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A B S T R A C T   

This study investigates the effect of different doping percentages of the Bismuth in TiO2 nanocrystals on struc-
tural, morphological, and optical properties. The Bi-Doped titanium oxide was prepared by CBD method followed 
by sensitization by using natural dye (strawberry ink) and used for solar cell application. The structure analysis 
was carried out by using XRD technique and it reveals the presence of amorphous Rutile phase. The UV–Vis 
spectrum shows that at 0.25 to 1 % of Bi doping in TiO2 the band gap of titanium oxide decreases from 2.8 to 
3.52 eV, and the variable band gap is more suitable for solar cell application because it can absorb large span of 
solar spectrum. The morphological analysis was carried out by using a SEM it shows the presence of Aeluropus 
logophiles (small petal) like morphology. The surface roughness is studied by the AFM. The elemental compo-
sition is confirmed by using EDS and XPS analysis technique. The maximum efficiency is observed for the 1% Bi- 
doped Titanium trioxide which is 0.37 %.   

1. Introduction 

Accelerating depletion of fossil fuels and increase in environmental 
pollution attracted researches across the world to search for efficient 
energy generation technologies. The solar cell is a promising area of 
research among all efficient energy generation technologies due to 
direct conversion of sunlight into electricity energy [1]. In the recent few 
decades, the demand of renewable and clean solar energy has attracted 
research interest to produce energy, in particular photovoltaic system 
[2,3]. The current, high interest in the nanostructures of titanium oxide 
is being driven in part by the abundance of low-cost processing methods, 
which have been shown to impact the resultant morphology, and in part 
by the fact that a given technology device may perform better when built 
using a special morphology [4,5]. Titanium oxide exhibits three 
different phases rutile, anatase, and brookite. These phases show 
different characteristics due to titanium being a very interesting mate-
rial for various applications. TiO2 is widely used for solar cell applica-
tions [6–10] gas sensing applications [11,12] and energy storage 

supercapacitor applications [13]. These three different titanium oxide 
phases are thermally more stable and they show the large active surface 
area of the materials. Also, TiO2 is low cost, easy to synthesize and de-
livers good efficiency, due to these it is widely used which converts solar 
energy to electrical energy [14,15]. The treatment to the photoelectrode 
is also one of the best ways to enhance the performance of solar cell 
[16,17]. 

The solution-based techniques to deposit different thin films for solar 
cell application are appealing due to its simplicity, low cost and large- 
scale applications [18,19]. The chemical deposition method offers 
numerous advantages like low cost, low temperature deposition, envi-
ronmentally friendly and most significantly no requirement of sophis-
ticated equipment [20–22]. The doping of different elements in titanium 
oxide materials has been widely studied for solar cell application. In 
recent years, some researchers find that doping the TiO2 film with metal 
ions could be a promising approach to improve the electrons transfer in 
the TiO2-based nanostructured electrode of solar cell [23–27]. Lu e.t al. 
showed that, Nb-doped TiO2 anatase crystalline nature and increases the 
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performance of the conductivity with a positive shift in the potential 
band [28]. Kim et. al. prepared Cr-doped TiO2 used for the photoanodes 
of DSSCs, and the enhanced performance is associated with the adjusting 
of the band structure of TiO2 [29]. The doping of Bismuth is also one of 
the promising tasks to improve the solar cell performance and lots of 
reports have been shown the interesting results for it [30–34]. 

In the present work, we have successfully synthesized Bi doped TiO2 
nanomaterials using a simple and cost-effective chemical bath deposi-
tion method. The obtained nanomaterial was then annealed at 400 ◦C to 
evaluate the effect of Bi-doped titanium oxide on the DSSC application. 
The films were characterized to study the morphological nanostructure, 
crystallite structure, optical properties, compositional and I-V 
characteristics. 

2. Experimental 

The chemicals were used for the preparation of thin films are of 
standard grade which include, Bismuth nitrate (Bi(NO3)3) (Sigma 
Aldrich), Titanium chloride (TiCl3) (Sigma Aldrich), and liquid 
Ammonia (NH3) (Loba Chem). During preparation of all solutions of 
Bismuth doped Titanium oxide thin films distilled water were used. The 
thin films were deposited on to conducting FTO glass having dimensions 
of 75 × 25 × 1.35 mm. The cleaning of FTO slides was done by keeping 
them in a beaker containing distilled water and ultrasonicated for 

sufficient time. Then rinsed with acetone and distilled water several 
times earlier to deposition of Bi-doped TiO2 thin films. 

