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Summary 

This main objective of the project was to synthesize and characterize the pure and metal-

doped TiO2 nanoparticles to study their various properties like structural, optical absorption, 

band gap, morphological etc. for dye-sensitized solar cells application. Accordingly, the 

proposed work was focused: 

o to develop a synthesis protocol for the preparation of mesoporous microspheres of 

TiO2 nanoparticles and to investigate properties like particles size, morphology, 

crystallinity, optical band gap, DRS reflection and elemental compositions  

o to synthesize the doped-TiO2 nanoparticles based on various dopants like Cr, Mn, V, 

Fe, etc. and to explore their optical & structural properties for the enhancement of 

light absorption, and 

o to employ the various prepared doped-TiO2 nanoparticles samples as the 

photoanode materials for the fabrication of dye-sensitized solar cells and 

performance evaluation 

To achieve our goal, various synthesis methods such as chemical precipitation, sol-gel, 

hydrothermal and solvothermal have been employed and extensive measurements were 

carried out. Sol-gel derived pure and doped-TiO2 nanoparticles were found aggregated and 

bigger in size. Overall, the reproducibility issue was the measure cause to adopt the other 

methods like chemical precipitation, hydrothermal and solvothermal. After working with 

these methods, the solvothermal method was found better in terms of reproducibility, 

reduced particles size and the mesoporous morphology which is needed for the DSSCs 

application. By solvothermal approach, the mesoporous TiO2 and various doped-TiO2 (Cr-

TiO2, V-TiO2, Fe-TiO2, Sn-TiO2, CuNT-TiO2, Su-TiO2, Cr-TiO2 etc.) nanoparticles were prepared, 

investigated and employed as the photoanode materials for the dye-sensitized solar cells. 

The proposed work was attempted in three different phases according to the above 

three discussed objectives and summarized here. Briefly, nanocrystalline TiO2 nanoparticles 

were prepared and studied for their phase transformation. XRD pattern showed the anatase 

(101) and rutile (110) phases corresponding to the samples thermally treated at 450 and 

700 0C respectively. The crystallite size of TiO2 was found to be increased with the rise in 

calcination temperature. Raman spectroscopy measurement showed the phase change 

from the anatase to rutile for the samples calcined at 450 and 700 oC respectively. The 
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estimated direct band gaps of the samples were 3.38 and 3.03 eV corresponding to the 

samples calcined at temperature 450 and 700 oC respectively. The large band gap value i.e 

3.38 eV has been attributed to the lower calcination temperature which showed a 

corresponding blue shift in the absorption spectra. TEM images showed the formation of 

slightly agglomerated and non-homogeneous nanoparticles. The size of the nanoparticles 

calcined at temperature 450 was found to be good in agreement with the XRD crystallite 

size. The SAED patterns showed the crystallinity of the prepared samples with the formation 

of bright ring spots which correspond to the anatase (101) and rutile (110) planes. EDX 

analysis endorsed the elemental peaks in both the samples. With this study, the calcination 

temperature was observed to be a dominant factor for the tuning of TiO2 particles size and 

the phase transition. Further, the synthesis and characterization Cr-doped TiO2 

nanoparticles were attempted to study their structural and optical properties. The 

diffraction peak at 2θ= 25° in XRD spectra indicates that nanoparticles exhibit pure anatase 

crystalline phase. An increase in Cr doping led to wider diffraction peaks with reduced 

intensity which resembles the change in the ionic radius of Cr+3 and Ti+4. The absence of 

impurity peak in diffraction patterns indicates the occupancy of  Cr+3 to the main sites of the 

TiO2 lattice. The crystallite size was calculated using Scherrer’s formula and the result 

showed a decrease in the crystallite size with an increase in dopant concentration. TEM 

analysis showed the homogeneous morphology of the nanoparticles with their narrow 

particle size distribution about 10 nm. The lattice spacing was found to be 0.339, 0.363, 

0.337 and 0.368 nm corresponding to the pure and Cr-doped TiO2 samples which represent 

the (101) anatase phase of the nanoparticles. The d-spacing of the crystal planes/fringes 

were observed to be increased with title twistiness for the doped samples. The ring pattern 

in TEM images endorses polycrystalline anatase nature of all the samples with bright spots 

representing the high crystallinity of the doped-TiO2 with (101) plane. It was also observed 

that particle size decreases with increase in dopant concentration which was good in 

agreement with calculated size using  XRD patterns. The diffused  reflectance spectra  of the  

nanoparticles with different dopant concentrations showed that the scattering of light has 

increased with an increase in Cr-doping. The band gap energy calculated using Kubelka- 

Munk function showed  a decrease in band gap energy with an increase in dopant 

concentration and exhibited a red shift of absorption edge. This study demonstrated that 

the band gap can  be easily tuned  with the choice of the doping concentration of 
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transitional metal-ions into TiO2 which results in shifting of optical absorption edge from UV-

visible wavelength range. Depending on these analyses, various doped TiO2 nanoparticles 

were solvothermally synthesized and studied. The nanocrystallite sizes were found to be 

decreased in the order 7.92 nm>7.41 nm>6.77 nm>6.68 nm>5.53 nm corresponding to the 

samples PT (pure TiO2), ST (Sn-TiO2), CT(Cu-TiO2), ZMT(Zn+Mg-TiO2), and BT(Ba-TiO2).  

FESEM study reveals the formation of the mesoporous microspheres made up of 

nanoparticles. The mean nanoparticles diameters were 17, 8, 12.3, 14, and 7.65 in 

accordance with the samples PT, CT, ST, BT, and ZMT. EDS analyses were evidenced the 

elemental compositions of the Ti, O along with the dopants Cu, Sn, Ba, Zn and Mg in the 

respective doped samples. UV-vis spectroscopy measurements showed the decreased 

optical band gap after the doping as compared to pure TiO2. The estimated band gap values 

were 3.16, 2.68, 2.92, 2.48, and 2.88 in accordance with the PT, CT, ST, BT, and ZMT 

samples. Diffused reflectance of the prepared samples was studied and all the doped 

samples demonstrated the enhanced scattering capability. In addition, samples ST and ZMT 

revealed the highest diffused reflectance in the wavelength range 550-800 nm. Finally, the 

band gap was found strongly influenced by the doping which yielded the decreased 

crystallite sizes either by shifting the band or generating the new energy state within the 

TiO2 band gap region. Furthermore, the enhanced scattering capability of the doped 

samples endorsed the applicability of these nanoparticles for the dye-sensitized solar cells. 

Finally various doped samples prepared by the simple and cost-effective technique were 

employed as the photoanode materials for the fabrication of dye-sensitized solar cells 

(DSSCs). The prepared solar cells performances were evaluated using solar simulator. The 

DSSSCs based on doped photoanode materials endorsed the enhancement in the 

photovoltaic performance as compared to pure-TiO2 nanoparticles based photoanode.  The 

evaluated efficiencies were found in the order of 

1.31<2.21<2.27<2.73<2.87<3.20<3.29<3.33<3.62<3.70<4.85<5.75 % corresponding to 

PT<CuNT<BT<ST<AgT<CrT<CoT<VT<SuT<ZMT<FeT<ZT. This enhancement of the DSSCs 

performances has been attributed to the improved light absorption, reduced band gap and 

the mesoporous microspheres morphology surrounded with the nanoparticles. The highest 

achieved efficiency was ~6% based on the co-doping based photoanode material of zinc and 

magnesium.  For the analyses of electron transport and recombination, DSSCs based on PT, 

FeT and ZT photoanodes were studied by electrochemical impedance spectroscopy. The 
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radius of the Rct2 represents the charge recombination which was reduced for the samples 

FeT and ZT as compared to PT. As results, an enhanced efficiency was noticed.  (Note: 

Samples were named as- PT: pure TiO2, AgT: Ag-TiO2, BT: Ba-TiO2, CoT: Co-TiO2, CT: Cu-TiO2, 

CrT: Cr-TiO2, CuNT: CuN-TiO2, FeT: Fe-TiO2, ST: Sn-TiO2, TZ: Zn-TiO2, VT: V-TiO2, ZMT: Zn+Mg-

TiO2 and SuT: S-TiO2).  

Further, the detailed report is presented in chapter 1 to 5. 
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Chapter -1 

Synthesis and Characterization of TiO2 Nanoparticles prepared by Sol-Gel Method 

I. INTRODUCTION 

Titanium dioxide (TiO2) nanoparticles have been demanded in industrial applications 

due to their unique properties. It is one of the most promising semiconductor materials 

because of its non-toxicity, low-cost production, and ease handling process. TiO2 is well-

recognized for its potential applications as photocatalyst in water splitting, pigments, gas 

sensors, in hydrogen gas evolution, self-cleaning surfaces, solar cells etc. [1]. This material 

exists in four polymorphs which include anatase and rutile both in tetragonal, brookite in 

orthorhombic and TiO2 (B) in monoclinic forms. TiO2 possesses different physical and 

physicochemical properties depending upon the deviation in the lattice arrangements of 

these polymorphs. With the easy synthesis process and good stability of the anatase and 

rutile polymorphs, both are well-recognized crystals with their energy band gaps 3.2 and 3.0 

eV respectively. The characteristics of TiO2 can be tuned with the particle size, morphology, 

and the crystalline nature. As compared to the rutile phase, the anatase phase nanoparticles 

have the better mobility of the electrons and therefore, demanded for the solar cell 

applications.  

Several methods have been investigated for the synthesis of TiO2 nanoparticles 

including sol-gel, solvothermal, chemical precipitation, micro-emulsion, flame spray 

pyrolysis, mechanism milling, plasma assisted, laser ablation etc. [2]. Nevertheless, the sol-

gel method is known to be one of the simplest one for the preparation of nanoparticles due 

to its low-cost and easy process with the high degree of homogeneity and purity. The sol-gel 

chemistry of TiO2 synthesis mainly involves the hydrolysis and polycondensation of metal 

alkoxides. The key parameters that regulate the physical properties of synthesized TiO2 

nanoparticles are the type of metal alkoxides, the amount of water and the catalyst used in 

the sol-gel process. The agglomerations of the nanoparticles are prevented with the use of 

acid catalyst which induces the repulsive force between the particles as a result of proton 

adsorption that positively charges the uncharged precipitates. The obtained products via 

sol-gel process are mostly amorphous hence; thermal treatment is preferred to promote the 

crystallinity. Further, the heat treatment may induce aggregation, grain growth, and phase 

transformation.  
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Presently, an intensive research has been focused on the dye-sensitized solar cells 

(DSSC) and expected to lead the photovoltaic market in the near future owing to its easy 

and low-cost fabrication process. In DSSCs, TiO2 has been demanded as the photo-anode 

material due to its ability of interconnected porous structure which allows adequate dye 

loading and hence, harvesting the sunlight [3,4]. The pure anatase phase of TiO2 is generally 

preferred polymorph for the fabrication of DSSCs photo-anode which increases the power 

conversion efficiency as compared to other crystalline phases. Nonetheless, mixed phases of 

TiO2 have also been investigated as photo-anode material for the DSSCs [5,6]. Essentially the 

phase transformation process is well sustained by the aggregated anatase nanoparticles and 

as a result, it forms the anatase twin boundaries with the structural elements which are 

common to the rutile and acts as the nuclei of the rutile phase. Titania nanocrystals of 

anatase structure have been demanded for their potential applications. At high calcination 

temperature, the anatase phase undergoes a polymorphic transformation to its rutile phase. 

Giridhar Madras et al. have presented a model for the polymorphic transformation and 

coarsening of TiO2 nanocrystals. By using population balance equations of size distributions 

of the dimorphs, a simplified model of first-order rate expression of transformation was 

presented. The presented model was elaborated to its experimental realization for the 

transformation between the dimorphs anatase which was further, generalized to the 

transformation among three or more polymorphs [7]. W. Ma et al. have investigated the 

structural transformation of chemically prepared TiO2 nanoparticles using Raman 

spectroscopy with the considerations of frequency downshift, intensity increase and 

linewidth sharpening of the lowest-frequency Eg mode. At temperatures lower than 350 0C, 

the rutile phase was observed to be stable which was associated to the surface effects. 

Further, the transformation of the anatase to rutile phase was noticed with the 

phenomenon of amorphization while the cause was indistinguishable [8]. S. Mahshid et al. 

have studied the TiO2 nanoparticles prepared by the hydrolysis of titanium isopropoxide 

alcoholic solution followed by the peptization of the suspension at temperature 60-70 0C for 

18-20 hours. The prepared particles with pH2 were of the anatase crystalline phase even at 

a temperature below 100 0C. The particles calcined at 400 0C were observed to remain pure 

anatase phase with their diameter about 28 nm. The size of the particles was dependent on 

the calcination temperature and observed to be larger in the diameter with the increased 

temperature. The phase transformation from the pure anatase to rutile phase was noticed 
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for the samples calcined below 600 0C. The morphological study of the nanoparticles has 

confirmed the spherical shape due to the maintained acidic condition which restricted the 

agglomeration of the particles [9]. Kunlun Ding et al. have demonstrated the synthesis of 

rutile TiO2 nanocrystals with the use of 1-butyl-3-methylimidazolium chloride and the 

anatase to rutile phase transformation was investigated. To describe the phase 

transformation process, they had proposed a model with the assumption that the 

nucleation and growth of the rutile phase can be determined in the aggregation manner of 

the anatase nanocrystals and Ostwald ripening process respectively. The choice of 1-butyl-3-

methylimidazolium chloride as surfactant-like nature could show its influence on the phase, 

shape, and the size of TiO2 particles. Further, it was useful for the crystallization process via 

controlling the aggregation of the nanocrystals. With the optimization of the chemical 

process, the pure rutile multipods and one-dimensional nanorods with their variable sizes 

were prepared [10]. Kyung-Jun et al. have presented the experimental study of 

nanocrystalline TiO2 particles prepared by an in-expensive sol-gel method. The size of the 

prepared particles was controlled with the aging via hydrolysis-polycondensation process 

and found to be increased in accordance with the reaction temperature and the aging time. 

After calcination at temperature 500 0C, the phase transformation from the anatase to rutile 

was noticed while other measurements showed the strong influence via phase 

transformation which has affected the size of the particles [11]. Biswajit Choudhury et al. 

have presented the study of TiO2 nanoparticles synthesized by the sol-gel approach and 

obtained the pure anatase phase after the calcination at 450 0C. Further, the calcination at 

700 and 950 °C showed the preparation of the mixed anatase-rutile and pure rutile phases 

respectively. In case of mixed phase, about 88 % rutile composition was observed however, 

the percentage of the rutile fraction can be tailored with respect to the calcination 

temperature. The as-prepared anatase TiO2 was having its crystallite size about 5 nm with a 

positive strain of 0.0345 which was associated with the presence of oxygen defects on the 

surface and the grain boundary. Further, a negative strain of 0.0006 was obtained for the 

rutile phase which was associated to the removal of the defects which released the strain 

and relaxed the lattice to its normal state. The presence of oxygen defects were showed its 

influence to the broadening of the Raman peak and the shortening of the phonon lifetime 

corresponds to 5 nm anatase nanocrystallite. Inversely, for the case of larger rutile 
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crystallite the decreased width of the Raman peak and increased phonon lifetime were 

noticed [12].  

II. EXPERIMENTAL DETAILS 

For the so-gel synthesis, titanium isopropoxide (TTIP) (supplied by Sigma-Aldrich), 

deionized water and isopropyl alcohol (supplied by Fisher Scientific) were preferred as the 

starting materials. All the reagents were analytical grade and used without any further 

purification. Initially, TTIP was dissolved in isopropanol under vigorous stirring to obtain 

solution ‘A’. Later solution ‘B’ was prepared by adding isopropanol to the deionized water. 

For the solutions ‘A’ and ‘B’ the molar ratio of TTIP and H2O were 1:4 respectively. Further, 

solution ‘A’ was added to the solution ‘B’ to promote the hydrolysis reaction under vigorous 

stirring for 2 h. The pH value was maintained to 1 by adding the glacial acetic acid. The 

resultant gel was kept for the drying at 80° C for 1 h  in order to evaporate the water and 

other organic contents. As a result, the final product of amorphous TiO2 gel was obtained. 

After drying, the TiO2 sample was calcined at 450 and 700 °C for 2 h to get the 

nanocrystalline TiO2. The prepared samples of TiO2 calcined at 450 and 700 °C were labeled 

as T1 and T2 respectively. Figure 1 illustrates the sol-gel sample preparation at each process 

step.  

 

Fig. 1. (a) Chemical processed solution, (b) resultant solution, (c) collected sample and (d) TiO2 particles after 
grinding. 

After the above synthesis process, the prepared TiO2 nanoparticles were examined for the 

phase and crystallinity using X-ray Diffraction (XRD-Bruker AXS D8 Advance, Germany), the 

optical measurements using UV-Visible-NIR Spectrophotometer (JASCO UV670, Japan) and 

the phase transformation evaluation by Raman spectroscopy (BWTEK, Japan). The size of 

the prepared particles, growth pattern and distribution were examined by using 



9 
 

Transmission Electron Microscope (TEM, Tecnai G2 20 Twin FEI, Netherlands). The 

qualitative and quantitative analysis of the prepared samples were performed by EDX (X-

Twin) attached to TEM. 

III. RESULTS & DISCUSSIONS 

The crystallinity of the prepared T1 and T2 samples were analyzed by X-ray 

diffraction (XRD) measurements. Figure 2(a) and 2(b) depicts the XRD patterns of TiO2 

nanoparticles calcined at temperatures 450 and 700 °C respectively. The 2Ɵ values were 

recorded in the range 20-80° using Cu-Kα radiation of wavelength 1.54060 Å. By comparing 

the diffraction peaks of both the samples T1 and T2, we can observe the broad diffraction 

peaks for the sample T1. The broadening of these diffraction peaks resembles that the 

particles are of small crystallite size or the semi-crystalline in nature [13]. The diffraction 

peaks observed in figure 2(a) confirms the pure anatase crystalline phase which is 

originated from the lattice planes at 2Ɵ values, 25Ɵ =d101, 37Ɵ =d004 and 48Ɵ =d200 and 

found good in agreement with the JCPDS file No. 900-9087.  

 

Figure 2. XRD patterns of the samples T1  Fig.(a) and T2 Fig.(b) calcined at 450 and 700 °C respectively. 

