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ABSTRACT 
 

Nanometric TiO2 powders were obtained from low tem-
perature calcination of a TiO2 resin prepared using the 
Pechini’s method. Firing the TiO2 resin at 500 oC/2h a 
powder with anatase phase was obtained, otherwise firing 
the TiO2 resin at 700 oC/2h a powder with rutile phase was 
achieved as measured by X-ray diffraction (XRD). The 
anatase powder presented average particle size of 60 nm 
observed by Scanning Electronic Microscopy (SEM-FEG) 
micrographs and average crystallite size of 13 nm calcu-
lated from the XRD, while the rutile powder presented  av-
erage crystallite size of 34 nm. Nanocrystalline TiO2 films 
with good homogeneity and optical quality were obtained 
with 80 nm and 320 nm in thickness by Electron Beam 
Physical Vapour Deposition (EB-PVD) in vacuum on 
amorphous quartz substrates submitted at 350oC during 
the evaporation. The 80 nm-thick film presented average 
particle size of 140 nm and roughness (Ra) of 1.08 nm and 
the 320 nm-thick film showed average particle size of 350 
nm and roughness (Ra) of 2.14 nm measured by Atomic 
Force Microscopy (AFM). In these conditions of deposi-
tion the films presented only anatase phase observed by 
XRD and MicroRaman spectroscopy. 
 
 
1. INTRODUCTION 
 
Since the discovery of the photoinduced hidrophilicity of 
TiO2 films, this material attracted attention because of its 
application in antifogging mirror and glasses [1]. Also the 
TiO2 posses high photocatalytic activity, excellent chemi-
cal and photochemical stability, and superior oxidation ca-
pacity favouring its application in photoelectrochemical 
devices, and nonlinear optical systems [2-5]. Additionally, 
their outstanding tissue compatibility and hemocompatibil-
ity [6,7] ensure a continuous strong interest from the bio-
medical community. Nanometer-sized TiO2 has recently 
gained a considerable amount of attention because of their 
unique physical and chemical properties and their impor-
tance in technological applications including ultraviolet 
light absorbers, photocatalysts, gas sensors, etc. [8-14]. A 
significant motivation of current research into nanometer-
sized TiO2 powder and film is the need to develop an un-

derstanding of the relationships between their structures 
and properties associated with nanometer-sized grains. 
Nanostructured TiO2 is extensively studied in the field of 
solar cells. Additionally, for solar cell applications, the 
anatase structure is preferred over the rutile structure, as 
anatase exhibits a higher electron mobility, lower dielec-
tric constant, lower density, and lower deposition tempera-
ture. In solar cells associated with organic dye molecules 
the use of nanostructured TiO2 films overcomes the prob-
lem of high resistance, because the increased surface area 
ensures enough dye absorption to absorb all the light and 
provides short-range contact between dye and oxide [15]. 
The powder preparation method used in this work play an 
important role in the facility of obtaining nanometric pow-
ders compared with other methods such as reactive TiOH 
[16], sol-gel [17], and modified hydrolysis reaction [18]. 
The obtaining of the TiO2 phase and particle size desired 
can be controlled by the temperature and pH of the precur-
sor TiO2 resin, respectively.  
In this article we report the synthesis of nanometric TiO2 
powder using low temperature calcinations of a precursor 
TiO2 resin prepared by the Pechini’s method. Also the 
production and characterization of nanocrystalline TiO2 
thin films deposited by electron beam in vacuum is pre-
sented. The TiO2 resin, powders and films obtained were 
mainly characterized by Differential Thermal Analysis 
(DTA), Optical Transmittance, MicroRaman Spectros-
copy, Scanning Electron Microscopy with Field Emission 
Gun (SEM-FEG), Atomic Force Microscopy (AFM), and 
X-ray Diffraction (XRD). 
 