2.1. Deposition of Bi doped TiO2 thin films 

To deposit different doping percentages of bismuth in TiO2 thin films 
different molar concentrations of Bi(NO3)3 used in 50 ml TiCl3 of solu-
tion. Further, the addition of 20 ml liquor NH3 slowly drops by drop with 
constant stirring so as to obtain a stable complex. The NH3 worked as a 
complexing agent in prepared solutions. Also, ammonia maintains the 
pH of the solution in the range of 9 to 11. Then in an oil bath, the beaker 
of the reaction solution was taken and then cleaned FTO glass slides 
were vertically positioned with the help of the substrate holder. The oil 
bath was then subjected to room temperature and wait for 3–4 Hr to get 
good deposition. The deposited samples at different doping concentra-
tions of Bi(NO3)3 0.25, 0.50, 0.75, and 1.00 M nomenclatures as BT1, 
BT2, BT3, and BT4 respectively. The percent doping was calculated to be 
0.25, 0.50, 0.75 and 1% for BT1, BT2, BT3, and BT4 films respectively. 
After deposition time, it was observed that white coloured complete 
deposition on to the slides, was taken out, followed by washing with 
distilled water several times and drying at room temperature. After 
deposition annealing was carried out at 400 ◦C for 2 hr. 

Fig. 1. XRD patterns of BT1, BT2, BT3, and BT4 Bi-doped TiO2 samples 
(Indexing for BT4). 

Fig. 2. UV–Vis absorbance (a) and Tauc plot showing band gap (b) of BT1, BT2, BT3, and BT4 Bi-doped TiO2 samples.  

Fig. 3. Photo-Luminous spectra of BT1, BT2, BT3, and BT4 Bi-doped 
TiO2 samples. 
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2.2. Fabrication of DSSCs device 

Bi-doped TiO2 photo anode electrode was soaked in natural dye 
(strawberry ink) solution for 2 h. After 2 h the prepared Bi-doped TiO2 
photo anode electrode was removed from the strawberry dye solution 
and washed several times in ethanol as the absorbed dye molecule was 
removed. Finally, we get the Dye sensitized Bi-doped TiO2 photoanode 
electrode and used it as a counter electrode for the analysis of solar cells 
in the Platinum 1 M KI electrolyte. 

3. Characterization 

The structural analysis of prepared samples was carried out by using 
an X-ray diffraction (XRD) spectroscopy using Philips PW-1710 

diffractometer with CuKα1 (λ = 1.54056 Å) radiation with a diffrac-
tion angle (2θ) between the range of 10– 80◦. The analysis of optical 
absorption was carried out by using UV 3600 Shimadzu UV–VIS-NIR 
double beam spectrophotometer in the wavelength range 300–900 nm 
and Tauc plot was used to determine the band gap of films. The study of 
surface morphology was carried out by using Scanning electron micro-
scopy (SEM) using Jeol JSM-IT-200. The surface roughness of the sam-
ples was carried out by using Atomic force microscope (AFM). To 
determine the exact oxidation states X- ray photoelectron spectroscopy 
(XPS) analysis was carried out. The solar cell analysis of prepared Bi- 
TiO2 electrodes was carried out by using an electrochemical CH in-
strument (CHI 6F00E) using UV–Vis lamp using KI electrolyte. 

Fig. 4. SEM images of BT1, BT2, BT3, and BT4 Bi-doped TiO2 samples.  

Fig. 5. EDS spectra of BT1, BT2, BT3, and BT4 Bi-doped TiO2 samples showing presence of elements.  
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4. Results and discussion 

4.1. XRD analysis of Bi-dopedTiO2 thin films 

By XRD studies, we have been determined the structure of the Bi- 
doped TiO2 nanomaterials. Fig. 1 shows the XRD patterns of the Bi- 
doped TiO2 nanomaterials. The nature of pattern is somewhat amor-
phous and it matches the JCPDS standard card number 75–1537 of Bi- 
doped TiO2 are of rutile phase [24]. Therefore, we can conclude that 
Bismuth has been effectively doped into the TiO2 lattice. In general, as 
the doping concentration increases, the lattice parameters of the host 
change according to Vegard’s law due to the generation of strain in the 
crystal lattice of the host material and the shift in diffraction peaks with 
regard to the ionic radius of the dopant. As a result, the presence of the Bi 
impurity may deteriorate the crystal quality which can be result in 
formation of amorphous nature of TiO2 with doping concentration. In 
order to obtain the average crystallite size of Bi-doped TiO2 nano-
materials, Debye–Scherrer equation was used [35]. The crystallite size 
for the major peak of the BT1, BT2, BT3, and BT4 evaluated is about 28, 
30, 34, 36 nm respectively. As can be seen, the crystallite size of the TiO2 
increases with increasing the Bi doping concentration. 