In a similar way, figure 2(b) depicts the XRD pattern of the sample T2 with the diffraction 

peaks at 27Ɵ=d110, 36Ɵ=d101 and 55Ɵ=d211 which indicates the rutile phase and found good 

in agreement with the JCPDS file No. 900-9084. In addition, sample T2 depicts a minor peak 

at 25° which corresponds to the presence of the anatase phase. This sample shows the 

major rutile phase after calcination of the TiO2 powder at temperature 700 °C. The 

crystallite size of the samples were estimated using Scherrer’s equation, 𝑑 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃 

where 𝛽 is the full-width at half-maximum (FWHM) of the diffraction peak,  𝜆 is the X-ray 

wavelength (nm) and 𝜃 is the diffraction angle. The estimated crystallite sizes of the samples 
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T1 and T2 were 12 and 49 nm respectively. Remarkably, the crystallite size of TiO2 particles 

is found to be increased with the rise in calcination temperature. In simple words, the 

interfaces at the anatase grains act as nucleation sites for undergoing phase transformation 

to the rutile when the calcination temperature increased from 450 to 700 °C corresponding 

to the samples T1 and T2 respectively. The calcination of the TiO2 particles at higher 

temperature was the cause for the removal of the grain boundary defects and therefore, 

the crystallite size was observed to be increased [12]. In this way, calcination temperature 

felicitates the control of the desired ratio of the anatase and rutile phases. Some 

investigations have also reported the cause of phase transformation because of the 

presence of oxygen defect [14,15]. 

 

Figure 3. Raman spectrum of the samples T1  Fig.(a) and T2 Fig.(b) calcined at  450 and 700 °C respectively. 

Raman spectra of the samples T1 and T2 calcined at temperature 450 and 700 °C 

respectively are shown in figure 3. Figure 3(a) shows the Raman peaks corresponding to the 

anatase phase of TiO2 in which the intense Eg peak occurs at 144 cm-1 and low intense B1g, 

(A1g+ B1g) and Eg peaks occurs at 410 cm-1, 520 cm-1 and 640 cm-1 respectively. However, 

figure 3(b) shows the Raman peaks corresponding to rutile phase which are observed at 

240, 450 and 620 cm-1. A very low intensity peak at 144 cm-1 is also observed from the 

sample T2 which indicates the presence of the anatase phase as well. Here, with an 

increased calcination temperature, the rutile peaks have become stronger while anatase is 

weaker. Our results are consistent with the others reported works [8,12,16]. 

The optical absorbance spectra of the as-prepared TiO2 nanoparticles calcined at 450 

and 700 °C were recorded at room temperature and plotted in figure 4. With the increase of 

calcination temperature, the absorption edge is observed to be shifted towards the higher 
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wavelength with a red shift. In figure 4(a) and 4(b), the strong excitation absorption peaks 

are observed at 347 and 392 nm for the samples T1 and T2 respectively.  

 

Figure 4. UV-Vis absorbance of the samples T1  Fig.(a) and T2 Fig.(b) calcined at  450 and 700 °C respectively. 

To estimate the band gap energy, diffused reflectance measurements were performed for 

both the samples. Using Kubelka-Munk function, the direct transition band gap energy Eg of 

the nanoparticles were determined by the extrapolating to Ephoton=0 in the curve of 

(Ephoton=hν) vs [F(R)hν]1/2 which is depicted in figure 5. Here, Ephoton is the photon energy 

given by Ephoton=1240/λ eV where λ is the wavelength in nanometer. The calculated band 

gap values by extrapolating Ephoton to α=0 are 3.38 and 3.03 eV corresponding to the samples 

T1 and T2 calcined at temperature 450 and 700 oC respectively. The obtained band gap 

value of the sample T1 is larger than the 3.2 eV of the bulk titania. As a matter of fact, the 

band gap of a semiconductor material is size dependent and decreases in accordance with 

the increase of the crystallite size of the anatase or the rutile phase [17-19].  

 

Figure 5. [EphotonF(R)]
2
 vs Ephoton characteristics of the samples T1  Fig.(a) and T2 Fig.(b) calcined at  450 and 

700 °C respectively. 
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From our XRD results, we have observed that the crystallite size of the rutile phase particles 

was increased which led to reduced band gap energy due to the dense packing of the 

crystalline structures. In other words, a lower calcination temperature shifts the absorption 

edge towards the shorter wavelengths with a blue shift which results in a large band gap 

energy corresponding to the sample T1.  

TEM micrographs of the samples T1 and T2 prepared at different calcination 

temperatures are depicted in figure 6. The prepared nanoparticles are observed to be 

slightly agglomerated and non-homogeneous as shown in Figure 6(a) and 6(b). The 

diameter of the anatase and rutile phase nanoparticles are approximately 13 and 100 nm of 

the samples calcined at 450 and 700 °C respectively. Generally, thermal treatment causes 

the phase transformation from thermodynamically metastable anatase to the rutile phase.  

The contents of the hydroxyl groups exist on the surface after the sol-gel process get 

eliminated with the heat treatment through the process of dehydration which stimulates 

the crystallite growth to the dimension larger than those of the original particles. The 

diameter of the nanoparticles of sample T1 shows good in agreement with the crystallite 

size obtained from the XRD result. However, the deviation in the diameter of the particles 

(sample T2) is found which might be related to the fact that the diffraction pattern gives the 

average size of n-number of particles in the sample whereas TEM analysis visualizes the 

different particles in the samples with their size distribution. According to the reported 

works, the monodispersed, single crystal and hard spheres nanoparticles can be good in 

agreement of their crystallite size with the particle diameter. Conversely, the value obtained 

from the Scherrer’s equation can be smaller than the values obtained from the TEM as the 

TiO2 particle is of polycrystalline nature and may have several smaller crystallites [20-22]. 

Figure 6(c) and 6(d) depicts the high-resolution TEM images of the samples T1 and T2 for 

the analysis of the lattice fringes and both the samples show uniform structures with their 

fine crystalline area. The uniform appearance of the fringes can be clearly seen in figure 6(e) 

and 6(f) which indicates the crystalline nature of the particles. The lattice spacings are found 

to be 0.312 and 0.32 nm for the samples T1 and T2 respectively. For the case of sample T2, 

d-spacing of the crystal fringes are observed to be increased which may be attributed to the 

possible defects [23]. 
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Figure 6. TEM images and EDX spectra of the samples T1  and T2 calcined at  450 and 700 °C respectively. 

The degree of crystallinity of the prepared samples is found good matching with the highest 

intensity peak in the XRD patterns. The crystallinity of the prepared samples was examined 

by selected area diffraction (SAED) patterns and depicted in figure 6(g) and 6(h). The ring 

pattern endorses polycrystalline nature of both the samples with bright spots indicating the 

high crystallinity of the anatase (101) and rutile (110) planes. The compositional analysis of 

the elements in the samples T1 and T2 were performed by TEM-EDX measurement and 

shown in figure 6(i) and 6(j) respectively. Both the samples endorse the elemental peaks of 

Ti and O with their relative weight percentages 61.60 and 38.39 % for the sample T1 while 

71.14 and 28.85 % for the sample T2.  
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IV. CONCLUSIONS 

By employing the sol-gel process, nanocrystalline TiO2 nanoparticles were prepared 

and studied for their phase transformation. XRD pattern showed the anatase (101) and 

rutile (110) phases corresponding to the samples thermally treated at 450 and 700 0C 

respectively. The crystallite size of TiO2 was found to be increased with the rise in 

calcination temperature. Raman spectroscopy measurement showed the phase change 

from the anatase (peaks at 144, 410, 520 and 640 cm-1) to rutile phase (peaks at 240, 450 

and 620 cm-1) for the samples T1 and T2 calcined at 450 and 700 oC respectively. A low 

intensity Raman peak at 144 cm-1 from the sample T2 endorses the anatase phase. The 

estimated direct band gaps of the samples T1 and T2 were 3.38 and 3.03 eV corresponding 

to the samples calcined at temperature 450 and 700 oC respectively. The large band gap 

value obtained for the sample T1 has been attributed to the lower calcination temperature 

which showed a corresponding blue shift in the absorption spectra. TEM images showed the 

formation of slightly agglomerated and non-homogeneous nanoparticles. The size of the 

nanoparticles of the sample T1 is found to be good in agreement with the XRD crystallite 

size. The SAED patterns showed the crystallinity of the prepared samples with the formation 

of bright ring spots which correspond to the anatase (101) and rutile (110) planes. EDX 

analysis showed the elemental peaks in both the samples. With this study, the calcination 

temperature is observed to be a dominant factor for the tuning of TiO2 particles size and the 

phase transition. 
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Chapter -2 

Synthesis and characterization of pure and Chromium doped TiO2 Nanoparticles by 

solvothermal Method 

I. INTRODUCTION 

Presently, titanium dioxide (TiO2) nanoparticles have got great importance due to its 

outstanding performance in a wide range of applications. TiO2 nanoparticles have been 

widely investigated for its photovoltaics and photocatalysis applications.  This material is a 

large band gap semiconductor oxide with high refractive index and chemically inert, non-

toxic, photostable and inexpensive [1-4]. TiO2 is a versatile material and has been demanded 

in dye-sensitized solar cells (DSSCs), hybrid organic-inorganic solar cells, polymer solar cells, 

heterojunctions based solar cells  and photocatalysis applications. Dye-sensitized solar cells 

are one of the promising areas of research in the fields of material science and 

nanotechnology owing to the easy fabrication, low-cost and good photo-conversion 

efficiency [5,6]. The photoanode of the dye-sensitized solar cell is made of transparent 

conducting oxide substrate coated with a wide band gap semiconductor material sensitized 

with a dye. The promising semiconductor material of choice is TiO2 because of its optical 

properties  and photostability. However, alternative semiconductor materials such as ZnO, 

Nb2O5 etc. have also been investigated and showed good performance of the DSSCs [7,8]. 

Several approaches have been developed to modify the structure of photo-anode material 

for the optimum gain of  DSSCs like  doping of a metal ion into TiO2 lattice. Acceptor dopants 

like chromium, vanadium, iron, copper, zinc etc. doped with TiO2 have been used to 

fabricate the photo-anode of DSSCs [9-13].  

When the size of the particles is reduced to several nanometer scale it results in a 

large surface-to-volume ratio with inimitable optical properties. TiO2 has a tendency to 

absorb ultraviolet (UV) due to its wide band-gap i.e. 3.0-3.2 eV therefore, a small portion of 

the solar spectrum gets absorbed by this material. Further, amazing properties of TiO2 can 

be attained by the metal doping which improves the lifetime of electron-hole and hence,  

prevents the recombination of photoexcited charge carriers. The purpose of metal-ions 

doping is to narrowing the band gap with a shift up the valence band or shift down the 

conduction band of  the host material (TiO2). Metal doping in TiO2 facilitates the intrinsic 

properties with enhanced photoresponse in the visible wavelength. As a result, a shift of 
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absorption band from UV to visible region i.e. red shift which has been regarded to the 

charge-transfer transition between the d electrons of the dopant and TiO2 conduction band. 

For the doping, several dopants have been investigated among which metal-ion doping in 

TiO2 is widely preferred with the transition metals like Cu, Co, Ni, Cr, Mn, Nb, V, Fe etc. [14-

21]. Among these transition metal-ions, Cr is one of the demanded dopants which is has 

been reported to be promising for the enhancement of photoresponse  in the visible 

wavelength range by narrowing the optical band gap. For the synthesis of undoped and 

doped TiO2 nanoparticles, several methods have been explored among which solvothermal 

method is one of the versatile methods for the preparation of particles with narrow size 

distribution and dispersity [22]. The doping of chromium in TiO2 has showed an 

improvement in the optical and photocatalytic properties [23, 24]. Chromium is known to be 

one of the most demanded dopants in TiO2 and demonstrated an enhancement in photo-

current density with a shift of optical absorption in visible range. Cr+3 ions has less number 

of valance electrons as compared to Ti+4 hence, the excess of holes create an acceptor level 

near the valence band of TiO2. Because of the narrowing of band gap between valance and 

acceptor, the electron movement is better even at low temperature. Peng et al. have 

studied the influence of Cr doping and annealing temperature on the photocatalytic activity 

of TiO2 and showed the shifting of absorption edges of TiO2 towards high wavelength region 

with the increase of Cr concentration [25]. Yanan Xie et al. have reported the preparation of 

chromium-doped TiO2 particles by hydrothermal method for dye-sensitized solar cells 

(DSSCs) application. They have performed the photovoltaic performance of by controlling 

the Cr dopant concentration in TiO2 and observed that the rutile phase was increased with 

the introduction of Cr. In addition, electron transport mechanism and electron lifetime was 

improved [26]. J.A. Pedraza-Avella et al. have studied the visible light absorption of TiO2 by 

doping transition metal (chromium) with different dopant concentrations 0.1, 0.5, 1.0 and 

5.0 wt. % prepared by sol-gel method. The X-ray powder diffraction and Raman 

spectroscopy showed the pure anatase phase of all samples. By x-ray photoelectron 

spectroscopy analysis, the oxidation state of chromium was found to be different for 

samples prepared at different concentration. The measurement by UV-Vis diffused 

reflectance spectroscopy showed enhanced visible light absorption due to the emergence of 

color centers [27]. Xuemin Li et al. have presented the synthesis of chromium doped 

titanium dioxide using hydrothermal approach and as-prepared samples were characterized 
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for their structural and optical properties. As compared to pure TiO2 samples, the Cr-doped 

TiO2 samples showed enhanced visible light photocatalytic activity. Further, the influence of 

nitrogen-modified Cr-doped TiO2 samples has been explored [28]. H. M. Yadav et al. have 

investigated the photocatalytic degradation of methylene blue (MB) under visible light 

irradiation using Cr-doped TiO2 nanoparticles. The samples of Cr–TiO2 photocatalysts were 

synthesized by sol-gel approach at room temperature and characterized for their optical and 

structural properties.  An increment in Cr doping concentration showed shifting of the 

absorption band toward the visible region. The uniformity and crystalline anatase phase of 

nanoparticles were confirmed by the TEM results. With an increase of Cr3+ cations 

concentration, the photocatalytic activity was found to be enhanced [29]. Rajnish K. Sharma 

et al. have investigated the properties of chromium doped TiO2 for oxygen gas sensing 

application. The Cr-doped TiO2 with concentration 0.4 wt.% showed enhanced sensitivity 

with a shorter response time at temperature 700 0C as compared to pure TiO2 [30]. Cham 

Kim et al. have reported the hydrothermal synthesis of Cr-doped TiO2 and demonstrated the 

performance of a dye-sensitized solar cell by using photo-anode made up of coating of 

prepared nanoparticles. The photo-conversion efficiency of the dye-sensitized solar cell was 

found to be increased by using photo-anode made of double layer of TiO2 particles instead 

single layer. This enhancement has been attributed to the suppression of electron 

recombination due to light trapping through the structure of double TiO2 layer [31]. 

Mohammadi et al. have demonstrated the improved efficiency of DSSC by using double 

layer of Cr doped TiO2 transparent material and light scattering layer. Photo-anodes made 

up of Cr doping showed improved light absorption and scattering due to its lower band gap 

[32].  

II. EXPERIMENTAL DETAILS 

For the synthesis, titanium isopropoxide (TTIP, Ti[OCH(CH3)2]4) and chromium nitrate 

(Cr(NO3)3.9H2O) were used as Ti  and Cr precursors which were purchased by Sigma-Aldrich. 

Acetic acid glacial (CH3COOH) was obtained from SDFine. All the reagents were analytical 

grade and used for the synthesis without any further purification. For the solvothermal 

synthesis of undoped and Cr-doped TiO2 nanoparticles, titanium isopropoxide (6 ml) and 

acetic acid (12 ml) were mixed. This mixture was added to 12 ml of ethanol and stirred 

continuously for 2 hours. Further, the solution was transferred to a teflon-lined autoclave 

for the process at 200 °C for 90 minutes. After being cooled down to room temperature, the 
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obtained solution was filtered, washed with ethanol and dried at 80 °C for few hours. In a 

similar manner, for the synthesis Cr-doped TiO2 nanoparticles, chromium nitrate was 

dissolved in the solution after mixing of the solution for 30 minutes with different dopant 

(chromium) concentrations in the range 0-0.05 mol %. 

After synthesis process, the prepared samples were examined for the investigation 

of phase and crystallinity using X-ray Diffraction (D8 Advance Bruker AXS, Germany), the 

optical measurements using UV-Visible-NIR Spectrophotometer (JASCO V-670, Japan). The 

size of prepared particles, growth pattern and crystallites distribution were examined by 

using Transmission Electron Microscope (Tecnai G2 20 Twin FEI, Netherlands). 

III. RESULTS & DISCUSSIONS 

The as-prepared samples of pure and Cr-doped TiO2 nanoparticles were investigated 

for the crystal phase and the size of the crystallites. Figure 1 depicts the XRD patterns of 

undoped and Cr-doped TiO2 nanoparticles with dopant concentrations 0.01, 0.03 and 0.05 

mol % under the same conditions.  The patterns were recorded in 2𝜃 range of 20-80°. As 

can be observed the curves (a), (b), (c) and (d) of the XRD patterns are exhibited diffraction 

peaks at 25° and 48° which indicates the crystallinity of the TiO2 and Cr-doped TiO2 

nanoparticles respectively. These diffraction  peaks are consistent with the reflections of 

anatase phase and are good in agreement with JCPDS File No. 900-9086, 900-8123 and 500-

0223. The lattice planes indexed in all diffraction patterns are associated to the pure 

tetragonal anatase phase of host TiO2 material which has Ti-6 (octahedral) and O-3 (trigonal 

planer) coordination geometry. It is also observable that the anatase crystalline phase of 

TiO2 remained unchanged with the incorporation of Cr in the TiO2 lattice. The samples of Cr-

doped TiO2 nanoparticles shows a variation in the intensity of diffraction peaks with a small 

shift indicates the slight expansion of the unit cell volume with the reduction in the 

crystallite size. Such expansion of the unit cell volume is quite feasible due to a small 

difference between ionic radii of the dopant (Cr) and the host titanium-ions [33]. 
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Figure 1. XRD patterns of undoped and Cr-doped TiO2 nanoparticles with dopant concentrations 0.01, 0.03 
and 0.05 mol %. 

