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Cathodic electrodeposition of aqueous peroxo-titanium complex solution on fluorine 
doped tin dioxide (FTO) covered glass produced nanocrystalline amorphous and 
crystalline titanium dioxide. X-rays were used to examine the surface structures, which 
shows that heat treatment made a gradual crystallization of the deposits to the anatase form 
meanwhile the non-heated deposits present amorphous phase. Atomic force microscopy 
(AFM) and scanning electron microscopy (SEM) and atomic force microscopy (AFM) 
permit to investigate the morphological aspect of the deposits, which display a good 
adherence and a nanoparticulate grain size. The UV-Visible spectroscopic investigation 
technique reveals the better transparency aspect of the annealed films than the non-heated 
deposits. Ac impedance spectroscopy confirms the electrical conductivity of both deposits 
with more important activity for the non-heated deposits. 
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1. Introduction 
 
Due to their remarkable structural, chemical, photochemical, optical, and electronic 

capabilities, scientific research has focused on nanostructured semiconductor materials. Due to its 
vital uses in environmental cleanup, photocatalysis, hydrophilic coating, and gas sensors, one of 
the most researched oxide materials is nanocrystalline titanium dioxide (TiO2). [1-4]. 
Furthermore, a dye-sensitized solar cell DSSC was considered a really appealing application of 
TiO2 [5-7]. The process of preparation can be crucial in creating an appropriate geometrical 
surface. most research studies have used the sol-gel method of preparation [8-10] , hydrothermal 
[11], chemical vapor deposition [12,13], and electrodeposition [14-16], technology for depositing 
TiO2 thin films from aqueous solution that is both convenient and adaptable. This technique has 
distinct advantages over other techniques due to uniformity, strict control of film thickness, 
deposition rate, and composition, careful regulation of reaction parameters such as solution 
concentration, and ease of adaptation to conformal deposition on substrates of complicated shape 
and geometry. 

The aim of this paper is the preparation of crystalline and amorphous titanium dioxide 
films on FTO by electrodeposition, characterization of deposits by different techniques and 
comparison study between the amorphous and crystalline films. In more detail, the main objectives 
are: (1) to optimize the conditions of cathodic electrodeposition of TiO2 coating then to elaborate 
them from aqueous solution on FTO using the voltamperometric cyclic as technique. (2) to 
investigate comparatively the structural characterization by XRD of such films, their 
morphological aspect by SEM and AFM and   spectroscopic behavior by UV-Visible . and to give 
also the electrochemical impedance characteristics of both amorphous and crystalline deposits.. 
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2. Experimental details 
 
2.1 Materials synthesis 
In a tiny three-electrode cell, all deposits were made on optically transparent fluorine-tin-

oxide coated glass plates (FTO, 20Ω/square; sample area in the 1.5 cm2 range) were used as 
cathodic substrates. 

 
Pt plate (20×10×1 mm) as the counter electrode and the Ag/AgClsatured as a reference 

electrode; a Voltalab 340 potentiostat was employed. The FTO substrates were washed in acetone, 
propanol, and water for 5 minutes each before being used for film deposition. the substrate was 
etched in HNO3 45% for 2 minutes. 

From an aqueous peroxo-titanium solution, titanium dioxide sheets were cathodically 
electrodeposited.The deposition bath mixed in a ratio KNO3:TiOSO4: H2O2=1:0.2:0.3 and an 
amount of HNO3 to adjust the pH at 1.4; the bath temperature was maintained at 20°C range. The 
electrodeposition of cathodic metals was carried out between 0 mV and -1.4 mV(versus 
Ag/AgClsat ) which led to the formation of TiO(OH)2.xH2O gel film on FTO. Following that, 
certain films were heated in air for 1 hour at 450°C to produce crystalline titanium dioxide thin 
films [8]. 

