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Abstract In this report, we have synthesized nanocrys-

talline of TiO2 thin films by simple chemical bath depo-

sition technique. The as-deposited films were annealed at

different temperatures (300, 500 and 700 �C) for 5 h in

ambient atmosphere in order to improve crystallinity and

structural perfection. The structural, morphological and

optical properties were analyzed by using X-ray diffraction

(XRD), Atomic force micrograph, Fourier Infrared spectra,

UV–Vis transmission spectra and photoluminescence (PL)

spectra analysis. XRD results showed that formation of

anatase phase for all the annealed samples. The average

crystalline size was found to be increased from 35 nm to

46 nm with increasing the annealing temperature. Band

gap energy of the 300 �C sample was found to be 3.42 eV,

further it was decrease to 3.33, 3.27 eV for 500 and 700 �C
annealed samples respectively. The decreasing in the band

gap energy and oxygen related vacancies were analyzed by

PL analysis. The photocatalytic activity of the TiO2 films

were studied by monitoring the degradation of methylene

blue rhodamine B in an aqueous solution under visible light

irradiation and were empirical that TiO2 film 700 �C
samples exhibited excellent photocatalytic activities, when

compared with other TiO2 film.

1 Introduction

Transition metal oxides (TCOs) are extensively studied,

has attracted much attention in the past two decades owing

to their various practical applications due to the broad

potential to modify their electrical, catalytic and optical

properties. Among the various TCOs (SnO2, ZnO, WO3,

NiO etc.,) TiO2 is one of the most widely studied materials

because of the growing interest in its applications and

research in the last few years is due to its exclusive and

outstanding structural, optical and electrical properties [1].

Generally, TiO2 exist in three different crystalline forms

such as anatase, rutile and brookite, but most common

application used only anatase phase [2]. TiO2 is a wide

band gap semiconductor material, which has been under

extensive investigations due to its applications in a variety

of fields such as dye-sensitized electrodes, solar cell, gas

sensors, photocatalysts, wave guiding, antireflective coat-

ings and integrated optical amplifiers [3], etc. Many syn-

thesized methods have been adapted for preparation of

TiO2 thin films such as sputtering [4], laser ablation [5],

electrophoretic deposition [6], anodic oxidation [7], sol–gel

[8], screen printing [9], and dip coating [10] methods.

Among them, the chemical bath deposition (CBD)

method yields stable, adherent, uniform and hard films with

good reproducibility by a relatively simple process [11]. We

already synthesized C-doped TiO2 thin films by using CBD

technique and studied their structural, optical and photo-

catalytic properties [11]. In addition, the process parameters

like deposition rate and thickness can be easily controlled

through this method. In the present work consist of synthesis

and efficient investigation of structural, optical and photo-

catalytic activity of TiO2 thin films by simple CBD tech-

nique. A sufficient degree of crystallinity is required to attain

the desired electronic properties necessary for photocatalytic
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applications. This can be achieved through annealing pro-

cess. Moreover the stability of surface features of the

nanocrystalline TiO2 thin films on thermal annealing are of

key role because they decide the technological impact of

surface interaction with the surroundings. So the as-de-

posited films were annealed at different temperatures in

order to achieve the sufficient crystanality and surface

interaction for various applications aspects. To the best of

our knowledge, this is the first preliminary report about

structural, optical and photocatalytic activity of TiO2 thin

films by CBD method.

2 Experimental procedure

2.1 Preparation of TiO2 thin films

All chemicals used in this study were of analytical grade and

were used without further purification. TiO2 films were

synthesized by the CBD method. The starting solution was

prepared by mixing of titanium isopropoxide, ethyl alcohol

in molar ratio 5:50, in a closed beaker stirred for 30 min. pH

of the sol was adjusted to 8 with the addition of 2 ml of

NH4OH. The dropping rate must be well controlled for the

chemical homogeneity. Distilled water (1.5 mol) was added

and the solutionwas refluxed under dry atmosphere for 2 h at

60 �C. For completion of the hydrolysis process, the solution

was kept stirred at room temperature for overnight. Films

were grown on 76 mm 9 26 mm 9 1 mm glass micro-

scope slides (ITO glass) which were used as depositing

substrates. The glass slides as the substrates for depositing

TiO2 films were prepared by ultrasonically cleaned by ace-

tone, followed by ethanol and finally, deionized water for

10 min respectively and allowed to air dry. The substratewas

suspended vertically in the reaction bath after stirring the

solution properly for homogeneity. The thin film samples

were deposited at the temperature between 60 and 70 �C for

1 h. The as-deposited thin films were annealed at 300, 500

and 700 �C for 2 h in muffle furnace, in order to improve the

crystanility.