The ionic radii of both Cr3+ and Ti4+ ions are 61.5 and  60.5 pm which is close to each other 

therefore, Cr3+ ion can enter the lattice sites of Ti4+ via substitutional doping [34]. The Cr-

doped TiO2 samples show reduced intensity with increased full-width at half-maximum of 

the Bragg peak. This might be because of the small nanoparticles size due to which the all 

the dopants might not have entered the lattice of  octahedral position. However, some 

dopants might be remaind onto the surfaces or grain boundaries. As a result, the periodicity 

of the lattice gets disturbed and affects the crystal growth which reduces the crystallite size. 

Further, there are no other characteristic peaks of  phases/impurities were noticed in the 

prepared samples it means there is no presence  of doping related elements like CrO2 or 

Cr(IV).  

The crystallite size of as-prepared samples were calculated by using Scherrer’s 

formula as follows, 

𝑑 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 

where 𝛽 is the full-width at half-maximum (FWHM) of the diffraction peak,  𝜆 is the X-ray 

wavelength (nm) and 𝜃 is the diffraction angle. The estimated crystallite sizes of the samples 

are 9.82, 9.79, 9.53 and 9.98 nm corresponding to the XRD patterns  shown in figure 1(a), 

1(b), 1(c) and 1(d) respectively. The crystallite size is found to be decreased with Cr-doped 

TiO2 samples as compared to undoped sample which is as a result of the introduction of Cr 
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into TiO2 lattice [28]. An increase in Cr doping leads wider diffraction peaks with reduced 

intensity. This might be as a result of change in the ionic radius of Cr+3 and Ti+4. The ionic 

charge of Cr+3 is different from Ti+4, hence, doping of Cr creates more oxygen vacancies in 

order to neutralize the charge in TiO2 lattice. The absence of impurity peak(s) in diffraction 

patterns indicate the occupancy of  Cr+3 to the main sites of the TiO2 lattice. The 

photocatalytic property of Cr-doped TiO2 can be enahanced with an increase in doping 

concentrations to a moderate level and beyond that it saturates. 

 

Figure 2. TEM images of  undoped and  Cr-doped TiO2  with doping concentrations  0.01,   0.03 and 0.05 mol 

%. 

According to the theoretical calculation, the doping of chromium in titania  

nanocrystals can be done by either three mechanisms: isolated substitutional doping of 

chromium at the sites of titanium, substitutional doping by compensating the oxygen 

vacancy and interstitial doping. Therefore, transmission electron microscopy (TEM) 

measurement is useful to understand the doping of chromium-ions. TEM analysis was 
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performed to study the distribution of dopant in TiO2 nanocrystals, particle size, crystallinity 

and morphology of the prepared samples. The resultant TEM images of undoped TiO2 and 

Cr-doped TiO2 samples with 0.01, 0.03 and 0.05 mol% concentrations are shown in figure 2. 

TEM images in figure 2(a)-2(d) depicts that well-distributed nanoparticles with little 

agglomerated in first three samples. This agglomeration can be attributed to the combined 

fine primary and secondary fine nanoparticles as by nature small size particles of titania 

agglomerates with larger ones. The particle sizes of undoped and Cr-doped with dopant 

concentrations 0.01, 0.03 0.05 mol % are found to be in nanoscale with the grain size less 

than 10 nm. Figure 2(e)-2(h) depicts the high-resolution TEM images of undoped and Cr-

doped TiO2 nanoparticles with different doping concentrations for the analysis of the lattice 

fringes.  All samples show uniform structure of nanoparticles with their fine crystalline 

areas. The uniform fringes can be clearly observed in the images of figure 2(i)-2(l) 

corresponding to the undoped and Cr-doped samples which resemble that the nanoparticles 

are highly crystalline in nature. The lattice spacing are found to be 0.339, 0.363, 0.337 and 

0.368 nm which represents the (101) anatase phase of nanoparticles which consist of single 

anatase grain. For the case of doped samples, d-spacing of the crystal planes/fringes are 

observed to be increased with title twistiness. Such observation has been reported for the 

Au-doped TiO2 nanoparticles which were attributed to the possible defects with metal-

doping [35]. The degree of crystallinity of prepared anatase phase nanoparticles are found 

good matching with the highest intensity peak in the XRD pattern. The crystallinity of the 

prepared nanoparticles was examined by selected area diffraction (SAED) pattern and 

depicted in figure 2(m)-2(p) of undoped and Cr-doped TiO2 samples respectively. The ring 

pattern endorses polycrystalline anatase nature of all the samples with bright spots indicate 

the high crystallinity of doped-TiO2 with (101) planes. The average size of undoped and Cr-

doped TiO2 nanoparticles corresponding to the dopant concentrations 0.01, 0.03 and 0.05 

mol% are 13.16, 12.47, 10.94 and 12.17 nm respectively. The estimated particle size is good 

in agreement with the evaluated crystallite size obtained from the XRD patterns. It is also 

observed that the particles size decrease with doping in TiO2 without affecting the 

crystalline phase of the pure TiO2. 

For the analysis of optical properties, UV-Vis absorption measurements of the 

undoped and Cr-doped samples were carried out at room temperature which is shown in 

figure 3. Usually, undoped TiO2 material has the tendency to absorb only UV light as its band  
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gap 3.2 eV which can be observed. The absorption spectra exhibit UV cut-off wavelength 

which represents the photoexcitation of electrons to the conduction band (formed by 3d t2g 

orbitals of the Ti4+ cations) from valence band (formed by 2p orbitals of the oxide anions) 

[28]. 

 

Figure 3. UV-Vis absorption spectra of undoped and Cr-doped TiO2 nanoparticles with different dopant 

concentrations 0.01 and 0.03 mol %.  

 

A red shift in the absorption edge is observed from Cr-doped TiO2 samples due to acceptor 

tendency of chromium in titania. With an increase in the doping concentration, the 

amplitude of the red shift is found to increased. The enhancement in absorption could be 

due to the positive shift in the conduction band edge of Cr-doped TiO2 which endorses a 

slightly reduced  band gap of the doped TiO2 and hence, a red shift in light absorption. 

Additional absorption peak in the wavelength range 640-800 is noticed and such similar 

result has also been reported which was attributed to the d-d transition of Cr3+. This could 

be corresponding to the distance between doping levels of Cr3+ ions and the conduction 

band [28]. 
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Figure 4. Optical band gap of undoped and Cr-doped TiO2 nanoparticles with dopant concentrations 0.01 and 

0.03 mol %.. 

For the band gap analysis of the prepared samples, the optical band gap is plotted in 

figure 4 using Kubelka-Munk function. The optical band gap of the nanoparticles can be 

determined by the extrapolation of the linear of the spectra to Ephoton=0 in the curve of 

(Ephoton=hν) vs [F(R)hν]1/2. The estimated energy band gap of the undoped and Cr-doped TiO2 

samples with doping concentrations 0.01 and 0.03 mol % are 3.30, 3.26  and 2.94 eV 

respectively. The energy band gap is observed to decreased with an  increase in dopant 

concentration. It is noteworthy that the band gap can be easily tuned to a specific level with 

the choice of doping concentration of transitional metal-ions into host TiO2 as a result 

shifting of optical absorption edge from UV to visible region is observed. 

 

To observe the light scattering capacity of the prepared nanoparticles, the diffused 

reflectance measurement was carried out and shown in figure 5. The Cr-doped TiO2 

nanoparticles show reduced reflectance due to the smaller sizes of the nanoparticles as 

compared to the wavelength range of visible light with a low light scattering capability. 
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Figure 5 Diffused reflectance spectra of pure and Cr-doped TiO2 nanoparticles with dopant concentrations 

0.01 and 0.03 mol%.. 

The diffused reflectance is observed to be increased in the order Cr-TiO2(0.03m%)→Cr-

TiO2(0.01m%)→TiO2 according to the nanoparticles size in the order 10.94 nm<12.47 

nm<13.60 nm. The light scattering capacity is essential in order to have optimal light 

harvesting in DSSCs  which falicitates improvement in photon to current conversion 

efficiency. 

IV. CONCLUSIONS 

The solvothermal synthesis and characterization of pure and Cr-doped TiO2 

nanoparticles to study their structural and optical properties were presented. The 

diffraction peak at 2θ= 25° in XRD spectra indicates that nanoparticles exhibit pure anatase 

crystalline phase. An increase in Cr doping led to wider diffraction peaks with reduced 

intensity which resembles the change in the ionic radius of Cr+3 and Ti+4. The absence of 

impurity peak in diffraction patterns indicates the occupancy of  Cr+3 to the main sites of the 

TiO2 lattice. The crystallite size was calculated using Scherrer’s formula and the result 

showed a decrease in the crystallite size with an increase in dopant concentration. TEM 

analysis showed the homogeneous morphology of the nanoparticles with their narrow 

particle size distribution about 10 nm. The lattice spacing was found to be 0.339, 0.363, 

0.337 and 0.368 nm corresponding to the pure and Cr-doped TiO2 samples which represent 

the (101) anatase phase of the nanoparticles. The d-spacing of the crystal planes/fringes 
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were observed to be increased with title twistiness for the doped samples. The ring pattern 

in TEM images endorses polycrystalline anatase nature of all the samples with bright spots 

representing the high crystallinity of the doped-TiO2 with (101) plane. It was also observed 

that particle size decreases with increase in dopant concentration which was good in 

agreement with calculated size using  XRD patterns. The diffused  reflectance spectra  of the  

nanoparticles with different dopant concentrations showed that the scattering of light has 

decreased with an increase in Cr-doping. The band gap energy calculated using Kubelka- 

Munk function showed  decrease in band gap energy with an increase in dopant 

concentration and exhibited a red shift of absorption edge. This study demonstrates that 

the band gap can  be easily tuned  with the choice of the doping concentration of 

transitional metal-ions into TiO2 which results in shifting of optical absorption edge from UV-

visible wavelength range. 
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Chapter -3 

Experimental Studies of TiO2 Nanoparticles Synthesized by Sol-gel and Solvothermal 

Routes for DSSCs Application 

I.  Introduction 

Titanium dioxide (TiO2) is the most demanded as the photoanode material in dye-

sensitized solar cells (DSSCs) including its potential applications in water treatment, 

pigments, self-cleaning surfaces, biosensors, chemical sensors, biodiesel production and so 

on [1-7]. The main attraction of the TiO2 is its non-toxicity, easy handling, and inexpensive 

production. In spite of several synthesis methods, the sol-gel and solvothermal processes 

are the easiest ways to synthesize the TiO2 nanoparticles with their tailor-ability to attain 

the required optical and physical properties. The solvothermal synthesis method is ideal for 

the preparation of nanomaterials and has the controllability to prepare the various forms of 

the nanostructures i.e. nanoparticles/nanorods/nanotubes etc. The process parameters to 

do so are the reaction temperature, reaction time, autoclave pressure and the solvent type. 

Further, the particles morphology and crystallinity can also be tailored by the chemical 

composition, pH of the solution and the aging time. This method produces the fine particles 

with their unique physical properties as compared to other chemical routes. An analogy to 

solvothermal synthesis, the sol-gel method is easy due to its low-temperature and pressure 

process. Depending upon the chemistry of the precursor and synthesis conditions this 

method provides the flexibility to tune the compositional and microstructural properties of 

the nanoparticles. As the precipitates derived by the sol-gel process is amorphous in nature 

so the calcination at the adequate temperature is required in order to attain the crystallinity 

of the sample. Furthermore, calcination at a higher temperature may promote the phase 

transformation of the particles due to the agglomeration of the particles and the growth on 

the grain boundaries.  

The anatase and rutile crystalline phases of TiO2 are mainly demanded for the 

industrial applications as compared to other phases such as brookite and the TiO2 (B) 

monoclinic. The energy band gap values of the anatase and rutile crystalline phases are 3.2 

and 3.0 eV respectively. As the anatase phase TiO2 has its high electrons mobility therefore, 

it is employed as the photoanode material of the dye-sensitized solar cells (DSSCs). The 

choice of the anatase phase TiO2 evidenced the reasonable enhancement in the cell 
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efficiency [8]. Furthermore, the mixed phases of the anatase-rutile have also been 

employed in the DSSCs [9]. The rutile phase nanoparticles can be prepared by the thermal 

treatment at higher temperature beyond 400 oC [10]. Ji Young Ahn et al. investigated the 

photovoltaic performances of the dye-sensitized solar cells by employing the photoanodes 

based on multiwalled carbon nanotube embedded with TiO2 nanowires prepared via 

electrospinning and the calcination processes. The composition of 5 wt% of the multiwalled 

carbon nanotubes with TiO2 nanowires was reported the enhanced cell efficiency and has 

been attributed to the enhanced electron-transfer mechanism with the reduced charge 

recombination [11]. Haimin Liu et al. manipulated the position of the scattering (S) layer in 

the DSSCs and investigated the photovoltaic performances. The scattering layer of rutile 

phase TiO2 nanoparticles with its thickness 5 μm was placed on the FTO plate followed by 

double layers of anatase TiO2 (T) films of thicknesses 5 μm each (STT), in-between the two 

TiO2 films (TST) and after the formation of double layers of anatase TiO2 films (TTS). In this 

investigation, the scattering layer placed on the TiO2 (STT configuration) showed the weak 

usage of the incident light but improved the electron collection efficiency. However, TTS 

configuration was supported to a strong incident light harvesting but reduced the electron 

collection efficiency. Further, the application of scattering layer in-between two transparent 

TiO2 films (TTS configuration) showed the better electron collection efficiency with 7 % cell 

efficiency [12]. Tong et al. synthesized the mesoporous microspheres of anatase TiO2 by the 

hydrolysis of titanium butoxide in butanol. The synthesized TiO2 microspheres diameter was 

0.5 μm with the nanoparticles size about 10 nm. By hydrothermal process, the aggregated 

TiO2 particles with their random shapes were obtained. The crystallinity of the TiO2 particles 

was found to be good with the pre- and post-calcination treatment. The cell efficiency of the 

photoanode based on TiO2 aggregate was observed to be higher than the TiO2 sphere based 

photoanode [13]. Metal-doped TiO2 nanoparticles have shown great improvement in the 

performance of the DSSCs. T. Sakthivel et al. demonstrated the synthesis of silver-doped 

TiO2 nanoparticles by chemical reduction process. The prepared nanoparticles of anatase-

rutile crystalline phases showed the improved light absorption in the visible region with a 

red-shift of its absorption edge and as much as 1.55 % cell efficiency was obtained [14]. 
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II. EXPERIMENTAL 

CHEMICALS 

Titanium isopropoxide (TTIP, Ti[OCH(CH3)2]4) with purity 97% (Sigma-Aldrich) was 

preferred as the titanium precursor. Acetic acid glacial (CH3COOH) was used as the catalyst 

supplied by SDFine. Ethanol with purity 99.99 % and de-ionized water were used as the 

solvents. All the chemicals were used without any further purification. For the DSSCs 

fabrication, Ruthenizer 535-bis TBA, Iodolyte HI-30, and Plastisol T were procured from 

Solaronix. 

SYNTHESES OF TIO2 NANOPARTICLES  

For the syntheses of TiO2 nanomaterials, we have followed the two methods, sol-gel 

(SG) and solvothermal (ST). For the sol-gel process, 150 ml of ethanol was mixed with 10 ml 

of deionized water under constant stirring. Further, 9 ml of TTIP was mixed in the above 

solution under constant stirring while maintaining the temperature at 85 oC using paraffin 

oil bath upto 4 h. After forming the gel, it was dried in the hot-air oven at temperature 60 

oC. The calcination was performed for 3 h at 400 oC and sample was named as ‘SG’. Similarly, 

another solution was prepared for the solvothermal process which was transferred into 

teflon lined autoclave followed by the hydrolysis process. The autoclave was placed in the 

hot-air oven for 2 h at temperature 200 °C. Later, the sample was collected from the 

autoclave and washed with ethanol. Finally, after drying at 80 °C for 1 h the collected 

particles were grinded and named as sample ‘ST’.  

FABRICATION OF DYE-SENSITIZED SOLAR CELLS 

The nanoparticles samples SG and ST were used to prepare TiO2 pastes in the 

following manner. First, 0.15 g TiO2 particles were mixed with 0.25 ml ethanol followed by 

adding 0.25 ml acetic acid and 0.25 ml of PVP. For the light scattering effect, 2-3 drops of 

silver nanoparticles suspension was added during the grinding process. The fluorine-doped 

TiO2 (FTO) glasses were cut in the size 1cmx1cm then ultrasonically cleaned in ethanol and 

acetone simultaneously for 15 min. Further, by doctor blade method, the TiO2 pastes were 

rolled-on to prepare the photoanodes. The effective active area of the DSSCs was 0.25cm2. 

After coating TiO2 pastes on FTO glasses, these were dried on hot-plate for 15 min at 

temperature 60 oC and finally kept for sintering in the muffle furnace at temperature 500 oC 

for 30 min. Later, the photoanodes were washed in ethanol and soaked in the dye solution 

for 12 h. After soaking photoanodes in dye, these were washed in ethanol and deionized 
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water. For the counter electrode, the platinum paste was rolled on the FTO glasses using 

doctor blade method. Finally, the solar cells were assembled while the electrolyte was 

injected in between the photoanode and the counter electrode. 

 

Characterization of TiO2 nanoparticles and DSSCs Performance 

The prepared nanoparticles SG and ST were characterized for the investigations of 

their phase and crystallinity using X-ray Diffraction (D8 Advance Bruker AXS, Germany), the 

optical measurements using UV-Visible Spectrophotometer (UV 1800, Shimadzu, Japan), the 

surface morphology measurements using Scanning Electron Microscopy (Leica Cambridge 

440 Microscope, UK) and Transmission Electron Microscope (Tecnai G2 20 Twin FEI, 

Netherlands). The performance of the DSSCs was investigated by using Sun Simulator 

attached assembled with a power source (Keithley 2420) and LED light source with an 

illumination of  80 mW/cm2.  