 
2.2. Thin films characterization 
The crystallization behavior of the fresh and heat-treated electrodeposited titanium dioxide 

films was analyzed at room temperature by X-ray diffraction (XRD) using a PHILIPS X'PERT 
diffractometer with Cu Kα radiation and a 2θ scan rate of 0.01°/s. The surface morphological 
features of the films were observed using an LEO 982 scanning electron microscope (SEM). 
Images of the films were obtained using atomic force microscopic AFM and the scans were made 
on 1μm * 1μm areas of the films. Optical studies were obtained with UNICAM300 UV-Visible 
spectrophotometer in the UV-Visible range (200-1100nm). 

The Ac impedance measurements were performed with standard three electrode system 
comprising electrodeposited titanium dioxide thin films on FTO as a working electrode, Pt as a 
counter electrode and Ag/AgClsat. as a reference electrode. A 0.1M potassium sulfate solution was 
used as an electrolyte. 

 
 
3. Results and discussion  
 
3.1 Structural study  
The X-ray diffraction (XRD) of the film of titanium dioxide as deposited and annealed at 

450°C is shown in Figure 1(a). Pattern a and b in Figure 1(b) shows the characteristics peaks of the 
as deposited film and the film heated at 450°C for 1 hour in air. The film as deposited was found 
to be amorphous, as indicated by the absence of any diffraction peaks, such results have been 
observed by[16, 17] ,a faint broad peak at about 2θ=25 was observed. The heat-treated film at 
450°C confirms the formation of an anatase structure of TiO2, the sharp peak detected at 25.77 can 
be attributed to the anatase phase the same as for [18-20] .  

The average crystallite sizes of titanium dioxide deposits were estimated from the X-ray 
line broadening analysis by the Debye-Sherrer’s equation (D = 0.9λ

βcosθ
)  where: θ is the Bragg angle, 

λ=1.542Å is the wavelength of the X-ray radiation and β is full width at half maximum (FWHM). 
Calculation based on the peak at 2θ=25.775 gave a value of 4.9 nm. 
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Fig. 1. X-ray diffraction (a,b) shows the characteristics peaks of the as deposited film. 
 

 
3.2. Surface morphology  
SEM images of as-deposited Figure 2(a) and heat-treated (450°C for 1 hour) materials are 

shown in Figure 2(b).It shows distinguished spherical morphology and confirms the formation of 
nanoparticulate and nanoporous films. The as deposited film was quite homogenous, it indicates 
clearly the particles to be roughly spherical and it shows areas richer in crystallites. On heat-
treated titanium dioxide films, some fractures were discovered, which were attributed to film 
dehydration when subjected to heat treatment in accordance with the reaction.  

 
𝛵𝛵𝛵𝛵𝛵𝛵(𝑂𝑂𝑂𝑂) + 𝑥𝑥𝑥𝑥2𝑂𝑂 ⇒ 𝛵𝛵𝛵𝛵𝛵𝛵2 + (𝑥𝑥 + 1)𝐻𝐻2𝑂𝑂                                                       (1) 

 
They are likely similar to those produced by [21, 22].  Our deposits' surface morphology 

and topographic relief are investigated using the AFM method. Figures 3(a and b) , the AFM top-
view of two dimensional surface plots thin films, as deposited and annealed TiO2 at 450°C for 1 
hour, respectively. The fundamental variations between the two deposits may be seen in the 
surface morphology and roughness of the two films. A close analysis of the photos reveals that at  
450°C heat treatment alters the surface topography.. The AFM image of as-deposited titanium 
dioxide Figure 3(a) shows that a rough surface has formed. the mean square roughness value is 
8.81 nm. The appearance of the AFM image of annealed film (Figure 3(b) seems to be quite 
similar to as deposited film, the mean square roughness value is decreased (6.79 nm), and this is 
probably due to the formation of aggregates of the particles by heat treatment, such observations 
are in agreement with our SEM pictures and XRD calculation peak size and they are in accordance 
with previous studies [22, 23]. 