2.2 Characterization techniques

All the samples of TiO2 thin films were successfully

characterized by the following techniques. Structural

properties of the films were analyzed by using X-ray

diffraction (XRD, JEOL diffractometer) with monochro-

matized Cu Ka radiation (k = 1.54056 Å) in the range of

10�–80� with the step size of 0.1�. Fourier transform

infrared (FT-IR) spectra were recorded on a Shimadzu-

8400S spectrometer in range of 400–4000 cm-1 using KBr

pellets. The optical transmittance of the thin films was

recorded at room temperature by a Perkin Elmer UV/VIS/

NIR Lambda 19 spectrophotometer in the wavelength

range of 300–900 nm. The morphology of the TNO thin

films is observed by Atomic force microscope (ParkXE100

AFM non-contact mode). Photoluminescence (PL) spectra

of the samples were recorded using PerkinElmer LS 55

Spectrometer equipped with a 40 W Xenon lamp, Excita-

tion length used was 325 nm.

3 Results and discussion

3.1 XRD analysis

X ray diffraction is a useful technique to determine the

phase purity and crystallinity of the samples. The XRD

patterns of films annealed at different temperatures are

shown in Fig. 1. All the investigated samples were corre-

sponds to tetragonal anatase phase and the results are well

matched with the already reported literature values [12].

No peaks corresponding to rutile phase even annealed at

700 �C. This results good in agreement with the already

reported that the phase transformation from anatase to

rutile phase occurred at 1000 �C when HCL was used as

catalyst in sol gel formation by Kim et al. [13]. The

average crystallites size was calculated from Scherrer’s

equation [14] and was found to increase from 35 to 46 nm

as the annealing temperature increases from 300 to 700 �C.
The calculated lattice parameters (for 300 �C, a = 4.7356

(Å) and c = 3.3278 (Å) and volumes [74.62 (Å3)] of the

TiO2 films are increases with the increase of annealing

temperature (Table 1). Moreover the intensity of the peak

increases with increase of the annealing temperature (500

and 700 �C). This result reveals that the crystanality of film
improved with the increase of annealing temperature. At

Fig. 1 Powder XRD pattern of TiO2 thin films with different

annealing temperatures a 300 �C, b 500 �C, c 700 �C
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annealing temperature of 1000 �C a phase transformation

is occurred from anatase to rutile phase [2].

3.2 Atomic force microscope analysis

Atomic force microscopy (AFM) is a useful technique to

determine the surface morphology and particle size of the

samples. Figure 2 shows the 2D and 3D AFM image of

TiO2 thin films with different annealed temperature. It can

be observed that all the films have smooth surface with

uniform particle distribution. In AFM images, a root mean

square roughness (Rrms) value is the most important

parameter to determine the surface roughness values of the

thin films. It was determined by using the formula [15], and

the calculated rms value of 300 �C TiO2 thin film was

found to be 33 nm, further it was increases to 37 and 43 nm

for 500 and 700 �C thin films respectively. These results

suggest that rms value increases with increase of annealing

temperature as well as increase in the grain size. The

increase in grain size due to increase of annealing tem-

perature also confirmed by XRD results.

3.3 UV–Vis transmission spectra analysis

In order to confirm the optical property and band gap energy

of the TiO2 films were characterized by UV–Vis transmis-

sion spectra analysis. Figure 3a shows the UV–Vis trans-

mission spectra analysis of TiO2 thin films with different

annealing temperatures. It was noted that, an increase in the

annealing temperature improves the films optical transmis-

sion. Evidently, the films are completely transparent in the

visible region and a sharp fall in the UV region 300–400 nm.