 

III. RESULTS AND DISCUSSION 

XRD investigations were done to study the crystal structure and phase 

constitution of the prepared powder samples. Figure 1 shows the XRD patterns of SG and ST 

samples recorded in 2𝜃 range of 20-80°. It is observable that the figure 1(a) and 1(b) are 

exhibited the pure-anatase phases with the dominant peaks at 25° and 48° without the 

presence of any impurities. The diffraction peaks were found to be consistent with the 

reflections of anatase phase and are indexed in accordance with File No. 96-152-6932 using 

Match software. The indexed planes endorse the pure tetragonal anatase phase of TiO2 with 

octahedral and trigonal planar coordination geometry. Based on the dominant diffractions 

peaks corresponding to the (101) plane as shown in    figure 1(a) and 1(b) the crystallite 

sizes were estimated by using Scherrer’s formula which is represented as, 𝑑 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃 

where 𝛽 is the full-width at half-maximum of the diffraction peaks,  𝜆 is the X-ray 

wavelength (nm) and 𝜃 is the diffraction angle. 
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Figure 1. X-ray diffraction patterns of the powder samples SG (fig. a) and ST (fig. b). 

The estimated crystallite sizes were found to be 13 and 11 nm corresponding to the SG and 

ST samples respectively. Furthermore, the diffraction peaks were found to be slightly wider 

for the sample ST which evidenced the smaller crystallite size as compared to the SG 

sample. Accordingly, we can observe the variation in the crystallite sizes in the order SG>ST 

that is 13 nm>11 nm.  

Figure 2 depicts the scanning electron microscopy (SEM) images of the synthesized 

TiO2 nanoparticles. The SG sample shows the agglomeration of the nanoparticles as shown 

in figure 2(a). As compared to sample SG, agglomerated spherical shape particles can be 

observed in the SEM image as depicted in figure 2(b). For both the samples, EDS spectra 

were recorded and shown in figure 2 (right side along the SEM images). The presence of the 

elemental compositions i.e. Ti and O peaks was endorsed in both samples.  
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Figure 2. SEM images and EDS spectra of the samples SG (fig. a) and ST (fig. b). 

 

Figure 3. TEM micrographs of the sample SG at resolution 200 nm (fig. a), 100 nm (fig. b), 50 nm (fig. c) with 
SAED pattern. 

Figure 3 illustrates the TEM images of the SG sample prepared by sol-gel process. We can 

observe the homogeneous distribution of the spherical-shape TiO2 nanoparticles from lower 

resolution to a higher resolution as depicted in figure 3(a)-3(c). The average size of the 
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particles is observed to be 13 nm which coincides with the crystallite size calculated by the 

Scherrer’s formula. The selected area electron diffraction (SEAD) image shown in figure 4(d) 

endorses the polycrystalline nature of the pure-anatase TiO2 nanoparticles.   

 

Figure 4. TEM micrographs of the sample ST at resolution 200 nm (fig. a), same enlarged image (fig. b), 50 

nm (fig. c) with SAED pattern. 

Figure 4 depicts the morphology of ST sample prepared by the solvothermal process. The 

agglomeration of TiO2 nanoparticles can be observed in figure 4(a) whereas the closer 

observation reveals the formation of the microspheres as shown in figure 4(b). Figure 4(c) 

confirms the mesoporous microspheres made up of TiO2 nanoparticles. The nanoparticles 

are in spherical shape with their average size 13.4 nm. These nanoparticles are found 

arranged in the microsphere form with average size 119 nm. The microsphere morphology 

in the ST sample coincides with the SEM image as shown in figure 2(b). The concentric rings 

in SAED image shown in figure 2(d) confirm the polycrystalline nature of the prepared 

nanoparticles. 
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Figure 5. UV-vis absorption of the TiO2 samples SG (fig.a) and ST (fig.b) with inset images of Tauc plots. 

The optical absorption of the prepared samples was studied by UV-Vis measurement as 

depicted in figure 5. Usually, the position of the absorption edge (i.e. blue-/red-shift) 

corresponds to the particles size. Using Tauc relation, the estimated optical band gaps are 

2.9 and 3.2 eV corresponding to the samples SG and ST as shown in the inset of figure 

5(a) and 5(b) respectively. The increase in crystallite size yields low band gap value as it is 

noticed for the sample SG as compared to ST. 

Typically, the measurement of the current density in accordance with the applied 

voltage with the light illumination yields the solar efficiency. For the solar cell 

characteristics, the short-circuit (𝐽𝑠𝑐), the open circuit voltage (𝑉𝑜𝑐) and the fill factor (𝐹𝐹) 

are the main parameters. The short-circuit (𝐽𝑠𝑐) is the current when the net voltage is zero 

while the open circuit voltage (𝑉𝑜𝑐) is the voltage when net current is zero. The fill factor 

(𝐹𝐹) is the representation of the squareness of the curve associated with the resistance in 

the solar cell. The fill factor equation is expressed as 𝐹𝐹 = 𝑃𝑚𝑎𝑥 𝐽𝑠𝑐 × 𝑉𝑜𝑐⁄  which is affected 

by the parasitic resistances. Depending upon the high or low magnitude of the voltages, the 

series or shunt resistances fluctuate. These analyses can be extracted from the I-V curve 

obtained under the dark condition. Under dark condition, the solar cell shows the ideal-

diode characteristics while fluctuation in the characteristics resembles the leakage current. 

Using SG and ST samples, two slurries were prepared to fabricate the solar cells which are 

named as SC-SG and SC-ST. Figure 6 depicts the current density-voltage characteristics of 

the prepared DSSCs. From figure 6(a), we can observe the photovoltaic performance of the 

SC-SG which shows its efficiency 1.57 %, open circuit voltage 0.62 V, short-circuit current 3.9 

mA/cm2 and 0.5 fill factor.  
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Figure 6. Current-voltage characteristics of the solar cells SC-SG (fig. a) and SC-ST (fig. b) respectively 

As compared to SC-SG device, SC-ST shows the upward shift of short-circuit current density 

as shown in figure 6(b) and accordingly, enhanced cell efficiency can be observed.  The 

obtained SC-ST’s parametrical values are found to be 2.17 % efficiency, 0.64 V open-circuit 

voltage, 3.9 mA/cm2 short-circuit current density and 0.7 fill factor. This enhanced efficiency 

has been attributed to the mesoporous microspheres of TiO2 nanoparticles which could 

yield the larger surface area for the dye adsorption. The DSSC based on TiO2 nanoparticles 

prepared by solvothermal method endorses the enhanced cell efficiency due to the 

formation of mesoporous TiO2 spheres as evidenced in the TEM micrographs shown in 

figure 4(b). The mesoporous morphology of the particles is more favorable in DSSCs as it 

possesses lower contact resistance among the TiO2 nanoparticles therefore, responsible for 

the enhanced cell efficiency. 

IV. CONCLUSIONS 

In this work, synthesis and characterization of TiO2 nanoparticles using sol-gel and 

solvothermal methods have been carried out. XRD analyses showed the presence of the 

pure-anatase phase while the estimated crystallite sizes of the SG and ST samples were 13 

and 11 nm respectively. SEM measurements confirmed the spherical-shape nanoparticles 

while the sample SG was found agglomerated. TEM measurements evidenced the 
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mesoporous TiO2 microspheres in the sample ST while EDS study endorsed the elemental 

peaks of Ti and O. The band gap of the sample SG was noticed lower than the ST which 

coincides with the increased crystallite size. Furthermore, dye-sensitized solar cell based on 

ST sample evidenced the better performance with its cell efficiency 2.17 % and short-circuit 

current density 3.9 mA/cm2
. This improvement could be attributed to the mesoporous 

morphology of the solvothermally prepared nanoparticles.  

REFERENCES 
1. Waleed M.M.Mahmoud, Tushar Rastogia, and Klaus Kümmerer, Application of titanium dioxide nanoparticles as 

a photocatalyst for the removal of micropollutants such as pharmaceuticals from water, Current Opinion in 
Green and Sustainable Chemistry, 6, 1-10 (2017). 

2. Nikola Tasić, Zorica Marinković Stanojević, Zorica Branković, Uroš Lačnjevac, Vesna Ribić, Milan Žunić, Tatjana, 
Novaković, Matejka Podlogar, Goran Branković, Mesoporous films prepared from synthesized TiO2nanoparticles 
and their application in dye-sensitized solar cells (DSSCs), Electrochimica Acta, 210, 606-614 (2016).  

3. Vânia Serrão Sousa, Claudia Corniciuc and Margarida Ribau Teixeira, The effect of TiO2 nanoparticles removal on 
drinking water quality produced by conventional treatment C/F/S, Water Research, 109  1-12 (2017).  

4. B.A.van Driel, P.J.Kooyman, K.J.van den Berg, A.Schmidt-Ott and J.Dik, A quick assessment of the photocatalytic 
activity of TiO2pigments - From lab to conservation studio, Microchemical Journal, 126, 162-171 (2016).  

5. Zi Fei Yin,  Long Wu,  Hua Gui Yang  and  Yong Hua Su, Recent progress in biomedical applications of titanium 
dioxide, Phys. Chem. Chem. Phys., 15, 4844-4858 (2013). 

6. Nagaraj P. Shetti and Raviraj M. Kulkarni, Electrochemical Sensor Based upon Ruthenium Doped TiO2 
Nanoparticles for the Determination of Flufenamic Acid, Journal of The Electrochemical Society, 164, B3036-
B3042 (2017). 

7. Taraneh Mihankhah, Mohammad Delnavaz and Nader Ghaffari Khaligh, Application of TiO2 nanoparticles for eco-
friendly biodiesel production from waste olive oil, Journal International Journal of Green Energy, 15, 69-75 
(2018). 

8. Gonghu Li, Christiaan P. Richter, Rebecca L. Milot, Lawrence Cai, Charles A. Schmuttenmaer, Robert H. Crabtree, 
Gary W. Brudvig and Victor S. Batista, Synergistic effect between anatase and rutile TiO2 nanoparticles in dye-
sensitized solar cells, Dalton Trans., DOI: 10.1039/B908686B, 10078-10085 (2009). 

9. Alagesan Subramanian, Ching-Yuan Ho, Hongwen Wanga, Investigation of various photoanode structures on dye-
sensitized solar cell performance using mixed-phase TiO2, Journal of Alloys and Compounds, Vol. 572, 11-16 
(2013). 

10. R. S. Dubey, Temperature Dependent Phase Transformation of TiO2 Nanoparticles Synthesized by Sol-gel 
Method, Materials Letters,  215, 312-317 (2018).  

11. Ji Young Ahn, Ji Hoon Kim, Kook Joo Moon, Jong Hyun Kim, Chang Sun Lee, Min Young Kim, Jae Wook Kang and 
Soo Hyung Kim, Incorporation of multiwalled carbon nanotubes into TiO2 nanowires for enhancing photovoltaic 
performance of dye-sensitized solar cells via highly efficient electron transfer, Solar Energy, Vol. 92, 41–46 (2013). 

12. Haimin  Liu,  Liangliang  Liang  and Xingzhong Zhao, Enhance the performance  of dye-sensitized solar cells by 
balancing the light harvesting  and  electron  collecting  efficiencies  of  scattering layer based photoanodes, 
Electrochimica Acta, Vol. 132,  25–30 (2014). 

13. Hui Tong, Naoya Enomoto, Miki Inada, Yumi Tanaka and Junichi Hojo, Synthesis of mesoporous TiO2 spheres and 
aggregates by sol–gel method for dye-sensitized solar cells, Materials Letters, Vol. 141, 259-262 (2015). 

14. T Sakthivel, K Ashok Kumar, Rajajeyaganthan Ramanathan, J Senthilselvan and K Jagannathan, Silver doped 
TiO2 nano crystallites for dye-sensitized solar cell (DSSC) applications, Materials Research Express, Vol. 4, 
(2017).  

https://www.sciencedirect.com/science/article/pii/S2452223617300299#!
https://www.sciencedirect.com/science/article/pii/S2452223617300299#!
https://www.sciencedirect.com/science/article/pii/S2452223617300299#!
https://www.sciencedirect.com/science/journal/24522236
https://www.sciencedirect.com/science/article/pii/S0013468616312701#!
https://www.sciencedirect.com/science/article/pii/S0013468616312701#!
https://www.sciencedirect.com/science/article/pii/S0013468616312701#!
https://www.sciencedirect.com/science/article/pii/S0013468616312701#!
https://www.sciencedirect.com/science/article/pii/S0013468616312701#!
https://www.sciencedirect.com/science/article/pii/S0013468616312701#!
https://www.sciencedirect.com/science/article/pii/S0013468616312701#!
https://www.sciencedirect.com/science/article/pii/S0013468616312701#!
https://www.sciencedirect.com/science/journal/00134686
https://www.sciencedirect.com/science/journal/00134686/210/supp/C
https://www.sciencedirect.com/science/article/pii/S0043135416308764#!
https://www.sciencedirect.com/science/article/pii/S0043135416308764#!
https://www.sciencedirect.com/science/article/pii/S0043135416308764#!
https://www.sciencedirect.com/science/journal/00431354
https://www.sciencedirect.com/science/journal/00431354/109/supp/C
https://www.sciencedirect.com/science/article/pii/S0026265X15003288#!
https://www.sciencedirect.com/science/article/pii/S0026265X15003288#!
https://www.sciencedirect.com/science/article/pii/S0026265X15003288#!
https://www.sciencedirect.com/science/article/pii/S0026265X15003288#!
https://www.sciencedirect.com/science/article/pii/S0026265X15003288#!
https://www.sciencedirect.com/science/journal/0026265X
https://www.sciencedirect.com/science/journal/0026265X/126/supp/C
http://pubs.rsc.org/en/results?searchtext=Author%3AZi%20Fei%20Yin
http://pubs.rsc.org/en/results?searchtext=Author%3ALong%20Wu
http://pubs.rsc.org/en/results?searchtext=Author%3AHua%20Gui%20Yang
http://pubs.rsc.org/en/results?searchtext=Author%3AYong%20Hua%20Su
http://www.tandfonline.com/author/Mihankhah%2C+Taraneh
http://www.tandfonline.com/author/Delnavaz%2C+Mohammad
http://www.tandfonline.com/author/Khaligh%2C+Nader+Ghaffari
http://www.tandfonline.com/toc/ljge20/current
https://www.sciencedirect.com/science/journal/0167577X
https://www.sciencedirect.com/science/journal/0167577X/215/supp/C
http://www.sciencedirect.com/science/journal/0167577X/141/supp/C
http://iopscience.iop.org/journal/2053-1591


38 
 

Chapter -4 

Doping Influenced Studies of Solvothermal derived TiO2 Nanocrystals for Light Scattering 

Application 

I. INTRODUCTION 

Titanium dioxide (TiO2) is an easily available material and demanded in several 

applications owing to its high chemical stability, good optical and electronic properties 

which is non-hazardous for the human and environment. Presently, TiO2 has been opted as 

the promising material for the dye-sensitized solar cells, photocatalytic activity, 

antibacterial, chemical and bio-sensing applications [1-6]. TiO2 is known as the n-type 

semiconductor material and may exist in the anatase, brookite, and rutile or mixed form [6]. 

By opting the higher temperature calcination, the anatase, and brookite TiO2 gets 

transformed to rutile phase. The anatase and rutile phases are found in tetragonal while 

brookite in an orthorhombic arrangement. The rutile phase-TiO2 is thermally stable 

nonetheless anatase-TiO2 is preferred for the photovoltaic and photocatalyst applications 

owing to its high electron-mobility and low-dielectric constant.  Depending upon the 

crystalline phases, the energy band gap varies i.e. 3.2, 2.9 and 3.0 eV corresponding to the 

anatase, brookite and rutile-TiO2.  TiO2 is a photosensitive material which gets excited upon 

irradiation with ultra-violet light. Rather than bulk TiO2 powder, nanoparticles are 

intensively investigated in photocatalyst application due to its increased surface area to 

volume ratio and the quantum confinement effect. The quantum confinement effect is 

originated when the crystallite size of the nanoparticles becomes below 10 nm which leads 

to the large energy band gap as compared to the bulk TiO2. The solar spectrum consists of 

ultraviolet, visible and infra-red spectrums, however TiO2 gets excited with the irradiation of 

ultraviolet spectrum which indicates as much as 5 % utilization of the solar spectrum [7]. In 

addition, due to its wide band gap and high charge carriers recombination of TiO2 the 

photocatalytic activity is limited [8]. To overcome these issues, doping is a choice and 

several investigations have been reported on the alteration of the electronic band structure 

with the metal, non-metal ions and rare earth elements [9-12]. In general, doping is a 

process which allows the replacement of the host ions with the ions of a predetermined 

impurity. As a result of this, the several properties of the host material like structural, 

magnetic, electrical, optical and thermal get affected. Depending upon the concentration of 
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the dopant, the smaller or larger band gap of the semiconductor can be felicitated. Doping 

generates the intermediate energy levels corresponding to the impurity’s concentration and 

the oxygen vacancy as well. Doping and co-doping are the same processes except that the 

former represents the single material doping and later one is for two different dopants. In 

dye-sensitized solar cells and photocatalyst applications, doped and co-doped TiO2 

felicitated the improved performance. The doping process is strongly dependent on the 

dopant’s concentration, pH and the calcination temperature.  