4.2. UV Vis spectroscopy analysis 

UV–Vis spectroscopy is used to study the optical properties of film 
nanomaterials. The synthesized nanomaterials are dispersed in 10 ml of 
soluble liquid and further ultrasonic and the prepared sample solution is 
used for the analysis of the Uv–Vis. Fig. 2 shows the optical absorption of 

all Bi-doped TiO2 nanomaterials. From the absorption spectrum it can be 
seen that, the absorption edge of doped TiO2 nanomaterials appears at 
~ 320 nm. The TiO2 absorption edge significantly shifts to higher 
wavelength with increasing Bi dopant concentration in TiO2. Similarly, 
light absorption in the UV–visible region increases with Bi concentra-
tion. The band gap of the synthesized nanomaterials is calculated by the 
Tauc relation. The observed band gaps for the BT1, BT2, BT3, and BT4 Bi- 
doped TiO2 are 2.9, 3.52, 2.8, and 2.72 eV respectively. The optical band 
gap is initially higher but increases with Bi doping concentration and 
then decreases the band gap values. The decrease in the band gap with Bi 
doping concentration may be attributed due to, the localized states 
present near the valence band of the TiO2 and the formation of colour 
centres, which are associated with the oxygen vacancies in TiO2 or to the 
radicals in the titanium dioxide lattice associated with the doping ions 
[36]. 

4.3. PL analysis 

The PL spectra of Bi-doped TiO2 nanomaterials are shown in Fig. 3. 
From the graph, it is observed that the PL spectrum intensity is inversely 
related to the efficacy of the photocatalytic. This implies that the greater 
the PL intensity the greater will be the electron-hole pair recombination. 
This eventually decreases the photocatalytic process, due to the limited 
availability of the reactive radical intermediates. It is also observed that 
the emission peaks for the Bi-doped TiO2 nanomaterials at 296.44, 
397.4, 444.4, and 467 nm, show a week intensity peak with increasing 
Bi doping content in TiO2. The near band edge UV emission peaks at 
296.4 to 397.4 nm correspond to the recombination of electron-hole 

Fig. 6. 2D and 3D AFM images of TiO2 and Bi doped TiO2 material.  
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pairs in the range. The broad emission band in the visible region at 
444.4 nm is due to the interstitial vacancies in the TiO2 lattice frame-
work [37]. 

4.4. SEM and EDS analysis 

Fig. 4 shows the SEM images of the synthesized Bi-doped TiO2 thin 
film nanomaterials. The morphology of Bi-doped TiO2 nanomaterials is 
a regular line manner to Aeluropuslogophiles (small petal). In addition, 
the aggregation of nanoparticles also observed in SEM images of the 
samples. Regarding the results of the XRD experiment, it can be inferred 
that the size of crystallites in the nanoparticles is apparently less than the 
size of the nanoparticles which indicates that the produced particles are 

Fig. 7. XPS analysis of Bi doped TiO2, the survey spectrum (a), core level spectrum of Ti2p peak (b), core level spectra of O1s peak (c) and core level spectrum of Bi4f 
peak (d). 

Fig. 8. I-V Characteristics of DSSCs of BT1, BT2, BT3, and BT4 Bi-doped TiO2.  

Table 1 
Calculated values achieved from the J-V curves of each solar cell.  

Samples Voc (mV) Isc (mA) FF Efficiency (%) 

BT1  0.73  0.41  0.51  0.15 
BT2  0.84  0.49  0.74  0.31 
BT3  0.81  0.58  0.62  0.30 
BT4  0.92  0.68  0.55  0.37  
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in the nanocrystalline phase. The crystallite is the smallest uniform 
crystallographic unit which is based on the disorientation of its neigh-
bours. The particle consists more crystallite which are in different ori-
entations. XRD gives the crystallite size which is very small, not the 
particle size which is greater than crystallite. The BT4 material shows the 
highest roughness which may be fruitful for the solar cell application. As 
the sample poses rougher surface it consists more surface are which 
enhances the solar cell performance [38]. Fig. 5 show the elemental 
composition of the Bi-doped TiO2. The presence of peak at 4.508, 10.837 
and 0.525 KeV confirms the presence of Ti, Bi and O in samples 
respectively. From now it is clearly observed that the Bi is successfully 
doped in TiO2. To confirm the oxidation state representative same 
further analyzed by XPS. 