 

      
 
Fig. 2. (a,b)  shows distinguished spherical morphology and confirms the formation of nanoparticulate and 

nonporous films. 
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Fig. 3.  (a,b)  AFM image of as deposited titanium dioxide. 
 
 
3.3. Optical properties 
Figure 4 shows variation of optical absorption and transmittance with wavelength for the 

films of titanium dioxide as deposited and heat treated at 450°C for 1 hour. The FTO/glass as used 
as the reference. The optical absorption spectrum Figure 4(a) of titanium dioxide film as deposited 
on FTO showed the highly absorbent in the UV domain and a sharp increase in absorption below 
350 nanometer wavelengths. The absorption spectrum of the titanium dioxide heat treated shows a 
similar route but less absorbance in the region of visible which is probably related to the difference 
morphology of both films. Such behavior has been reported by[16  , 23 ].  

Optical transmission of the titanium dioxide films on FTO as deposited and heat treated in 
the 200 to 1100 nm wavelength range are shown in Figure 4(b) In the UV region, transmittance for 
as deposited films and heat treated is similar and approaches to zero for the two. At about 350 nm 
the transmittance increase quickly for both films and approaches to 50% for the film as deposited 
and 70% for the heat treated likely to[24] . 

The difference of transmittance between the titanium dioxide as deposited and heat treated 
in the 350-1100 nm range was attributed to the difference in their film morphology as seen in the 
SEM images and AFM micrographs. This material has a high UV absorption and a high visible 
transmittance, let us to propose the employment of these kinds of films as a filter UV ray 

 

      
 

Fig. 4. (a, b)  shows variation of optical absorption and transmittance with wavelength for the films of 
titanium dioxide as deposited and heat treated at 450°C for 1 hour. 
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3. 4 Electrochemical and photoelectrochemical characterization 
The electrochemical characterization of titanium dioxide thin films on FTO as 

deposited(cristalline), and sintered at 450 C° for one hour in the air(amorphous) were carried out 
by fast scan rate ( 100 mV/s) cyclic voltamperometry experiment in order to establish the 
electrochemically active surface area of the titanium dioxide electrod in 0.1 M K2SO4 solutions 
Figure 5 (a,b).The cyclic voltamperograms presents no significant currents at positive potentials 
ca. -0.2 V versus Ag/AgCl as expected for an n-type semiconductor [17]. At potentials more 
negative than ca. -0.2 V versus Ag/AgCl, both a cathodic peak and an ill-defined anodic hump or 
peak are observed, the former corresponding to the reduction of Ti(4) species at the surface in 
contact with the electrolyte to Ti(3), and the latter to the re-oxidation process obtained during the 
positive potential scan of surface Ti(3)species giving rise to a couple of conjugate cathodic and 
anodic peaks, characterised by an irreversibility system. In other hand we can observe that as 
deposited titanium film produces higher current values than the heated deposit in the potential 
range between -0.5 and -1.5. The current of the as deposited film is approximately 15 times higher 
than that corresponding to the heated film, which must be attributed to the high conductivity of the 
OH- of the as deposited film TiO(OH)2 on one hand, and to the decrease of the active surface site 
of heated thin film on the other hand. In the potential range studied, the hydrogen adsorption-
desorption process also takes place. 

  Ac impedance spectroscopy is a powerful technique to determine the kinetic parameters 
of the electrode process. In this part, we have combined it with illumination process. The ac 
impedance spectrums at the dark and under illumination of titanium dioxide thin films on FTO as 
deposited and heat treated are illustrated in Figure 6(a) and Figure 6(b) respectively. All 
impedance plots were determined at -300 mV within a frequency range between 100 kHz and 10 
MHz with a decreasing scanning frequency order. As can be seen, both the Nyquist plots are 
characteristic of one semicircle which represents an electrochemistry controlled process, related to 
the charge transfer through the electrode/electrolyte interface. From the Nyquist plots, it can be 
found that the size of semicircle of titanium as deposited at the dark is smaller than the titanium 
dioxide heated at 450 C°, therefore the charge transfer resistance of the latter is lower than the 
former, so it implies that the titanium oxide as deposited is more conductive than the titanium 
dioxide deposited and heat treated at 450 C° for one hour which are in good agreement with 
previous results [25-27]  