By doping, the photo-excitation properties of the TiO2 can be altered. The suitable 

choice of the dopant yields the bathochromic shift due to the decreased band gap or by 

inducing intra band gap. By doing so, it enhances the light absorption in the visible 

spectrum; however the crystallinity of the TiO2 is needed to be retained with the processing 

mechanism. Mostly, doping with transition metals has found to be promising for narrowing 

the band gap as these exhibits the electronic transitions within the conduction band and 

valence band by introducing the impurity level and thus inhibits the recombination of the 

photo-excited charge carriers. Doping provides the additional energy levels within the 

material’s band gap due to which low excitation energy is needed for the electron transition 

from one level to another. Alvaro et al. studied the optical properties of the copper-doped 

TiO2 (Cu-TiO2) nanoparticles prepared by the green synthesis method. By scanning electron 

microscopy (SEM) studies, the average sizes of the TiO2 and Cu-TiO2 were found to be 70 

and 27 nm respectively. By ultraviolet-visible (UV-vis) spectroscopy, the absorption edge of 

the Cu-TiO2 showed the red-shift corresponding to the decreased band gap energy and the 

same trend was noticed with the increased concentration of the Cu. At most 1.6 eV band 

gap value was obtained for the Cu-TiO2 nanoparticles doped with 7.5 % Cu concentration 

[7]. Similarly, Aguilar et al. explored the energy band gap, crystallinity, morphology and the 

elemental composition analyses of the Cu-TiO2 nanoparticles synthesized by the 

hydrothermal process [13]. The prepared nanoparticles were anatase phase with the 

reduced band gap 1.6 eV based on 7.5 % doping of Cu and this result was found similar to 

the previously reported work. Dubey et al. reported the chromium doped TiO2 (Cr-TiO2) 

nanoparticles prepared with the various Cr concentrations by the solvothermal method. X-

ray diffraction (XRD) study revealed the crystalline particles of the anatase phase while the 

transmission electron microscopy (TEM) analysis showed the average particles size from 11-

13 nm. With the increased Cr concentration the crystallite size was reduced while the light 
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absorption was enhanced [14]. Sahu et al. investigated the optical and structural properties 

of the pure and aluminum-doped TiO2 (Al-TiO2) nanoparticles prepared by the sol-gel 

process. With the increased Al concentration, the XRD peaks of the Al-TiO2 nanoparticles 

were found to be wider as compared to the pure TiO2 nanoparticles which resulted in the 

decreased crystallize size. The absorption edge of the Al-TiO2 showed the red-shift in 

accordance with the increased Al concentration and with 0.03 mole % concentration the 

band gap was reduced to 2.8 eV from 3.1 eV of the pure TiO2 [15]. Jin et al. demonstrated 

the doping impact of Al-TiO2 and zinc-doped TiO2 (Zn-TiO2) by the sol-gel method and used 

as the photoanode materials for the dye-sensitized solar cells (DSSCs). With the doped-TiO2 

nanoparticles, the efficiency of the DSSCs was found to be enhanced which has been 

assigned to the band gap variation after the doping of Al and Zn dopants with their 

respective concentrations [16]. Park et al. synthesized the co-doped TiO2 nanoparticles with 

copper (Cu) and nitrogen (N) by the sol-gel method and employed as the photoanode 

material for the DSSCs. UV-vis measurement of N-TiO2 nanoparticles showed the red-shift of 

the absorption edge while co-doped Cu/N-TiO2 nanoparticles showed the dominant effect 

with enhanced absorption in the visible wavelength. Furthermore, the obtained band gaps 

were 2.93, 2.91, 2.70 and 2.04 eV in accordance with 0 mM Cu/N-TiO2, 1 mM Cu/N-TiO2, 10 

mM Cu/N-TiO2, 100 mM Cu/N-TiO2 samples. The predominant optical response in the visible 

wavelength was observed for the nanoparticles prepared with the 100 mM concentration of 

Cu co-doped with N. The photovoltaic performance of the DSSC was improved which has 

been attributed to the enhanced surface area and inhibited the charge recombination with 

the co-doped nanoparticles [17]. Kumar et al. synthesized and studied the silver-doped TiO2 

(Ag-TiO2) nanoparticles prepared by the microwave irradiation technique and furthermore 

investigated the photocatalytic activity. The synthesized nanoparticles were anatase phase 

with their crystallite sizes 31 and 21 nm with respect to the TiO2 and Ag-TiO2 nanoparticles. 

After doping with Ag, the absorption edge was found shifted towards the longer wavelength 

corresponding to the band gap 2.74 eV as a result of generated energy state within the band 

gap of TiO2. Small band gap energy is promising for the enhancement of photocatalytic 

behavior, as a result an effective photocatalytic response was noticed with the Ag-TiO2 

nanoparticles [18]. Mohammad et al. presented the photocatalytic activity of the pure and 

magnesium doped TiO2 (Mg-TiO2) nanoparticles by the simple sol-gel method. Diffused 

reflectance spectroscopy measurement was carried out to observe the band gap variation 
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with the Mg doping. After doping, the absorption edge was found shifted towards the 

longer wavelength region corresponding to the energy band gap 2.92 eV. As a result of 

doping, red-shift was observed which was attributed to the possible induced transition band 

between the titania band gap [19]. Liu et al. reported the synthesis of co-doped TiO2 

nanoparticles with Zn and Mg by the simple hydrothermal method for the DSSCs 

application. The photovoltaic performance of the DSSC was found enhanced ~27 % with the 

Zn+Mg-TiO2 nanoparticles as compared to the DSSC based on pure TiO2 nanoparticles. This 

enhancement of the performance was attributed to the faster electron transport 

mechanism due to the co-doping and corresponding positive shift of the flat band [20]. 

Krishnakumar et al. studied the various properties of the sol-gel derived copper doped TiO2 

(Cu-TiO2) nanoparticles for photocatalytic activity. As a result of the various concentration of 

the copper, the decreased crystallite sizes were obtained while the polycrystalline nature of 

the anatase phase was retained. The similar trend of decreased band gap was noticed with 

the increased copper concentration [21]. Duane et al. explored the hydrothermally 

synthesized tin doped TiO2 (Sn-TiO2) nanoparticles for the dye-sensitized solar cells 

application by varying the tin concentration. Tin doping did not show the effect on the 

crystallinity and morphology however, shifting of the XRD peak was noticed with the 

increased tin concentration which confirmed the ion incorporation. As a result of this, 

DSSC’s performance was found to be enhanced [22]. Vijayalakshmi et al. presented the 

preparation and characterization of the barium doped TiO2 (Ba-TiO2) for antibacterial 

activity application. X-ray diffraction analysis endorsed the mixed anatase and rutile phases 

in the Ba-TiO2 nanoparticles. However, band gap energy was found increased which showed 

the enhanced antibacterial activity as compared to pure TiO2 nanoparticles [23].   

II. EXPERIMENTAL  

CHEMICALS 

The as-procured chemicals were used without any additional process. Titanium 

isopropoxide (TTIP, Ti[OCH(CH3)2]4, with purity 97% supplied by Sigma-Aldrich) as the 

titanium precursor, acetic acid glacial (CH3COOH, SDFine) as the catalyst, acetone (CDH), 

ethanol (C2H2, purity 99.99 %, CH Fine Chemical), isopropanol (CDH) and de-ionized water as 

the solvents were used.  
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SYNTHESES 

Pure and doped-TiO2 nanoparticles were synthesized by the solvothermal method 

and the processes are discussed here. For the preparation of pure TiO2 (PT) nanoparticles, 2 

ml TTIP was added in 20 ml acetone and stirred for 1 h. Later, the solution was transferred 

into the autoclave and kept at temperature 180 °C for 12 hr. For the synthesis of tin-doped 

TiO2 (Sn-TiO2) nanoparticles, 60 ml isopropanol, 10 ml acetic acid and 10 ml acetone was 

mixed and stirred for 10 min. Later 0.5 mole % stannous chloride was added to this solution 

followed by 10 ml TTIP and kept for 1 hr stirring. Finally, the processed solution was 

transferred into the autoclave and kept at temperature 180 °C for 12 hours. In a similar way, 

for the preparation of copper doped TiO2 (Cu-TiO2), 1 mM CuNO3 was added in 10 ml 

isopropanol and kept for stirring for 30 min. Later, 1 ml TTIP was added and stirred for 1 hr. 

The above solution was transferred into the autoclave and kept at temperature 180 °C for 

12 hr. Barium doped TiO2 (Ba-TiO2) nanoparticles were prepared by mixing 10 mM Barium 

acetate in 20 ml acetone and stirred for 30 min. Then, 2 ml TTIP was added and kept for 1 hr 

stirring. After over, the solution was transferred into autoclave and kept at temperature 180 

°C for 12 hr. For the preparation co-doped zinc magnesium-TiO2 (Zn-Mg-TiO2) nanoparticles, 

10 ml isopropanol, 1.5 ml acetic acid and 1.5 ml acetone were mixed into that 1 % zinc 

acetate and 1 % magnesium was added under constant stirring for 30 min. After obtaining 

the homogeneous solution, 1 ml TTIP was added and stirred for 1 hr. The prepared solution 

was transferred into the autoclave and kept at temperature 240 °C for 6 hr. After syntheses, 

all the collected samples were washed, sonicated and finally grinded. Hereafter, pure TiO2, 

Cu-TiO2, Sn-TiO2, Ba-TiO2 and Zn-Mg-TiO2 were named as PT, CT, ST, BT and ZMT 

respectively. 

CHARACTERIZATIONS 

The prepared pure and doped-TiO2 nanoparticles were examined for the phase and 

crystallinity using X-ray Diffraction (D8 Advance Bruker AXS, Germany), the optical 

absorption using UV-Visible Spectrophotometer (UV 1800, Shimadzu, Japan), surface 

morphology investigation using Field-Emission Scanning Electron Microscopy (FESEM, Leica 

Cambridge 440 Microscope, UK) and stoichiometry in the samples using energy-dispersive x-

ray spectroscopy (EDS attached to FESEM). 
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III. RESULTS AND DISCUSSION 

Figure 1 depicts the XRD patterns of pure and various doped TiO2 

nanocrystals/nanoparticles obtained by the solvothermal process which shows the 

dominant peak corresponding to the plane (101) in all the samples. As depicted in figure 

1(a), the sample PT endorses the anatase phase of the crystals without any characteristic 

peak of the impurity. In addition, the slight shift in the (101) dominant peak can also be 

noticed for the case of various doped samples CT, ST, BT and ZMT indicating the doping 

effect of the respective dopant ions into the TiO2 lattice. The as-prepared sample PT 

endorses the diffraction peaks of the planes (101), (004), (200), and (211) at 2θ values 25.44 

O, 37.68 O, 48.32O and 55.2O respectively. Our result is found consistent with the JCPDS File 

#21-1272. Based on (101) peak, the crystallite sizes were calculated using the Scherrer’s 

formula which is expressed as 𝑑 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃 where k is the constant paramters (k=0.9), 𝜆 is 

the X-ray wavelength (1.54 nm), 𝛽 is the full-width at half-maximum (FWHM) of the 

diffraction line and 𝜃 is the diffraction angle. The nanocrystallite size of the PT sample was 

found to be 7.91 nm. 

The ionic radius (IR) of the dopant ion is the significant factor which influences the 

typical doping mechanism. Depending upon IR of the dopant ion, various consequences can 

be as discussed here. Interstitial doping takes place when IR of the dopant ions is lower than 

the host ions (Ti4+). The replacement of the Ti4+ ions is prohibited due to the small IR of the 

dopant ions. Owing to this, the unit cell of the Ti4+ becomes larger which further claims the 

doping in the interstitial site. Sometimes, doping may also occur when IR of the dopant ions 

are slightly smaller than Ti4+. the lattice of the TiO2, when IR of the dopant ions is slightly 

larger than the host Ti4+ ions. No doping can be noticed when IR of the dopant ions is much 

larger than the host Ti4+ ions. If IR of the dopant ion is closer to Ti4+ then dopant ion enters 

into the TiO2 lattice by replacing the Ti4+ ion via the anticipated process called the 

substitutional doping [7, 13].  
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Figure 1. XRD patterns of the pure and doped TiO2 nanoparticles PT: fig.(a), CT: fig.(b), ST: fig.(c), BT: fig.(d), 
ZMT: fig.(e) and comparison of the dominant peak of the plane (101): fig.(f). 

The deformation of the lattice takes place owing to the intercalation of the dopant ions into  

Accordingly, we can notice the lower angle shifting of the diffraction peaks in the 

sample CT while comparing to PT as shown in figure 1(b). This sample endorses the anatase 

phase without any impurities like CuO/N2O. The broadening and shifting of the diffraction 
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peaks after Cu doping indicates the distortion of the lattice structure and accordingly 

reduction in the crystallite sizes [24]. Because doping ion results in several crystal planes 

which yield lattice deformation [25]. The crystallite sizes of the CT sample was calculated by 

using Scherrer’s formula and found to be 6.77 nm as compared to 7.91 nm of the PT sample. 

The decreased crystallite size indicates the further hindering of the grain growth upon the 

doping [26]. The ionic radius of Cu2+ is 73 pm which is larger than the Ti4+ therefore, we 

assume interstitial doping rather than the substitutional. Figure 1(c) depicts XRD pattern of 

the ST sample which evidences the similar trend of the lower angle shifting of the dominant 

peak which is assigned to the plane (101) as compared to PT. This is the usual phenomena 

due to the larger ionic radius of the Sn4+ i.e. 69 pm than the 60.5 pm of the Ti4+. Upon Sn 

doping, the crystallite size was found to be reduced to 7.41 nm from 7.91 nm against the PT 

sample. A similar trend in the XRD pattern has been reported in the literature [27]. As 

shown in figure 1(d), the XRD pattern of the BT sample is distinct as compared to other 

samples which exhibit the appearance of other peaks as well. One can observe the 

dominant diffraction peak of the plane (101) at the same position as compared with the PT 

sample along with the broadening of the peak. The additional peaks originated at 2θ=33.8o, 

42.8 o and 44.8 o were assigned to the planes (112), (106), and (204) corresponds to the 

JCPDS File #34-0129 while other peaks are found consistent with JCPDS File #21-1272. This 

suggests the usual effect of the ionic radius of Ba2+ (135 pm) which is much larger than the 

Ti4+ ion (60.5 pm). This could be due to the intercalated dopant ion which led to the 

deformation of the TiO2 lattice [28]. The estimated crystallite size of the BT sample was 5.53 

nm as compared to 7.91 nm of the PT sample. XRD pattern of co-doped zinc and magnesium 

TiO2 (ZMT) shows the broadening and reduced height of the peaks as compared to the PT 

sample as shown in figure 1(e). However, this observation is dominant as compared to other 

doped samples like CT, ST and the BT. As a result, lattice distortion could have been 

happened which further affected the crystallinity [29]. Usually, the ionic radius of the 

dopant ion plays the key role for the effective doping into the lattice of TiO2.  
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The doping mechanism could be substitutional, if the ionic radii of the dopant ions Mg2+ and 

Zn2+ were similar to Ti4+. However, the ionic radii of Mg2+ and Zn2+ are 72, and 74 pm which 

are larger than the 60.5 pm of Ti4+. Therefore, such variations in ionic radii might have 

introduced distortion in the TiO2 lattice due to which slight expansion in the TiO2 lattice 

structure was possible. In this sample, peaks originated at 2θ=30.8o, and 42.84o were 

assigned to the planes (121) and (231) which reveals the presence  of the brookite phase of 

orthorhombic structure and found well matched with JCPDS file # 29-1360 [30]. The 

appearance of brookite phase may be associated with the increased temperature during the 

solvothermal synthesis, particularly for ZMT. The estimated ZMT sample’s crystallite size 

was 6.68 nm as compared to 7.91 of the PT sample. Figure 1(f) depicts the XRD patterns of 

all the samples with the dominant peak of the plane (101) to observe the shifting in the 

diffraction peaks upon the various doping. The corresponding peak-shift toward the lower 

Bragg angle can be noticed for the case of CT and ST. This may be attributed to the ionic 

radii 73 and 69 pm respectively however, the broadening of the (101) peak can also be 

noticed for the BT sample which indicated the distortion in the lattice which might have 

affected the growth of the crystallite [29]. Among all these, the dominant peak of the ZMT 

sample shows its shifting towards the higher Bragg angle and the similar trend has been 

reported in the literature [13, 32]. Regardless of the doping process occurred i.e. either the 

substitutional or interstitial the crystallite sizes of the PT, CT, ST, BT, and ZMT samples were 

7.91, 6.77, 7.41, 5.53 and 6.68 respectively.  

The surface morphology of the as-prepared pure and doped TiO2 nanoparticles PT, 

CT, ST, BT, and ZMT were studied by FESEM and shown in figure 2. FESEM images of the 

sample PT shown in figure 2(a)-(c) evidences the formation of the non-uniform TiO2 

microspheres in the range of 82-201 nm with slightly agglomerated. Figure (a) and (b) shows 

the images recorded at the scale 1 μm and 500 nm respectively whereas figure 2(c) is the 

high-resolution image. The microspheres consisting of TiO2 nanoparticles can be easily 

noticed in figure 2(b). The almost uniform size of the nanoparticles can also be observed in 

the figure 2(c) with their mean diameter 17 nm.  
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Figure 2. FESEM Surface morphology of the samples PT: fig.(a-c), CT: fig.(d-f) , ST: fig.(g-i), BT: fig.(j-l) and 
ZMT: fig.(m-o). 

The surface morphology of the sample CT is shown in figure 2(d), 2(e) and 2(f) at the scale 1 

μm, 500 and 200 nm respectively. All the three images evidenced the formation of the 

copper-doped TiO2 microspheres with their non-uniform morphology along with slight 

agglomeration. 
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The diameter range of the microspheres was found to be 70-136 nm. We can also observe 

the CT nanoparticles in figure 2(f) with their mean diameter 8 nm. In both the samples (PT 

and CT), we can observe the formation of the mesoporous microspheres whereas such 

morphology is favorable to enhance the photocatalytic activity and dye-absorption for the 

dye-sensitized solar cells. The surface morphology of the sample ST is shown in figure 2(g)-

(i) is better than the PT and CT samples. We can observe the spherical and aggregated 

nanoparticles with their almost uniform size distribution. Referring to figure 2(i), the 

estimated mean diameter of the ST nanoparticles was 12.3 nm.  As compared to the PT 

sample’s diameter, it is found to be reduced which indicates the doping of the Sn4+ ions. The 

sample BT endorses the different morphology than the previous samples as depicted in 

figure 2(j)-2(l). We can observe the almost uniform mesoporous microspheres in the range 

of 3.6 to 4.2 μm in figure 2(j). In figure 2(k), BT microspheres with rough surfaces can be 

observed. This roughness indicates the mesoporous structure which is further confirmed in 

figure 2(l). One can observe the almost uniform spherical BT nanoparticles with their mean 

diameter 14 nm. Such mesoporous microspheres were reported in the literature for their 

high dye-absorption and hence, enhanced efficiency of the dye-sensitized solar cells [31-32]. 

Co-doped Zn-Mg-TiO2 (ZMT) nanoparticles were studied by FESEM and shown in figure 

2(m)-(o). The images depicted in figure 2(m) and 2(n) were recorded at the scale of 1 and 

500 nm respectively which shows the agglomerated nanoparticles with their uniform 

symmetry.  The formation of the mesoporous structure of ZMT nanoparticles can be noticed 

in figure 2(o). The prepared particles were spherical with their mean diameter 7.65 nm. In 

summary, the particles size was found to be reduced after doping which indicates that the 

doping took place. The mean diameter of the PT, CT, ST, BT and ZMT samples were 17, 8, 

12.3, 14 and 7.65 nm respectively.  

