (3-D) and Histogram Nano-particles 
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Figure 4: AFM (a) 2D and (b) 3D images for TM2 sample Mn-doped TiO2 (c) Histogram 

nano-particles. 

Figure 5: AFM (a) 2D and (b) 3D images for TM3 sample Mn-doped TiO2 (c) Histogram 

nano-particles. 

Figure 6: AFM (a) 2D and (b) 3D images for TM4 sample Mn-doped TiO2 (c) Histogram 

nano-particles. 

 



Iraqi Journal of Physics, 2024                                                                            Vol. 22, No. 2, PP.75-68 

  

 63 

Figure 7: AFM (a) 2D and (b) 3D images for TM5sample Mn-doped TiO2 (c) Histogram nano-

particles. 

 

Table 2: Values obtained from AFM images of the undoped and Mn-doped TiO2 thin films 

nano-particles. 

Sample Mn wt% Average diameter 

(nm) 

RMS Roughness 

(nm) 

Roughness 

Av(nm) 

Height 

(nm) 

T 0 254.0 62.65 49.38 453.9 

TM1 1 479.5 79.26 63.14 489.8 

TM2 3 277.9 97.96 70.32 1542 

TM3 5 368.3 86.63 67.83 763.1 

TM4 7 735.3 208.2 188.7 1680 

TM5 9 268.0 73.2 58.57 520.5 

 

3.3. UV–Visible Spectroscopy  
Fig. 8 shows the UV-Visible spectral absorption spectra of the undoped and Mn-

doped TiO2 with various concentration levels of manganese. It can be noticed that the 

undoped TiO2 had mainly absorbed the ultra-violet light of < 390 nm wavelength, which 

corresponds to the electronic excitation from the valence band to the conduction band 

across an energy gap value of 3.2 eV. With the increase of Mn dopant concentrations, 

the edge of absorption had shifted toward indirect optical length values (i.e., redshift). 

The energy band gap was reduced with the increase of the doping 9% doping was 

attained, and there was visible optical uptake spread. Using the infrared spectral 

spectrum and that has been discovered to be consistent with the data. This has shown 

that the replacement of red optical absorption changes of titanium ions by the ions of 

manganese in TiO2  matrix characteristics and in general, leads to the band gap 

reduction [24]. 
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Fig. 8: UV-Vis absorbance spectra of the undoped and Mn-doped TiO2 with different 

concentration of manganese. 

 

3.4. The Band Gap Energy Calculations 

The band gap energy of the undoped and Mn-doped TiO2 with different 

concentration of manganese were derived from Tauc plots, as shown in Fig. 9. Table 3 

lists the values of the band gap energies, from which it can be noted that the band gap 

energy decreased with the increase of the Mn-doping level. It decreased in the direction 

of the absorption edge movements (red shifting) until the 7% concentration and returns 

afterward (i.e., the blue shifting), and this is proper for the photocatalytic 

implementations. 

Figure 9: Tauc plots of the undoped and manganese-doped TiO2.  
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Table3: Band-gap values of TiO2 undoped and Mn-doped samples. 

Sample Mn wt% Eg (eV) 

T 0% 3.2 

TM1 1% 2.8 

TM2 3% 3.1 

TM3 5% 3.0 

TM4 7% 2.4 

TM5 9% 3.1 

 
3.5. Field-Emission Scanning Electron Microscopy (FE-SEM)  

Fig. 10 shows the FE-SEM images (of 500 nm images scale). FE-SEM was utilized 

to analyze the surface profile and particle size of the synthesized thin films, which are 

suitable for photo catalysts in undoped Mn and doped with doping ratios of (1, 3, 5, 7 and 

9%). They show uniformly homogeneous growth of the TiO2 films. Detailed FE-SEM 

observations have revealed that the pattern of heat is composed of thin interconnected 

cracks of different lengths and orientations due to the oxide-scale cracking under thermal 

stresses. This is due to cyclic transition thermal gradients induced by repeated heating 

and cooling of the surface. When doping with Mn of different weight percentages (1, 3, 7, 

and 9%) noticeable or distinct circles emerge, signifying the existence of adsorption. 

These images make it evident that such samples contain distinct crystals of various 

shapes and sizes. There's no denying that crystals adapted specific geometric forms. The 

homogeneity regarding the particle distribution is the distinguishing characteristic that 

could be seen in these images. Additionally, one of the most significant benefits of the 

sol-gel technique employed in the production of thin films is the extremely small particle 

size [25]. It can also be observed in some samples that there is no aggregation on the 

sample, and the interlayer distance between the nanoparticles is very small, so the surface 

area has increased significantly. Therefore, the photo catalytic efficiency was enhanced. 