By increasing the annealing temperature from300 to 700 �C,
the absorption edge shifts towards the lower energy side,

indicating the decrease in the band gap energy. The

absorption coefficient (a) was calculated from the trans-

mission spectra using equation [16],

a ¼ 1=t ln 1=Tð Þ

where T is the optical transmission and t is the film

thickness. The direct band gap of thin films was calculated

from Fig. 3b using the formula [17],

ahm ¼ A hm� Eg

� �m

Fig. 2 AFM micrograph (2D

image) of TiO2 thin films

a 300 �C, b 700 �C; 3D image

of TiO2 thin films c 300 �C,
d 700 �C

Table 1 Shows the lattice

parameters and crystallite size

of TiO2 nanothin films with

with different annealing

temperatures

TiO2 films different

temperatures (�C)
Crystallite size

(nm)

Lattice parameters Cell volume

a (Å) b (Å) (Å3)

300 35 4.7356 3.3278 74.62

500 41 4.7398 3.3318 74.85

700 46 4.7419 3.3358 75.01
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where a is the absorption coefficient, h is the Planck’s

constant, m is the frequency of incident light, Eg is the

energy band gap of material and m is the factor governing

the direct/indirect, etc. transition of electron from the

valance band to the conduction band. The band gap energy

was calculated as 3.42, 3.33 and 3.27 eV for TiO2 thin

films of 300, 500 and 700 �C respectively (Fig. 3b). Sim-

ilar findings were reported for TiO2 thin films synthesized

by sol–gel method [3].

3.4 Photoluminescence spectra analysis

Photoluminescence (PL) emission spectra are a useful

technique to find out the defect in crystal, oxygen vacancies,

charge trapping, immigration, transfer and to understand the

fate of electron–hole pairs in semiconductor since [18].

Figure 4 shows the PL emission spectra of TiO2 thin films

with different annealing temperatures measured from 300 to

600 nm using a 325 nm He–Cd laser. In all the films, series

of peaks were observed at 371, 404, 486 and 556 nm. The

UV emission (371 nm) for pure TiO2 could be attributed to

oxygen vacancies, Ti interstitials or dangling bond and

structural defects. The emissions in the blue-green range

(bands at 404 and 486 nm) were defect-related to electron

transition mediated by defect levels in the band gap, such as

oxygen vacancies. Different types of oxygen vacancies exist,

among them the 556 nm is related to V?o oxygen vacancies.

Moreover the PL peak intensity decreases with increase in

annealing temperature. In addition, all the peaks shift

towards the higher wavelength side (red shift), which indi-

cates the decreasing the band gap energy, this is also con-

firmed by UV–Vis transmission spectra analysis.

3.5 FTIR spectra analysis

FTIR spectrum is an important record, which gives suffi-

cient information about the structure of a compound.

Figure 5 shows FTIR spectra of TiO2 thin films with dif-

ferent annealing temperatures recorded in room tempera-

ture. All the samples showed the broad band in the range

400–800 cm-1 according to literature sources [19] is due to

the stretching vibration of the Ti–O–Ti vibrations. The

absorption bands at 1526.13 cm-1 is attributed to –OH

bond stretching [20] responsible for hydrophilic nature of

TiO2 thin films. The absorption bands at 3414.15 cm-1 is

attributed to stretching vibration of surface hydroxyl group

or adsorbed water, which has been observed due to the re

adsorption of water molecules from ambient atmosphere

[21]. Upon these peak intensities are decreases with

increase the annealing temperature of 700 �C.
Fig. 3 UV–Vis spectra of TiO2 thin films with different annealing

temperatures a transmittance spectra b band gap energy determination

Fig. 4 Photoluminescence spectra of TiO2 thin films with different

annealing temperatures
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3.6 Photocatalytic activity set up and measurements

The photocatalytic activity set up was constructed by

Vadivel et al. [22]. The detailed experimental set up and

sample preparation were done by our previous work [11].