 We have performed the EDS measurements in order to confirm the elemental 

compositions in the prepared samples and the results are depicted in figure 3(a)-3(e). The 

presence of elemental peaks of Ti, O in the PT sample along with Cu, Sn, Ba, and Zn-Mg in 

the CT, ST, BT, and ZMT samples were observed. In the PT sample, the peaks of the Ti at 0.5, 

4.5, 5.0 eV and O at 0.6 eV can be observed as shown in figure 3(a). 
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Figure 3. EDS spectra of the samples PT: fig.(a), CT: fig.(b) , ST: fig.(c), BT: fig.(d) and ZMT: fig.(e). 

In CT sample, peaks at 1 and 8 eV confirms the presence of Cu while Sn presence was 

confirmed at 3.4 eV as depicted in figure 3(b) and 3(c) respectively. Similarly, sample BT 

endorses the Ba peaks at 4, 4.8 and 5.5 eV as shown in figure 3(d) whereas Zn peak at 1 and 

8.8 eV and Mg peak at 1.3 eV can also be observed in the sample ZMT as depicted in figure 

3(e). 
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Figure 4. UV-vis absorption spectra of the samples PT: fig.(a), CT: fig.(b), ST: fig.(c), BT: fig.(d) and ZMT: 
fig.(e). Fig.(f) shows the comparison of the crystallites size and the band gap of the pure and doped samples.  

Doping is essential in order to alter the band gap by shifting either the conduction 

band towards the lower region or the valence band towards the upper region. As a result of 

doping in TiO2, the band gap can be reduced which causes red-shift and enhances the 

photocatalytic property [7, 13-23]. To observe the doping effect with the various dopants,  
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we have performed the UV-vis measurements and the results are plotted in figure 4. Figure 

4(a) depicts the absorption spectra of the PT sample which shows the absorption below 400 

nm. The optical gap was determined by using Tauc relation, αhν=β(hν-Eg)n where α is the 

absorbance, hν is the photon energy, h is the Planck’s constant, Eg is the optical band gap 

and n=1/2 or 2 corresponding to the direct or indirect band gap semiconductor respectively. 

We have extrapolated the linear part of the graph (αhν)2 versus E to αEg=0. The tauc’s plot 

is shown in the inset of the absorption spectra of the respective samples. The band gap of 

the PT sample was found to be 3.16 eV as shown in the inset of figure 4(a). After the doping, 

the samples CT, ST, BT and ZMT depicts the usual change in the absorption spectra i.e. red-

shift as shown in figure 4(b)-4(e). The obtained energy gap values of the various samples are 

tabulated in table II which endorses the reduced band gap values upon the doping. As we 

have discussed that the ionic radii plays the key role in the incorporation of the dopant ions 

and accordingly the band gap energy may vary.  

 

Table II. Comparison of energy gap, crystallite size and particles size. 

Sample Name Energy Gap (eV) Crystallite Size (nm) Particles Size (nm) 

PT 3.16 7.91 17 

CT 2.68 6.77 8 

ST 2.92 7.41 12.3 

BT 2.48 5.53 14 

ZMT 2.88 6.68 7.65 

 

Figure 4(f) shows the comparison of the crystallite sizes and band gap values of all the 

samples. We can notice that with the decrease of the crystallites size of the samples PT, CT, 

ST, BT, and ZMT there is the corresponding decrement in the band gap values. This indicates 

that there is an influence of the crystallite size and the doping which either shifts the 

conduction/valence band or induced the new energy state within the band gap region. 

To observe the scattering capability of the prepared samples, diffused-reflectance 

was recorded which is shown in figure 5. Doped samples endorse the shifting of the 

reflectance curve i.e. red-shift as compared to the PT sample. 
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Figure 5. Diffused Reflectance Spectra of the pure and doped samples. 

This is regarded the dopant ions incorporation into the TiO2 lattice which resulted in the 

variation of the band gap and the crystal structure [25]. After doping, the enhanced 

scattering capability endorses the applicability of our doped samples in the dye-sensitized 

solar cells and photocatalytic applications. Furthermore, a continuous increment of the 

reflectance (97.65-100 %) can also be noticed for the samples ST and ZMT in the wavelength 

range 550-800 nm without any disturbance as depicted in the inset of figure 5. Among 

these, CT sample reveals the highest diffused reflectance (98.32-100 %) which is consistent 

with the similar reported result [32]. 

IV. CONCLUSIONS 

By adopting the solvothermal approach, we have synthesized and studied the pure 

and doped-TiO2 nanocrystals. XRD patterns of the pure and various doped samples 

endorsed the anatase phase of the crystallinity with the dominant peak of the plane (101). 

The slight shifting of the diffraction peaks was demonstrated the doping effect. The 

nanocrystallite sizes were found to be decreased in the order 7.92 nm>7.41 nm>6.77 

nm>6.68 nm>5.53 nm corresponding to the samples PT, ST, CT, ZMT, and BT.  FESEM study 

reveals the formation of the mesoporous microspheres made up of nanoparticles. The mean 

nanoparticles diameters were 17, 8, 12.3, 14, and 7.65 in accordance with the samples PT, 

CT, ST, BT, and ZMT. EDS analyses were evidenced the elemental compositions of the Ti, O 
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along with the dopants Cu, Sn, Ba, and Zn-Mg in the respective doped samples. UV-vis 

spectroscopy measurements showed the decreased optical band gap after the doping as 

compared to pure TiO2. The estimated band gap values were 3.16, 2.68, 2.92, 2.48, and 2.88 

in accordance with the PT, CT, ST, BT, and ZMT samples. Diffused reflectance of the 

prepared samples was studied and all the doped samples demonstrated the enhanced 

scattering capability. In addition, samples ST and ZMT revealed the highest diffused 

reflectance in the wavelength range 550-800 nm. Finally, the band gap was found strongly 

influenced by the doping which yielded the decreased crystallite sizes either by shifting the 

band or generating the new energy state within the TiO2 band gap region. Furthermore, the 

enhanced scattering capability of the doped samples endorsed the applicability of these 

nanoparticles for the dye-sensitized solar cells and photocatalytic applications. 

REFERENCES 
1. Yoon Jun Son, Jin Soo Kang, Jungjin Yoon, Jin Kim, Juwon Jeong, Jiho Kang, Myeong Jae Lee, Hyun S. Park and Yung-

Eun Sung, Influence of TiO2 Particle Size on Dye-Sensitized Solar Cells Employing an Organic Sensitizer and a 
Cobalt(III/II) Redox Electrolyte, J. Phys. Chem. C, , 122 (13), 7051–7060 (2018). 

2. Raad S. Sabry, Yousif K. Al-Haidarie and Muhsin A. Kudhier, Synthesis and photocatalytic activity of TiO2 nanoparticles 
prepared by sol–gel method, Journal of Sol-Gel Science and Technology, Vol. 78/2, 299-306 (2016).  

3. M.Zimbone, M.A.Buccheria, G.Cacciato, R.Sanz, G.Rappazzo, S.Boninellia, R.Reitanob, L.Romano, V.Priviteraa and 
M.G.Grimaldia,  Photocatalytical and antibacterial activity of TiO2 nanoparticles obtained by laser ablation in 
water, Applied Catalysis B: Environmental Vol. 165, , 487-494 (2015).  

4. Wojciech Maziarz, Anna Kusior and Anita Trenczek-Zajac, Nanostructured TiO2-based gas sensors with enhanced 
sensitivity to reducing gases, Beilstein J Nanotechnol., 7, 1718–1726 (2016).  

5. Roman Viter, Alla Tereshchenko, Valentyn Smyntyna, Julia Ogorodniichuk, Nickolay Starodub, Rositsa Yakimova, 
Volodymyr Khranovskyy, Arunas Ramanavicius, Toward development of optical biosensors based on 
photoluminescence of TiO2nanoparticles for the detection of Salmonella, Sensors and Actuators B: Chemical, 
Vol.252, 95-102 (2017). 

6. Rajni Verma, Jitendra Gangwar and Avanish K. Srivastava, Multiphase TiO2 nanostructures: a review of efficient 
synthesis, growth mechanism, probing capabilities, and applications in bio-safety and health, RSC Adv., 7, 44199-
44224 (2017). 

7. Realpe Jimenez Alvaro, Nunez D. Diana and Acevedo Morantes Maria, Effect of Cu on Optical Properties of TiO2,  
Nanoparticles, Contemporary Engineering Sciences, Vol. 10, No. 31, 1539 –1549 (2017).  

8. Sajid Ali Ansari and  Moo Hwan Cho, Highly Visible Light Responsive, Narrow Band gap TiO2 Nanoparticles Modified 
by Elemental Red Phosphorus for Photocatalysis and Photoelectrochemical Applications, Scientific Reports, Vol.6, 
25405, 5pp (2016). 

9. D.M. Tobaldi, S.A. Sever, R.C. Pullar, M.P. Seabra and J.A. Labrincha, Titanium dioxide modified with transition metals 
and rare earth elements: Phase composition, optical properties, and photocatalytic activity, Ceramics International, 
39/3, 2619–2629 (2013). 

10. Z. Shi, X. Wen, Z. Guan, D. Cao, W. Luo and Z. Zou, Recent progress in photoelectrochemical water splitting for solar 
hydrogen production, Annals Physics, 358, 236–247(2015).  

11. R. Hussin, K.L. Choy, X. Hou, Deposited TiO2 thin films by atomic layer  deposition (ALD) for optical properties, ARPN 
Journal of Engineering and Applied Sciences, 11/12, 7529-7533 (2016). 

12. M. Kralova, P. Dzik, M. Vesely, J. Cihlar, Preparation and characterization of doped titanium dioxide printed layers, 
Catal. Today, 230, 188–196 (2014). 

13. T. Aguilar, J. Navas, R. Alcantara, C. Fernandez-Lorenzo, J.J. Gallardo, G. Blanco, J. Martin-Calleja, A route for the 
synthesis of Cu-doped TiO2 nanoparticles with a very low band gap, Chemical Physics Letters, 57, 149–53 (2013). 

14. R.S. Dubey and Shyam Singh,  Investigation of structural and optical properties of pure and chromium doped TiO2 
nanoparticles prepared by solvothermal method, Results in Physics, 7, 1283–1288  (2017). 

15. Kirti Sahu and V.V. S. Murty, Novel sol-gel method of synthesis of pure and aluminum doped TiO2 nanoparticles, 
Indian Journal of Pure & Applied Physics, 54, 485-488 (2016).  

16. En Mei Jin, Sang Mun Jeong,Hee-Cheol Kang and Hal-Bon Gu, Photovoltaic Effect of Metal-Doped TiO2, Nanoparticles 
for Dye-Sensitized Solar Cells, ECS Journal of Solid State Science and Technology, Vo.5, No.5,  Q109-Q114 (2016). 

https://pubs.acs.org/author/Son%2C+Yoon+Jun
https://pubs.acs.org/author/Kang%2C+Jin+Soo
https://pubs.acs.org/author/Yoon%2C+Jungjin
https://pubs.acs.org/author/Kim%2C+Jin
https://pubs.acs.org/author/Jeong%2C+Juwon
https://pubs.acs.org/author/Kang%2C+Jiho
https://pubs.acs.org/author/Lee%2C+Myeong+Jae
https://pubs.acs.org/author/Park%2C+Hyun+S
https://pubs.acs.org/author/Sung%2C+Yung-Eun
https://pubs.acs.org/author/Sung%2C+Yung-Eun
https://link.springer.com/journal/10971
https://www.sciencedirect.com/science/article/pii/S0926337314006444#!
https://www.sciencedirect.com/science/article/pii/S0926337314006444#!
https://www.sciencedirect.com/science/article/pii/S0926337314006444#!
https://www.sciencedirect.com/science/article/pii/S0926337314006444#!
https://www.sciencedirect.com/science/article/pii/S0926337314006444#!
https://www.sciencedirect.com/science/article/pii/S0926337314006444#!
https://www.sciencedirect.com/science/article/pii/S0926337314006444#!
https://www.sciencedirect.com/science/journal/09263373
https://www.sciencedirect.com/science/journal/09263373/165/supp/C
https://www.ncbi.nlm.nih.gov/pubmed/?term=Maziarz%20W%5BAuthor%5D&cauthor=true&cauthor_uid=28144521
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kusior%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28144521
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trenczek-Zajac%20A%5BAuthor%5D&cauthor=true&cauthor_uid=28144521
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5238649/
https://www.sciencedirect.com/science/article/pii/S0925400517309620#!
https://www.sciencedirect.com/science/article/pii/S0925400517309620#!
https://www.sciencedirect.com/science/article/pii/S0925400517309620#!
https://www.sciencedirect.com/science/article/pii/S0925400517309620#!
https://www.sciencedirect.com/science/article/pii/S0925400517309620#!
https://www.sciencedirect.com/science/article/pii/S0925400517309620#!
https://www.sciencedirect.com/science/article/pii/S0925400517309620#!
https://www.sciencedirect.com/science/journal/09254005
https://www.sciencedirect.com/science/journal/09254005/252/supp/C


54 
 

17. Jun-Yong Park, Chan-SooKim, Kikuo Okuyama, Hye-Moon Lee, Hee-Dong Jange, Sung-Eun Lee,  and Tae-OhKima, 
Copper and nitrogen doping on TiO2 photoelectrodes and their functions in dye-sensitized solar cells, Journal of 
Power Sources, Vol. 306, 764-771 (2016). 

18. R. Senthil Kumar and B. Gnanavel, High performance catalytic activity of pure and silver (Ag) doped TiO2 
nanoparticles by a novel microwave irradiation technique, Journal of Materials Science: Materials in Electronics, Vol. 
28, No.5, 4253–4259 (2017). 

19. Mohammad A. Behnajady, Bahare Alizade and Nasser Modirshahla, Synthesis of Mg-Doped TiO2 Nanoparticles under 
Different Conditions and its Photocatalytic Activity, Photochemistry and Photobiology, Vol. 87: 1308–1314 (2011). 

20. Qiuping Liu, Yang Zhou, Yandong Duan, Min Wang and Yuan Lin, Improved photovoltaic performance of dye-
sensitized solar cells (DSSCs) by Zn+Mg co-doped TiO2, Electrode, Electrochimica Acta, Vol. 95 48-53,  (2013). 

21. Varadharajan Krishnakumar, Mani Rajaboopathi, Bing Han, Singaram Boobas, Jeyaram Jayaprakash and Marjatta 
Louhi-Kultanen, Effect of Cu doping on TiO2 nanoparticles and its photocatalytic activity under visible light, J Mater 
Sci: Mater Electron, DOI 10.1007/s10854-016-4720-1 (2016). 

22. Yandong Duan, Yuan Lin, Nianqing Fu, Qiuping Liu, Yanyan Fang, Xiaowen Zhou and Jingbo Zhang, Sn-Doped TiO2 
Photoanode for Dye-Sensitized Solar Cells, J. Phys. Chem. C 2012, 8888-8893 (116). 

23. K. Vijayalakshmi and D. Sivaraj, Synergistic antibacterial activity of barium doped TiO2 nanoclusters synthesized by 
microwave processing, RSC Adv.,6, 9663-9671 (2016). 

24. S.M. Reda, M. Khairy and M.A. Mousa, Photocatalytic activity of nitrogen and copper, doped TiO2 nanoparticles 
prepared by microwave-assisted sol-gel process, Arabian Journal of Chemistry, Arabian Journal of Chemistry, in 
press, (2017). 

25. Rongfang Yuan, Beihai Zhou, Duo Hua, Chunhong Shi and Li Ma, Effect of metal-ion doping on the characteristics and 
photocatalytic activity of TiO2 nanotubes for the removal of toluene from water, Water Science & Technology, Vol. 
69/8, 1697-1704 (2014).  

26. M. Khairy and W. Zakaria, Effect of metal-doping of TiO2 nanoparticles on their photocatalytic activities toward 
removal of organic dyes, Egyptian Journal of Petroleum, Vol.23, 419-426 ((2014). 

27. Yandong Duan, Yuan Lin, Nianqing Fu, Qiuping Liu, Yanyan Fang, Xiaowen Zhou, Jingbo Zhang, Sn-Doped TiO2, 
Photoanode for Dye-Sensitized Solar Cells, J. Phys. Chem. C, 116, 8888-8893 (2012). 

28. Yuexiang Li, Shaoqin Peng, Fengyi Jiang, Gongxuan Lu and Shuben Li, Effect of doping TiO2 with alkaline-earth metal 
ions on its photocatalytic activity, J. Serb. Chem. Soc. 72 (4) 393–402 (2007). 

29. Alwani Imanah Rafieh, Piyasiri Ekanayake, Ai Ling Tan and Chee Ming Lim, Effects of ionic radii of co-dopants (Mg, Ca, 
Al and La) in TiO2 on performance of dye-sensitized solar cells, Solar Energy, 141, 249–255 (2017).  

30. Zhao-Qian Li, Lin-Hua Hu, Ya-Ping Que, Li-E Mo, Song-Yuan Dai, Wang-Chao Chen, Yong Ding, Yan-Mei Ma and Ling 
Jiang, One-Pot Synthesis of Mesoporous TiO2 Micropheres and Its Application for High-Efficiency Dye-Sensitized Solar 
Cells, ACS Appl. Mater. Interfaces, 7, 10928-10934 (2015.). 

31. Sunderishwary S. Muniandy, Mohammednoor Altarawneh, Noor Haida Mohd Kaus, Hooi Ling Lee and Zhong-Tao 
Jiang, Green synthesis of mesoporous anatase TiO2 nanoparticles and their photocatalytic activities, RSC Adv.,  7, 
48083-48094 ()2017). 

32. H. Asgari Moghaddam, S. Jafari and M. R. Mohammadi, Enhanced efficiency of over 10% in dye-sensitized solar cells 
through C and N single- and co-doped TiO2 single-layer electrodes, New J. Chem., DOI: 10.1039/c7nj01535f (2017). 