4.5. AFM analysis 

Fig. 6 shows the AFM studies of bare TiO2 and representative Bi 
doped TiO2 thin films. Here, we observed that the roughness of sample 
increases after doping and which increases up to 25.7 nm. The 2D (5 × 5 
nm) and 3D (5 × 5 nm) AFM images clearly shows the rough surface of 
the Bi doped TiO2 nanomaterials. The rough surface is beneficial for the 
electrolyte to disperse well and to get maximum surface area of 
photocatalyst. 

4.6. X-Ray photoelectron spectroscopy analysis 

The chemical composition of the elements and its oxidation states in 
the Bi doped TiO2 optimized materials were analysed using the XPS 
technique. The XPS survey spectrum data in the Fig. 7(a) reveals that the 
existence of Ti2s, Ti2p, O1s, C2p, Bi4f and Ti3p elemental oxidation 
states. Fig. 7(b) shows the XPS spectra of TiO2 is Ti2s, Ti2p, and Ti3p 
respectively with their corresponding binding energy. The Ti 2p spec-
trum shows the two excitation peaks sited at 453 eV and 462 eV binding 
energies [39]. The deconvolution peaks in the Titanium spectrum give 
spin energy splitting value of 9 eV between two states binding energies 
453 eV and 462 eV. The observed peak O1s at the binding energies of 
535.5 eV, shown in Fig. 5 (c) and consistent with the literature reports 
[40]. The Bismuth nanomaterials shows the two peaks at 157.4 eV and 
443.2 eV binding energy, similarly results represented by Kumar et al. 
[41]. The results confirmed that the prepared Bi doped TiO2 nano-
material is successfully formed on to the thin films. 

4.7. I-V characteristics of DSSCs measurement 

Fig. 8 shows the I-V characteristics of each solar cell consisting of 
dye-sensitized different doping percentages of Bi-doped TiO2 film anode 
electrode. The parameter of the I-V is the change in short circuit current 
density (Jsc), open circuit potential (Voc), and conversion efficiency, 
which is related to the doping concentration of the bismuth in titanium 
trioxide. The SEM and AFM characteristics shows that the larger surface 
area of the prepared 1% Bi-doped TiO2 nanomaterials has more rough 
surface due to which the redox couple could diffuse more effectively 
than other Bi-doped TiO2 samples. Consequently, the nanoparticles 
show maximum short current density (Jsc). Although it was expected 
that smaller nanoparticle size could adsorb more active dye due to their 
greater active surface area of the thin film, it was shown that the small 
nanoparticles then active site space available to have better dye ab-
sorption due to the successful diffusion of the electrolytes to resultant in 
enhancement in the overall light conversion efficiency. The increasing 
dopant Bi-concentration in titanium oxide with the overall light con-
version efficiency was observed to be 0.15, 0.31, 0.30, and 0.37 % for 
BT1, BT2, BT3, and BT4 respectively. All the achieved values from the J-V 
curves of each DSSCs solar cell are shown in Table 1. 

5. Conclusions 

The Bi-doped TiO2 nanomaterials as a working electrode for DSSC 
have been successfully prepared by a simple and efficient CBD method. 
The prepared Bi-doped TiO2 shows an increasing percentage of Bi con-
tent in the titanium oxide shows crystalline nature. The observed band 
gap was 2.8 eV at 1% Bi-doped Titanium oxide, which was minimum 
than other electrodes. The SEM morphology of the thin films observed a 
small petal-like structure. The optimized Bi doped TiO2 shows surface 
roughness of 25.7 nm. The EDS and XPS confirmed the chemical 
composition of the Bi Doped TiO2. The Bi-doped TiO2 thin film electrode 
was sensitized with natural strawberry dye. The 1% Bi - TiO2 electrode 
with DSSC cell shows best performance than the other DSSC. The 
observed maximum efficiency of the DSSC is 0.37 % with FF is 0.55. 
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