The nanoparticles size was recorded from the scale images at (500 nm) using image 

analysis software, as listed in Table 4. The size for undoped TiO2 was 21.36nm. In Mn-

doped TiO2 samples, the nanoparticle sizes were 21.36, 32.77, and 21.36nm for the TM1, 

TM2, and TM3, respectively, while it was 14.27 for the TM4 sample (corresponding to 

0.12mol Mn), indicating more uniformity than the undoped TiO2, which is suitable for 

photocatalysis performance. The values of the mean particle sizes are listed in Table 4. It 

was also found that the measured surface roughness average values (Table 2) were large, 

which indicates the possibility of using these films in solar cells or using them to increase 

the absorption of film to photons of energy [26]. 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 



Iraqi Journal of Physics, 2024                                                         Hadeel D. Hamadalla and Falah H. Ali                                                        

 66 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure13: FE-SEM images of TiO2 at (500nm) scale. 
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Table 4: The mean particle size of the undoped and Mn-doped TiO2 of different doping 

percentages obtained from the FE- SEM analysis. 

Samples Mn wt% Mean Particle size (nm) 

T 0 21.36  

TM-1 1 21.36  

TM-2 3 32.77  

TM-3 5 21.36  

TM-4 7 14. 27  

TM-5 9 34.77  

   3.6. Effect of Doping on DSSC Efficiency    
The J–V curve characteristics represent the relation between current and voltage. 

Fig. 11 shows the J-V characteristics of the DSSC of the pure and 7 % Mn-doped TiO2 

doped TiO2 working electrode in the case of utilizing Rhodamine B dye. The efficiency 

of DSSC was calculated for these cells, as shown in Table 5.  

Figure 11: The J-V curve Effect of doping on DSSC efficiency. 

Table 5: the efficiency of undoped TiO2 and optimum Mn-doped TiO2. 
Sample Vmax (V) Imax (mA) F.F% ɳ% 

Undoped 0.489 3.94 68.50347 0.488092 

Mn-TiO2 0.488 4.965 68.45954 0.604074 

 

5. Conclusions 
 This work successfully prepared undoped, Mn-doped TiO2-NPs using the sol-gel 

approach. It was found that employing (Mn) doped titanium as the working electrode in 

the DSSC enhanced the solar cells' power conversion efficiency. The band gap energy 

decreased as the Mn percentage doping of TiO2 increased, causing the absorption edge to 

shift to a higher energy level. 
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ريقة دراسة انخصائص انبصرية وانهيكهية نقطب ثىائي أوكسيذ انتيتاويىو انمطعى بانمعادن   بط

 جم في انطاقة انشمسية انحساسة نهصبغة –انسىل 
 

هذيم دخيم حمذالله
1
فلاح حسه عهيو 

1 

                      لسى انفيشياء، كهيت انعهىو، جايعت بغذاد، بغذاد، انعزاق 1

 انخلاصة

في هذِ انذراست حمذيى اسخزاحيجيت نشيادة كفاءة انخلايا انشًسيت انذساست نهظبغ عٍ طزيك حطعيى ثائي أوكسيذ انخيخاَيىو بانًُغُيش  

يطعى جم( واسخخذيج بُجاح كأَىد ضىئي نهخلايا انشًسيت انذساست نهظبغت. حى دراست خظائض ثاَي أكسيذ انخيخاَيىو غيز -بطزيمت )انسىل

ًُغُيش باسخخذاو حمُيت ديىد الاشعت انسيُيت. واظهزث انمياساث وجىد طىر الاَخس في كم الافلاو انزليمت. يخغيز ايخظاص طيف بان وانًطعى

%( يشيز انى دذود 9% ,7% ,5% , 3% , 1الاشعت انفىق انبُفسجيت وانًزئيت يع اسدياد حزاكيش ثُائي اوكسيذ انخيخاَيىو يع انًُغُيش )

أظهزث . ٪7بىسٌ ( فىنج 4.2)انذذ الأدَى نميًت فجىة انطالت . انًزئيت. نــــــــذنك حخُالض فجىة انطالت يع سيادة انخطعيىاَخمال َذى انًُطمت 

بُسبت  لياساث انًجهز الإنكخزوَي انًاسخ أٌ دجى جسيًاث الأفلاو انزليمت يمم يع عًهيت انخطعيى ويظم إنى ليًت دَيا عُذ َـــــــسبت انخطعيى

أكسيذ انخيخاَيىو انًطعى بالإَذيىو . فذض انعيُاث باسخخذاو ديىد الأشعت انسيُيت نخذذيذ دجى انذبيباث لبم وبعذ انخطعيى يع انًُغُيشحى %. 7

 15)فىق انشجاج انًىطم هى ( اَذيىو اوكسيذ حخاَيىو)انسًاكت انًثانيت نعجيُت doctor Bladeطزيمت سجاجيت باسخخذاو  يغطى بطبمت رليمت

فىنج وعايم  6.200يم ايبيز وفىنطيت انعظًى  2.905% وحيار الأعظى  6.062672انخذىيم نهمذرة حخشايذ انى  ، كفاءة(زييكزويخ

  .%00.25952انخظذيخ نهكفاءة هى 

 

  .انكفاءة ،انشًسيت انظبغيت انذساست انخلايا ،ثُائي أوكسيذ انخيخاَيىو ،بطبغت روداييٍ  ،حطعيى يُغُيش :انمفتاحيةانكهمات 