  

https://www.sciencedirect.com/science/article/pii/S0378775315306996#!
https://www.sciencedirect.com/science/article/pii/S0378775315306996#!
https://www.sciencedirect.com/science/article/pii/S0378775315306996#!
https://www.sciencedirect.com/science/article/pii/S0378775315306996#!
https://www.sciencedirect.com/science/journal/03787753
https://www.sciencedirect.com/science/journal/03787753
https://www.sciencedirect.com/science/journal/03787753/306/supp/C
https://link.springer.com/journal/10854


55 
 

Chapter -5 

Improvement of Dye-Sensitized Solar Cells Performance Using Doped TiO2 Nanoparticles  

I. INTRODUCTION 

Titanium dioxide (TiO2) material is most demanded by the scientific community due 

to its several applications which is abundant and possesses excellent properties. TiO2 

emerged out as the backbone of the cost-effective dye-sensitized solar cells (DSSCs) which 

has been preferred as the photoanode material. In-spite of exciting properties of TiO2, its 

solar spectrum response is limited (< 10 %). In addition, owing to its wide band gap and high 

charge carriers recombination the photocatalytic response is also weak. Therefore, the 

doping of non-metal and metal-ions has been investigated to modify the band structure 

particularly for DSSCs and photocatalytic applications [1-4].  

The main purpose of the doping is to moderate/reduce the optical band gap by the 

mechanism of introducing the intermediate energy levels upon the appropriate doping in 

the TiO2 so that low excitation energy is needed for the electron transition. Seo et al. 

investigated the performance of dye sensitized solar cells based on the photoanode made 

up of sulfur doped TiO2 (S-TiO2) nanoparticles prepared by the sol-gel method. Upon doping, 

the absorption band edge was found to be shifted towards the visible wavelength indicating 

the enhanced light absorption. S-TiO2 nanoparticles based DSSC showed the improved 

efficiency which has been assigned with the increased electron lifetime as evidenced by the 

electrochemical impedance spectroscopy (EIS) [5]. Sun et al. presented the study of DSSCs 

based on S-TiO2 nanoparticles prepared by ball milling the commercially available titania 

nanoparticles. The sulfur doping was confirmed by the photoelectron spectroscopy analysis 

whereas the reduced band gap was attributed to the shifting of the conduction band. The 

DSSC based on S-TiO2 photoanode showed 24 % enhanced efficiency as compared to the un-

doped TiO2 based photoanode [6]. Arunmetha et al. prepared the S-TiO2 nanoparticles by 

varying the sulfur concentration and presented the experimental studies. Upon doping, the 

crystallite size was found to be decreased. DSSC's photoanode was fabricated using doped 

titania particles and endorsed the enhancement in the conversion efficiency as compared to 

pure TiO2 nanoparticles based DSSC. This improvement in efficiency was attributed to the 

increased UV-Vis absorbance with its reduced band gap 2.8 eV from the 3.25 eV [7]. Avansi 

Jr et al. reported the synthesis of vanadium doped TiO2 (V-TiO2) nanocrystals by 
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hydrothermal approach and presented the various characterization. The crystallinity was 

maintained irrespective to the variation of V doping concentration however, morphology 

studies revealed the isotropic structures from the anisotropic one. X-ray absorption 

spectroscopy evidenced the V doping into the Ti4+ site and accordingly, optical properties 

were also found influenced by the doping [8]. Zn-doped TiO2 (Zn-TiO2) nanoparticles is 

known to be a promising photocatalytic material and possesses high electron mobility. 

Nguyen et al. studied the Zn-TiO2 nanoparticles by sol-gel and ammonia evaporation 

processes for photocatalytic activity and found noticeable degradation of the methylene 

blue [9].  Yuan et al. reported the doping TiO2 with the various metal-ions such as Ag2+, 

Al3+, Cu2+, Fe3+, Mn2+, Ni2+, V5+ and  Zn2+ and investigated the photocatalytic activity. 

The strong impact of the doping was noticed depending upon the ionic radii, valence state 

and the configuration of the dopants. Among the various doped samples, Fe3+ doping with 

1% concentration showed the extraordinary photocatalytic activity and enhanced the 

toluene removal efficiency as much as nearly 71 % [10]. Alvaro et al. presented the study of 

copper-doped TiO2 (Cu-TiO2) nanoparticles and explored the band gap variation by varying 

the dopant concentration. The doped TiO2 nanoparticles size was 27 nm while, the 

absorption band showed the red-shift.  The optical band gap was decreased to 1.6 eV with 

the doping of 7.5 % Cu concentration [11]. Dubey et al. studied the chromium doped TiO2 

(Cr-TiO2) nanoparticles via solvothermal process The anatase nanoparticles were of 11-13 

nm in sizes while the crystallite size was varied with the different Cr concentration and 

accordingly the red shift of the absorption edge was noticed [12]. Park et al. investigated the 

co-doped TiO2 nanoparticles with copper (Cu) and nitrogen (N) prepared by the simple sol-

gel process for the dye-sensitized solar cell application. Cu/N-TiO2 nanoparticles showed the 

increased light absorption in the visible wavelength. The prepared nanoparticles were used 

as the photoanode material with that DSSC showed the enhanced conversion efficiency 

[13]. Duane et al. investigated the various properties of tin doped TiO2 (Sn-TiO2) 

nanoparticles prepared by hydrothermal method and evaluated the performance of the 

dye-sensitized solar cells.  Upon doping of different Sn concentrations in TiO2 did not affect 

the crystallinity whereas the XRD peak shifting was noticed indicating the Sn-ion doping and 

finally, DSSC showed the improved conversion efficiency [14]. Kumar et al. reported the 

preparation and study of silver-doped TiO2 (Ag-TiO2) nanoparticles for the photo treatment 

application. Ag-TiO2 nanoparticles showed the red-shift of the absorption edge whereas the 
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estimated band gap 2.74 eV was reported. The prepared sample was employed for the 

photocatalytic activity which showed the correspondence improvement [15]. Vijayalakshmi 

et al. employed the barium doped TiO2 (Ba-TiO2) nanoparticles to study the antibacterial 

activity. Though the prepared sample was mixed anatase and rutile phases but improved 

the antibacterial activity as compared to undoped TiO2 [16].  Liu et al. studied the synthesis 

of Zn-Mg co-doped TiO2 nanoparticles by hydrothermal process and evaluated the DSSC 

performance. The DSSC conversion efficiency was improved to 27 % as compared to DSSC 

based on undoped TiO2 nanoparticles. This outcome was attributed to the co-doping which 

could yield the positive flat band shifting and therefore, the fast carriers transport [17]. 

Husain et al. explored the structural and optical properties of cobalt-doped Titanium dioxide 

(Co-TiO2) nanoparticles prepared by the sol-gel process. The prepared nanoparticles were 

exhibited the anatase phase and found to be spherical in shape with their size from 35-50 

nm. The correspondence shift of the absorption band was noticed and the band gap was 

decreased with the increased Co concentration. Photoluminescence study was also 

performed and the emission peaks was noticed at wavelengths 380 and 680 nm [18]. 

II. EXPERIMENTAL  

CHEMICALS 

All the chemicals were used without further purification. Titanium isopropoxide 

(TTIP, Ti[OCH(CH3)2]4, with its purity 97% was procured by the Sigma-Aldrich and used as the 

titanium precursor. The acetic acid glacial (CH3COOH) supplied by SDFine was used as the 

catalyst while acetone (CDH), ethanol (C2H2, purity 99.99 %, CH Fine Chemical), and de-

ionized water were preferred as the solvents. As the source of dopants i.e. Sn, Fe, Cr, V, Zn, 

Ag, CuN, Mg, S, Ba and Co,  stannous chloride, ferrous chloride, chromium acetate,  

vanadium pentaoxide, zinc acetate, silver nitrate, copper nitrate, magnesium acetate, 

thiourea, barium acetate and cobalt chloride respectively were preferred.  

SYNTHESES & CHARACTERIZATIONS 

Pure-TiO2 and the various samples of doped-TiO2 nanoparticles were prepared by 

solvothermal method.  Hereafter, the samples were named as PT: pure TiO2, AgT: Ag-TiO2, 

BT: Ba-TiO2, CoT: Co-TiO2, CrT: Cr-TiO2, CuNT: CuN-TiO2, FeT: Fe-TiO2, ST: Sn-TiO2, TZ: Zn-

TiO2, VT: V-TiO2, ZMT: Zn+Mg-TiO2 and SuT: S-TiO2. To prepare PT nanoparticles, 2 ml TTIP 

was dissolved in 40 ml acetone and kept for 1 h stirring. For the solvothermal process, the 
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above solution was transferred in autoclave and kept for 5 hr while maintaining 

temperature to 180 °C. Figure 1 summarizes the synthesis processes. The process starts 

from the dissolving of precursor in solvent under constant stirring (i.e. sol-gel process), 

transfer of prepared solution in Teflon liner that is kept in hot-air oven for 5 hr at 

temperature 180o C (i.e. solvothermal process).  

 

 

Figure 1. Illustration of nanoparticles synthesis processes. 

 

For the preparation of the doped samples AgT, BT, CoT, CrT, FeT, ST, ZT, VT and SuT, 0.5 

mole % of silver nitrate, barium acetate, cobalt chloride, chromium acetate, ferrous 

chloride, stannous chloride, zinc acetate, vanadium pentaoxide and thiourea were 

respectively  mixed in 40 ml acetone  separately and stirred for 30 min. Later, 2 ml of TTIP 

was added in the above prepared solutions drop-wise and stirred for 1h. Similar, for the 

preparation of co-doped samples of ZMT 1 mole % of  zinc acetate and magnesium acetate 

were dissolved in 40 ml acetone sequentially while for the CuNT sample 10 ml copper 

nitrate was directly dissolved in 40 ml acetone. Finally, after mixing 2 ml TTIP precursor, 

each solution was stirred for 1h. Finally, the prepared solutions simultaneously transferred 

in autoclave for the solvothermal process by maintaining the temperature to 180 °C for 5 hr. 

After this process, each sample were washed in acetone, sonicated and dried at 80 oC. The 

preferred chemicals compositions for the synthesis processes are listed in table I.  
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Table I. Chemicals compositions used for the synthesis process. 

Sample 
Titanium  
Precursor 

Dopant Concentration Acetone 
Temperatur

e 
& Time 

PT 2 ml TTIP - 40 ml 180 °C/5 hr 

AgT 2 ml TTIP 0.5 mole % Silver Nitrate 40 ml 180 °C/5 hr 

BT 2 ml TTIP 0.5 mole % Barium Acetate 40 ml 180 °C/5 hr 

CoT 2 ml TTIP 0.5 mole % Cobalt Chloride 40 ml 180 °C/5 hr 

CrT 2 ml TTIP 0.5 mole %Chromium Acetate 40 ml 180 °C/5 hr 

CuNT 2 ml TTIP 10 ml Copper Nitrate 40 ml 180 °C/5 hr 

FeT 2 ml TTIP 0.5 mole % Ferrous Chloride 40 ml 180 °C/5 hr 

ST 2 ml TTIP 0.5 mole % Stannous Chloride 40 ml 180 °C/5 hr 

TZ/ZT 2 ml TTIP 0.5 mole % Zinc Acetate 40 ml 180 °C/5 hr 

VT 2 ml TTIP 0.5 mole % Vanadium Pentaoxide 40 ml 180 °C/5 hr 

ZMT 2 ml TTIP 
1 mole % Zinc Acetate, and 
1 mole % Magnesium Acetate 

40 ml 180 °C/5 hr 

SuT 2 ml TTIP 0.5 mole % Thiourea 40 ml 180 °C/5 hr 

These prepared nanoparticles were examined for the phase and crystallinity using X-ray 

Diffraction (D8 Advance Bruker AXS, Germany), the optical absorption using UV-

Visible Spectrophotometer (UV 1800, Shimadzu, Japan) and the surface morphology 

investigation using Scanning Electron Microscopy (Leica Cambridge 440 Microscope, UK). 

The performance of the dye-sensitized solar cells were evaluated by using Sun Simulator 

attached with a power source (Keithley 2420) and LED light source with an illumination of 80 

mW/cm2 and the electrochemical analysis using Impedance Analyzer NOVA FRA2 µ Autolab 

type III (µ3Au771301).  

III. RESULTS & DISCUSSION 

To identify the phase and crystallinity of the prepared samples, XRD patterns were 

recorded in 2𝜃 range of 20-80°. Figure 2 depict the XRD patterns of AgT, BT, CoT, CrT, CuNT 

and FeT nanoparticles. The difffraction peaks originated at Bragg angle 2θ=25, 38, 48, 53, 

62, 68 and 75° are assigned to planes (101), (112), (200), (105), (204), (116) and (215) which 

represnts the anatase phase in all the samples as shown in figure 2(a)-2(e). The presence of 

these diifraction peaks endorse the tetragonal crystal structure of the TiO2. We can also 

note the presence of a rutile peak in the sample CoT at 2θ=27° which is indexd to plane 

(110) as shown in figure 2(c). Our XRD results are coincides with the  JCPDS File No.21-1272 

and No.21-1272 corresponding to the anatase and rutile phases. 
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Figure 2. X-ray diffraction patterns of AgT (fig.a), BT (fig.b), CoT (fig.c), CrT(fig.d) and FeT (fig.e) samples. 

By comparing the XRD patterns of AgT, BT, CoT, CrT, CuNT and FeT samples with PT, one can 

notice a slight left-shifting of the dominant diffraction peak of the plane (101) for all the 

doped samples. This shifting is regarded as the doping of the respective dopants ion in the 

TiO2 lattice. As shown in figure 2(a), the silver doped titania (AgT) nanoparticles endorse the 
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anatase phase of the TiO2 without other characteristic peak implies the incorporation of 

Ag+ ions. As compared to pure TiO2, AgT shows the shifting of the Bragg angles (101) peak 

position to lower angles. As the crystallite has several crystal planes due to ion-doping which 

implies such crystallite not as an ideal crystal. The shifting of Bragg peak (101) could be 

associated with the lattice deformation after doping in the TiO2 lattice. Similar, shifting of 

the Bragg peak have been reported after doping with various metal-ions such as Ag2+, Al3+, 

Cu2+, Fe3+, Mn2+, Ni2+, V5+ and  Zn2+ [10]. BT sample’s XRD pattern is depicted in figure 2(b) 

which endorses the dominant Bragg reflection peak of the plane (101) after the doping. 

However, one can also notice the narrow peak in regard to the PT sample which led to the 

improved crystalline nature as a consequence of the doping of the higher ionic radius Ba2+ 

ion as compared to Ti4+ [16]. This also suggests intercalated dopant ion results into the 

deformation of Ti lattice [19]. Similarly, figure 2(c)-2(f) depicts the slight shifting of the 

diffraction peaks in the samples CoT, CrT and FeT except the CuNT sample. Figure 3(a)-3(e) 

depicts the XRD patterns of SnT, ZT, VT, ZMT and SuT samples along with PT sample for the 

comparison. Figure 3(a) shows the similar trend of diffraction peak of the sample SnT as 

compared to PT as a result of the larger ionic radius of the Sn4+ than the Ti4+. XRD pattern of 

the ZT as shown in figure 3(b) endorses the usual anatase phase without characteristic 

peaks of zinc oxide or metal. However, the slight right-shifting of the (101) can also be 

observed which indicates the Zn-ion incorporation into the TiO2 lattice. Depending upon the 

Zn doping concentrations, a slight shift (left- and right-) have also been reported which was 

attributed to the Zn-ion incorporation or the dispersion of zinc oxide due to its small size [9]. 

In the similar fashion as depicted in figure 3(c) and 3(d), vanadium doped sample ‘VT’ and 

co-doped zinc and magnesium sample ‘ZMT’ evidences the presence of pure anatase phase 

of TiO2 without impurities like V2O5, ZnO and MgO [8, 17].  
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Figure 3. X-ray diffraction patterns of SnT (fig.a), ZT (fig.b), VT (fig.c), ZMT(fig.d),  SuT (fig.e) samples and plot 
of dominant peak (101) for comparison (fig.f). 

Figure 3(e) shows the distinct XRD pattern of sulfur doped sample SuT as compared to PT.  

SuT nanoparticles endorse the right-shift of the dominant peaks and in addition to anatase 
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peaks; a rutile peak can also be noticed. This result is consistent with the reported ones [5, 

7].  

 

Figure 4. Surface morphology of PT (fig.a), AgT (fig.b), BT (fig.c), CoT (fig.d), CrT(fig.e) and CuNT (fig.f) 

samples.  

For clear visualization of the diffraction peak shifting after the doping, figure 3(f) is plotted 

with the dominant Bragg peak of the plane (101). Doping takes place depending upon the 

ionic radius of the dopant ion which may be influenced either by an interstitial or the 

substitutional doping. In simple words, if the ionic radius of the dopant ion is nearer to Ti4+ 

ion then the substitutional doping can be hopped. Similarly, a smaller ionic radius dopant 
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ion than the Ti4+ ion leads to interstitial doping  while a larger ionic radius of the dopant ion 

yields no doping [11, 20].  By considering the dominant peaks at angle 2θ=25° present in all 

the prepared samples and using Scherrer’s formula, we have estimated the crystalite size  

7.9, 7.5, 7.7, 7.5, 7.4, 7.6, 6.5, 7.6, 6.8, 7.3, 7.5 and 6.2 nm corresponding to the samples PT, 

AgT, BT, CoT, CrT, CuNT, FeT, SnT, ZT, VT, ZMT and SuT. These results reveal the decreased 

crystallite sizes upon doping.  

Figure 4 and 5 depicts the SEM morphology of the various doped samples. One can 

clearly observe the formation of microspheres of nanoparticles in all the samples. Referring 

to figure 4, the mean diameter of the samples PT, AgT, BT, CoT, CrT and CuNT were 216, 

287, 272, 206, 201 and 187 nm respectively. Similarly, figure 5 depicts the SEM images with 

somewhat well distributed and uniform morphology as compared to SEM images shown in 

figure 4. The obtained mean diameter were 197, 229, 214, 331, 213 and 225 nm 

corresponding to the samples FeT, SnT, ZT, VT, ZMT and SuT.  

  The as-prepared pure TiO2 sample (PT) and doped ones were used to fabricate the 

DSSC photoanodes. According to standard protocol, pastes of the respective samples were 

prepared by using calculated quantity of nanoparticles with the acetic acid, ethyl cellulose, 

ethanol, terpineol followed by incubating at 80 oC to get a slurry. The fluorine-doped SnO2 

(FTO) glasses of 1cm2 were cleaned prior to any process. After this, a compact layer of TiO2 

was also prepared by chemical bath deposition and then respective pastes were rolled on 

the FTOs by doctor blade process. After preparation of film each coated samples were dried 

in hot-air oven for 15 min at temperature 60 oC which were finally sintered at temperature 

500 oC for 30 min. The prepared photoanodes were washed in ethanol and soaked in the 

dye solution for 18 h. To prepare the counter electrode, the platinum paste was rolled on 

the FTO glasses. Finally, DSSCs were assembled while the electrolyte was injected in 

between the photoanode and the counter electrode. 