The photocatalytic activities of TiO2 thin films with differ-

ent annealing temperatures were evaluated by degradation of

various dyes (MB and RHB) under visible light irradiation.

The results showed that the degradation of the reactive dyes

greatly improved by time of the illumination and the

quantity of the photocatalyst. In general, the effect of the

photocatalyst is more evidently at a definite range with the

increasing photocatalyst quantity, the results showed in the

present work are agreement with the rule [23]. In order to

demonstrate the degradation profile, the spectrum was

recorded at regular time intervals. Figures 6 and 7 depicted

the degradation profiles of MB and RHB in the presence of

TiO2 with different annealing temperatures. At the end of

reaction time of 120 min, the MB degradation efficiencies of

TiO2 film with different annealing temperatures (300, 500

and 700 �C) are about 59, 68 and 89 %, respectively. Sim-

ilarly the degradation efficiency of RHB was found to be 56,

61 and 78 %, respectively. Hence, the higher annealing

temperature at 700 �C film is an excellent photocatalyst in

our experiment when compared to other TiO2 thin films. The

repurpose of the TiO2 film (700 �C) as photocatalyst is also
investigated by collecting and reusing the same photocata-

lyst for multiple cycles. As shown in Fig. 8, after 7 runs of

photodegradation of MB, the photocatalytic activity of the

TiO2 films shows a minor degeneration due to incomplete

recollection and loss during washing. As a result, the TiO2

films used as photocatalyst are quite stable and have great

potential application in water treatment. The photocatalytic

mechanism of TiO2 is illustrated in Fig. 9.

The enhanced photocatalytic activity of TiO2 was attrib-

uted to the formation of increasing the number of hydroxyl

groups on the surface of TiO2. It can be react with photo

excited holes on the surface of TiO2 and produce hydroxyl

radicals, which in turn are powerful oxidants in the photo-

catalytic reaction [24]. Generally, photocatalytic activity

depends on several parameters such as crystalline structure,

specific surface area and band gap energy. The defect state of

the thin film, as well as its crystal phase, influences its

electronic nature. As a result the observed optical band gap

and the charge TiO2 thin films for photocatalytic applica-

tions. In the present work, annealed samples of TiO2

(700 �C) have better photocatalytic performance as com-

pared to other TiO2 films (300 and 500 �C). This could be

attributed to smaller band gap as compared to others. At the

same time, more MB molecules are adsorbed on the surface

of TiO2 films, enhancing the photo excited electron to the

Fig. 5 FTIR spectra of TiO2 thin films with different annealing

temperatures

Fig. 6 Photocatalytic degradation of methylene blue (MB) using

TiO2 thin films under visible-light irradiation

Fig. 7 Photocatalytic degradation of rhodamine B (RHB) using TiO2

thin films under visible-light irradiation
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conduction band and simultaneously increasing the electron

transfer to the adsorbed O2, which results increasing the

photocatalytic performance.

4 Conclusions

In summary, we have successfully synthesized nanothin

films of TiO2 on a ITO glass substrate by using a facile and

novel CBD route, followed by annealing at temperatures of

300–700 �C for 2 h. XRD results reveals that formation of

anatase phase for all the samples. Both XRD and AFM

images indicated that, crystalline size and surface rough-

ness values (33–43 nm) significantly increasing with the

increase of annealing temperature. The absorption edge

was red shifted (towards longer wavelength) and the bang

gap energy was found to decreases from 3.42 to 3.27 eV

with increase of annealing temperatures. The photocatalytic

activity of the TiO2 films was evaluated by monitoring the

degradation of methylene blue (MB) rhodamine B (RHB)

in an aqueous solution under visible light irradiation. The

results summarize that, the annealed samples of TiO2

(700 �C) have better photocatalytic performance as

compared to other TiO2 films (300 and 500 �C). The

synergetic annealing effect plays a another crucial role in

producing new states, narrowing the band gap, and

reducing the recombination effectively thereby signifi-

cantly improving the visible light absorption and photo-

catalytic activity of TiO2 thin films. So our newly

prepared TiO2 nanothin films with higher visible light

absorption and photocatalytic activity are promising

materials for visible light photocatalysts.
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