The photoelectrochemical study of two films using the impedance plots in the dark and 
under UV illumination were carried out in a three electrode cell equipped with a flat quartz 
window opposite the working electrode (exposed front face electrode area of  1 cm2). An  
Ag/AgCl as the reference electrode and a Pt plate rectangular as the counter electrode.  Fig. 6. a. 
and Fig. 6. b. show Nyquist plots obtained at -300 mV within a frequency range between 100 KHz 
and 10 mHz with a decreasing scanning frequency order at the dark then under illumination UV 
(λ=365nm). As can be seen from Figure 6. All the plots after illumination UV indicate semicircles 
like the plots at the dark. It is observed that the semicircle diameter of titanium dioxide not 
annealed under the illumination is shorter than that same film at the dark, implying the charge 
transfer Rct of the former (219.6 KΩ.cm2) is smaller than the latter (305.8 KΩ.cm2). This result 
reveals that the charge transfer rate under illumination is higher than that at the dark for the 
amorphous form of the film. For the crystalline titanium dioxide obtained after annealing, we can 
observe the same phenomenon, the transfer rate of charge under illumination (Rct = 427.3 KΩ.cm2) 
is higher than that at the dark (Rct = 1414 KΩ.cm2) 

 Rtc values obtained from the fitting of the equivalent circuit, for two films at the dark and 
under illumination UV (λ=365nm) are presented in table 1.  
 

Table 1. values obtained from the fitting of the equivalent circuit. 
 

Electrode Rtc 
(KΩ.cm2) 

Electrode Rtc (KΩ.cm2) 

(a) 305.8 (c) 1414 

(b) 219.6 (d) 427.3 
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From the spectroscopic impedance results, we can say that both films, as-deposited and 

heated present important photogenerated currents under illumination and inform us on the 
possibility to use the crystallized and non-crystallized film. On the other hand, The surface of the 
non-crystallized film is more active, because of the abundance of OH, it may be employed as a 
photocatalytic material electrode, which appears to play a key role in the pollutant degradation 
pathways and can contribute to the radical OH produced by hole trapping, and It would be 
extremely beneficial, as the elaboration of non-crystallized films did not necessitate a higher 
temperature [28-31]. 

 

      
 

Fig. 5. (a,b)  Cyclic voltamperograms presents no significant currents at positive potentials ca. -0.2 V  
versus Ag/AgCl as expected for an n-type semi-conducteur. 

 

 
 

 
Fig. 6. a  Nyquist plots for titanium dioxide on 
FTO as deposited , heated at 450C° for 1h at -
300 mV in 0.1 M  K2SO4, at the dark and under 

the illumination. 
 

Fig. 6. b   Nyquist plots for titanium dioxide on 
FTO, heated at 450C° for 1h at -300 mV in 0.1 M  

K2SO4, at the dark and under the illumination. 
 

 
 
4. Conclusions 
 
The Electrodeposition route has been used to prepare nanosized titanium dioxide on FTO 

from peroxo-titanium solution. The potential window for their deposition lies between 0 and -1.4 
mV. The X-ray diffraction (XRD) show that the film as deposited was amorphous and the film 
heat treated present a crystalline anatase structure. The scanning electron microscopy (SEM), and 
atomic force microscopy (AFM) show the homogeneity and little roughness of the films. The UV-
Visible analysis shows a great similarity in the spectroscopy behaviour between the annealed and 
non-annealed films. The great absorbance in UV domain and the great transmittance in the visible 
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range of such films promote them to be used as a filter UV ray. Results of sspectroscopic 
impedance combined with illumination depict the photoelectrical activity of both films. 
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