Figure 6 depicts the current-density versus voltage characteristics of dye sensitized 

solar cells based on the various dopants along with the obtained solar cells parameters. 
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Figure 5. Surface morphology of FeT (fig.a), SnT (fig.b), ZT (fig.c), VT (fig.d), ZMT(fig.e) and SuT (fig.f) 
samples. 

The conversion efficiencies were found to be increased in the order 

1.31<2.21<2.27<2.73<2.87<3.20<3.29<3.33<3.62<3.70<4.85<5.75 % corresponding to 

PT<CuNT<BT<ST<AgT<CrT<CoT<VT<SuT<ZMT<FeT<ZT as observed in figure 6(a). This 

enhancement of the DSSCs has been attributed to the improved light absorption, reduced 

band gap and the mesoporous microspheres morphology surrounded with the 

nanoparticles. The highest achieved efficiency was ~ 6 % using the photoanode based on the 

ZT. 
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Figure 6.  Current-density versus voltage characteristics of various dye sensitized solar cells (fig.a) and 
comparison of solar cells parameters (fig.b). 

The corresponding change in the solar cell parameters can be compared as depicted in 

figure 6(b).  For example, here the best performed dye-sensitized solar cells are ZT and FeT 

and accordingly one can observe the decreased series resistance (Rs) and enhanced short-

circuit current (Jsc). Here, FF and Voc are the fill factor and open-circuit voltage.  

 

 

 

(a) 

(b) 
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Figure 7. SEM cross-section images of the PT, FeT and ZT photoanodes. 

To know the durability of these DSSCs, we tested many time even after 2-3 days and found 

almost same efficiency.  Later on, cross-section surface morphology measurements were 

carried out to confirm the film’s thickness prepared over the FTO plates as the 

photoanodes. Figure 7 shows the cross-section images of the samples PT, FeT and ZT based 

 

 

 

 

FeT 

PT 

ZT 
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photoanodes. In these SEM images, we can observe the peeling-off coated layer which is 

due to the number of times used those samples for the DSSC performance and therefore, 

the samples got damaged. Moreover, fibrous structure can be seen in figure 7(a) which 

endorses the peeling of cellulose used while preparing the paste for the coating. One can 

also observe the prepared TiO2 compact layer onto the FTO substrates with their 

thicknesses 1.0, 1.6, and 1.14 μm as shown in figure 7(a), & 7(b) and 7(c) respectively. Most 

important, the coated films of TiO2, Fe-TiO2 and Zn-TiO2 can be observed on compact layer. 

The estimated thickness of the photoanodes was found in the range from 10 to 12 μm. 

 

Figure 8. EIS plot of DSSCs based on PT, FeT and ZT photoanodes. 

For the analyses of electron transport and recombination, DSSCs based on PT, FeT and ZT 

photoanodes were studied by electrochemical impedance spectroscopy (EIS). Generally, EIS 

result comprises of the three semicircles. A semicircle in the high-frequency zone 

corresponds to the Pt counter electrode/electrolyte which relates the charge-transport 

resistance (Rct1). In low-frequency range, a semicircle represents the Warburg diffusions of I-

/I-
3 (Zw) while a middle semicircle corresponds to the electron transfer at the 

photoanode/dye/electrolyte interface (Rct2). Figure 8 depicts the Nyquist plot of the DSSCs 

which shows the two semicircles. The radius of the Rct2 represents the charge 

recombination which was reduced for the samples FeT and ZT as compared to PT. As results, 
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an enhanced short-circuit current (Jsc) and hence, improved efficiency was noticed which 

coincides with the current-density versus voltage curve plotted in figure 6(a). 

IV. CONCLUSIONS 

Various doped samples of TiO2 were solvothermally prepared and characterized. XRD 

pattern endorsed the presence of pure anatase phase in the samples PT, BT, CoT, CuNT, FeT, 

SnT, ZT, VT and ZMT while a rutile peak in the samples CrT and SuT was also noticed. The 

shifting of the Bragg diffraction peak of the plane (101) was noticed to be resulted owing to 

doping in the TiO2 lattice. The estimated crystallite sizes were 7.9, 7.5, 7.7, 7.5, 7.4, 7.6, 6.5, 

7.6, 6.8, 7.3, 7.5 and 6.2 nm corresponding to the samples PT, AgT, BT, CoT, CrT, CuNT, FeT, 

SnT, ZT, VT, ZMT and SuT. SEM measurements evidenced the formation of mesoporous 

microspheres made-up of nanoparticles with their diameter from 10 to 18 nm. The 

performance of the DSSCs based on the photoanodes fabricated by using doped TiO2 

nanoparticles showed the enhanced short-circuit current density and the efficiency. The 

conversion efficiencies were found to be increased in the order 

1.31<2.21<2.27<2.73<2.87<3.20<3.29<3.33<3.62<3.70<4.85<5.75 % corresponding to 

PT<CuNT<BT<ST<AgT<CrT<CoT<VT<SuT<ZMT<FeT<ZT. As maximum as 6 %, cell efficiency 

was obtained from the DSSC based on the photoanode prepared by using ZT-TiO2 

nanoparticles. This performance of the DSSCs was found consistent with the result obtained 

by electrochemical impedance spectroscopy. 
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ABSTRACT. Titanium dioxide (TiO2) nanoparticles have been extensively investigated for potential applications in 
various fields due to their unique physical and chemical properties. In this investigation, Zn-doped TiO2 nanoparticles 
were prepared by sol-gel method and characterized for their structural and optical properties using X-Ray Diffraction 
(XRD), Scanning Electron Microscopy (SEM), UV-Vis Spectroscopy and Photoluminescence (PL). The precursors 
titanium tetraisopropoxide and zinc chloride dopant were used as the source of titanium and zinc. Hydrochloric acid was 
used to maintain the pH of the solution during the process. A red shift of the light absorption edge of Zn-doped TiO2 has 
been observed as compared to undoped TiO2 nanoparticles. The crystallite sizes of Zn-doped TiO2 nanoparticles ~8 nm 
were estimated by using Scherrer’s formula. 

 

Introduction. Titanium dioxide (TiO2) material has been widely investigated and used as 
photocatalysts, sensors, catalysts for photo-electrochemical water splitting, for hydrogen storage and 
photovoltaic applications. This material is chemically and physically stable, inexpensive and non-
toxic to the human being and our environment. TiO2 exists in both crystalline and amorphous forms 
with three crystalline polymorphs of TiO2 are anatase, rutile and brookite. These three polymorphs 
have different crystalline structures; anatase and rutile have tetragonal structure whereas brookite has 
orthorhombic structure. The structure of anatase and rutile can be described in terms of chains of TiO6 
octahedron. The two crystal structures differ by the distortion of each octahedron and by the assembly 
pattern of octahedral chains [1]. TiO2 nanoparticles are synthesized via various methods such as 
Hydrothermal, Solvothermal, Electrodeposition, Sonochemical, Flame Pyrolysis and Sol-gel 
methods. Among these, sol-gel is one of the most preferable techniques for preparation of titanium 
dioxide particles in nanometer range because of its cost effectiveness, controlled particle growth and 
ability to produce nanoparticles with high degree of homogeneity [1-4]. Heterogeneous 
photocatalysis employs TiO2 and UV light to give an efficient new route for the degradation of toxic 
substances, decomposition of water and hydrogen generation [5, 6]. TiO2 nanoparticles show high 
reactivity and chemical stability under ultraviolet light, whose energy exceeds the band gap of 3.3 eV 
in the anatase crystalline phase TiO2, thus limiting the reactivity in visible range. Many studies were 
carried out to decrease its band gap with lower rate of recombination of the electron–hole pair. It can 
be achieved by proper doping of metal ions, surface modification and dye photosensitization of TiO2 
surface [6, 7]. Several literatures have reported the tenability of TiO2 particles through doping with 
transition metals like chromium, manganese, iron, cobalt, nickel, copper, zinc, etc. For dye sensitized 
solar cell application, optimal light harvesting can be attained by doping the metal in titanium dioxide 
which results in altering the optical band gap. In order to increase the photocatalytic activity of TiO2 
nanoparticles, various synthesis methods have been explored [8, 9]. Zn-doped TiO2 powders 
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a b s t r a c t

This paper reports the synthesis of pure and Cr-doped TiO2 nanoparticles with different doping concen-
trations by using a cost-effective solvothermal method. The as-synthesized nanoparticles were character-
ized by using X-ray diffraction, transmission electron microscopy and UV–Vis spectroscopy to study their
structural and optical properties. The XRD pattern showed the prepared material is pure anatase of the
crystalline phase. Using TEM measurement, the average particles size is found to be about 11–13 nm
while selective area electron diffraction (SAED) patterns have confirmed the polycrystalline nature of
the nanoparticles. The size of the crystallite is observed to be decreased with an increase in dopant
(Cr) concentration. UV–Vis absorption spectra showed enhanced absorption in the visible range in accor-
dance with the doping concentration of Cr with a red shift in the absorption edge. The band gap energy of
doped nanoparticles decreases in accordance with an increase in dopant concentration due to the
reduced particles size. This presented work would be useful to tune the optical properties of doped
and undoped metal oxide TiO2 for its optoelectronic applications.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Presently, titanium dioxide (TiO2) nanoparticles have got great
importance due to its outstanding performance in a wide range
of applications. TiO2 nanoparticles have been widely investigated
for its photovoltaics and photocatalysis applications. This material
is a large band gap semiconductor oxide with high refractive index
and chemically inert, non-toxic, photostable and inexpensive [1–
4]. TiO2 is a versatile material and has been demanded in dye-
sensitized solar cells (DSSCs), hybrid organic-inorganic solar cells,
polymer solar cells, heterojunctions based solar cells and photo-
catalysis applications. Dye-sensitized solar cells are one of the
promising areas of research in the fields of material science and
nanotechnology owing to the easy fabrication, low-cost and good
photo-conversion efficiency [5,6]. The photoanode of the dye-
sensitized solar cell is made of transparent conducting oxide sub-
strate coated with a wide band gap semiconductor material sensi-
tized with a dye. The promising semiconductor material of choice
is TiO2 because of its optical properties and photostability. How-
ever, alternative semiconductor materials such as ZnO, Nb2O5 etc.
have also been investigated and showed good performance of the

DSSCs [7,8]. Several approaches have been developed to modify
the structure of photo-anode material for the optimum gain of
DSSCs like doping of a metal ion into TiO2 lattice. Acceptor dopants
like chromium, vanadium, iron, copper, zinc etc. doped with TiO2

have been used to fabricate the photo-anode of DSSCs [9–13].
When the size of the particles is reduced to several nanometer

scale it results in a large surface-to-volume ratio with inimitable
optical properties. TiO2 has a tendency to absorb ultraviolet (UV)
due to its wide band-gap i.e. 3.0–3.2 eV and therefore, a small por-
tion of the solar spectrum gets absorbed by this material. Further,
amazing properties of the TiO2 can be attained by the metal doping
which improves the lifetime of electron-hole and hence, prevents
the recombination of photoexcited charge carriers. The purpose
of metal-ions doping is to narrowing the band gap with a shift
up the valence band or shift down the conduction band of the host
material (TiO2). Metal doping in TiO2 facilitates the intrinsic prop-
erties with enhanced photoresponse in the visible wavelength. As a
result, a shift of absorption band from UV to visible region i.e. red
shift which has been regarded to the charge-transfer transition
between the d electrons of the dopant and TiO2 conduction band.
For the doping, several dopants have been investigated among
which metal-ion doping in TiO2 is widely preferred with the tran-
sition metals like Cu, Co, Ni, Cr, Mn, Nb, V, Fe etc. [14–21]. Among
these transition metal-ions, Cr is one of the demanded dopants
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a b s t r a c t

Nanocrystalline TiO2 particles were prepared to study the calcination temperature dependent phase
transformation. X-ray diffraction (XRD) patterns showed the strong Bragg peaks correspond to anatase
(101) and rutile (110) phases with their crystallite size 12 and 49 nm for the samples T1 and T2 calcined
at 450 and 700 �C respectively. Raman spectroscopy investigation showed the phase transformation with
the dominating rutile peaks from the pure-anatase phase. By UV–vis absorption spectroscopy, the strong
ultraviolet-light absorption below 400 nm was observed. Using Kubelka-Munk function, the estimated
band gap values were found to be 3.38 and 3.03 eV. The transmission scanning microscopy (TEM) images
exhibited the slightly agglomerated nanoparticles while the selected area diffraction (SAED) patterns
endorsed the polycrystalline nature.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO2) nanoparticles have been demanded in
industrial applications due to their unique properties. It is one of
the most promising semiconductor materials because of its non-
toxicity, low-cost production, and ease handling process. TiO2 is
well-recognized for its potential applications as the photocatalyst
in water splitting, pigments, gas sensors, in hydrogen gas evolu-
tion, self-cleaning surfaces, solar cells, etc. [1]. This material exists
in four polymorphs which include anatase and rutile both in
tetragonal, brookite in orthorhombic and TiO2 (B) in monoclinic
forms. TiO2 possesses different physical and physicochemical prop-
erties depending upon the deviation in the lattice arrangements of
these polymorphs. With the easy synthesis process and good sta-
bility of the anatase and rutile polymorphs, both are well-
recognized crystals with their energy band gaps 3.2 and 3.0 eV
respectively. The characteristics of TiO2 can be tuned with the par-
ticle size, morphology, and the crystalline nature. As compared to
the rutile phase, the anatase phase nanoparticles have the better
mobility of the electrons and therefore, demanded for the solar cell
applications.

Several methods have been investigated for the synthesis of
TiO2 nanoparticles including sol-gel, solvothermal, chemical pre-
cipitation, micro-emulsion, flame spray pyrolysis, mechanism
milling, plasma-assisted, laser ablation etc. [2]. Nevertheless, the

sol-gel method is known to be one of the simplest one for the
preparation of nanoparticles due to its low-cost and easy process
with the high degree of homogeneity and purity. The sol-gel chem-
istry of TiO2 synthesis mainly involves the hydrolysis and polycon-
densation of metal alkoxides. The key parameters that regulate the
physical properties of the synthesized TiO2 nanoparticles are the
type of metal alkoxides, the amount of water and the catalyst used
in the sol-gel process. The agglomerations of the nanoparticles are
prevented with the use of an acid catalyst which induces the repul-
sive force between the particles as a result of proton adsorption
that positively charges the uncharged precipitates. The obtained
products via sol-gel process are mostly amorphous hence; thermal
treatment is preferred to promote the crystallinity. Further, the
heat treatment may induce aggregation, grain growth, and phase
transformation.

Presently, an intensive research has been focused on the dye-
sensitized solar cells (DSSC) and expected to lead the photovoltaic
market in the near future owing to its easy and low-cost fabrica-
tion process. In DSSCs, TiO2 has been demanded as the photo-
anode material due to its ability of interconnected porous structure
which allows adequate dye loading and hence, harvesting the sun-
light [3,4]. The pure anatase phase of TiO2 is generally preferred
polymorph for the fabrication of DSSCs photo-anode which
increases the power conversion efficiency as compared to other
crystalline phases. Nonetheless, mixed phases of TiO2 have also
been investigated as the photo-anode material for the DSSCs
[5,6]. Essentially the phase transformation process is well sus-
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Abstract 
 

TiO2 nanoparticles have been demanded in many applications. Sol-gel chemical process is one of the easiest ways and possesses 
credentials to optimize optical, electrical and structural properties of the materials during the synthesis process. In this work, we 
present the synthesis and characterization of TiO2 nanoparticles. X-ray diffraction pattern and Raman study showed the rutile phase 
peaks. UV-Vis spectroscopy analysis showed the UV absorption peak at 392 nm corresponds to the band gap value 3.03 eV. The 
polycrystalline nature of the prepared nanoparticles is confirmed by the transmission scanning microscopy (TEM) measurement. 
c 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 
 

Titanium dioxide (TiO2) has potential applications in water splitting, pigment, dye sensitized solar cell, antireflection 
coating, VLSI devices, biosensors etc. [1]. TiO2 found in four polymorphs such as anatase and rutile, brookite and TiO2 
(B) whereas rutile phase is thermally stable. The lattice arrangement of these polymorphs yields unique physical and 
physicochemical properties.  

TiO2 is a suitable material because of good its photo-stability and therefore, investigated as the photoanode materials 
in dye-sensitized solar cells. The nanocrystalline TiO2 is coated on the conductive glass plate. In spite of TiO2, ZnO is 
being recognized for the DSSCs however, conversion efficiency is lower reported. Further, the efficiency of the DSSCs 
can be improved via doping the acceptor materials such as vanadium, copper, chromium, iron, zinc in the host TiO2 [2-
6]. 

Various synthesis methods of TiO2 nanoparticles such as chemical precipitation, hydrothermal, solvothermal, ball 
milling etc. are being investigated however, the sol-gel approach is one of the simple and inexpensive one [7]. The sol-
gel process yields amorphous product so calcination is needed. Therefore, the calcination temperature affects the 
agglomeration, growth, and phase transformation of the nanoparticles.  

In this paper, we explore the preparation and characterization of TiO2 nanoparticles prepared by chemical process. 
The materials and experiment details are presented in Section 2. The obtained results have been discussed in section 3 
and conclusion of the work is present in section 4. 

 
2. Experimental Details 

 
Titanium isopropoxide, deionized water and isopropyl alcohol were used. At first titanium isopropoxide was 

dissolved in isopropanol under stirring. Separately, mixed solution of isopropanol and deionized water was prepared. 
Later, titanium isopropoxide based solution mixed in later solution stirred for 2 h to get the clear and dense solution. 
Further, the obtained solution was dried at 80° C to remove all the solvents and to obtain amorphous TiO2 gel. The as 
prepared TiO2 gel was calcined at 700 °C and characterized by X-ray Diffraction (Bruker AXS D8 Advance, Germany), 
UV-Visible-NIR Spectrophotometer (JASCO UV670, Japan) Raman spectroscopy (BWTEK, Japan) and Transmission 
Electron Microscope (TEM, Tecnai G2 20 Twin FEI, Netherlands). 
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