 
2. EXPERIMENTAL 
 
2.1 Nanometric TiO2 Powder Preparation 

 
Details of the nanometric TiO2 powder synthesis used in 
this study is outlined in the flow chart of Figure 1. The 
raw materials used for TiO2 synthesis, were titanium iso-
propoxide (98.0 % Aldrich), Ethylene glycol (99.9 % 
Merk), and Citric acid (99.0% Merk). Titanium citrates 
were formed by dissolution of titanium isopropoxide in a 
water solution of citric acid (60-70oC). The molar fraction 
of titanium isopropoxide added to citric acid is calculated 
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regarding the final TiO2 mass desired. After homogeniza-
tion of the Ti solution, ethylene glycol was added to pro-
mote polymerization of the mixture by polyesterification 
reaction.  
The molar ratio among the citric acid/metal ratio was 
fixed at 6:1 and the citric acid/ethylene glycol ratio was 
fixed at 60:40 (mass ratio). The resin was heated at 140oC 
to eliminate excess of water. The heat treatments to obtain 
the TiO2 powder were carried out in two stages: initial 
heating of the resin at 400oC/4h at 10oC/min to pyrolise 
the organic material, followed by heating at 500oC/2h or 
700oC/2h at 10oC/min, to eliminate residual organic mate-
rial and formation of the desired TiO2 phase. 
 

 
 

Figure 1 – Preparation route of the TiO2 resin using the 
Pechini´s method 

 
 
2.2 TiO2 Films Deposition 
 
The TiO2 films deposition was carried out in an electron 
beam evaporation system with a pressure of 4x10-6 Torr 
[19]. The films were obtained with the electron beam gun 
(Telemark-231) operating at 7 kV and electron beam with 
50 mA.  Deposition rates of ~1.0 Å/s were achieved, 
monitored by a quartz crystal oscillator (Sycon, STM-
100). Using this setup we deposited 320 nm-thick and 80 
nm-thick films on amorphous quartz substrates submitted 
at 350oC during the evaporation. The thickness of the 
films was measured by a Talystep Taylor-Hobson pro-
filer. Tantalum crucibles were used to support the high 

temperature achieved during the evaporation of the TiO2 
pellet. More details of the EB-PVD system is described 
elsewhere [20]. 
 
2.3 XRD 
 
The crystallinity and phase of the TiO2 powder and films 
were investigated by XRD technique using a Rigaku 
Dmax-2500PC diffractometer operating with Cu Kα ra-
diation. For films was used X-ray grazing angle incidence 
fixed at 2.0o between the X-ray beam and the film sur-
face, and 2θ detector scanning from 20o to 60o. 
 
2.4 Microscopy Measurements 
 
Scanning electron micrographs (SEM-FEG) were taken 
by a Zeiss (DSM-940A) scanning electron microscope 
equipped with field emission gun, allowing 100 KX of 
magnification. The Atomic Force Microscopy (AFM) im-
ages were obtained using a Discoverer TMX 2010 micro-
scope from Topometrix. A pyramidal silicon tip with ra-
dius of 25 nm was used in all measurements carried-out in 
contact mode. The scan area was 5x5 μm consisting of 
500 lines which were scanned at a rate of 2 Hz, to meas-
ure the topography, grain size and the surface roughness 
of the TiO2 films. The image analysis and average rough-
ness (Ra) measurements were calculated using WSxM 4.0 
software from Nanotech Electronica S.L. (copyright© 
November 2003). 
 
2.5 DTA 
 
The resin, after dehydrated, was subjected to thermal 
analysis using a STA 409 Nestzch Model thermoanalyzer. 
The sample (50mg) was put into alumina crucibles, using 
calcined alumina as the reference material. The heating 
rate was 10oCmin-1 and the thermal analysis was carried 
out in flowing synthetic air.  
 
2.6 Optical Measurements 
 
The UV-VIS spectra of the TiO2 films were collected in 
transmittance mode in a Cary-17 spectrophotometer, in 
the 250-1500 nm region. Quartz substrates were placed in 
the reference beam to simultaneously subtract the quartz 
spectra from the films spectra. The Raman spectra were 
obtained in a Renishaw MicroRaman Spectrophotometer, 
coupled to an optical microscope that focuses the incident 
radiation in ~1.0 µm spot. A He-Ne laser (λ=632.8 nm) 
was used, with incidence power of 2 mW over the 1000-
100 cm-1 region. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Nanometric TiO2 Powder Characterization 
 
As mentioned above in section 2.1, the nanometric TiO2 
powders were prepared following the Pechini’s method, 
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through the reaction of titanium isopropoxide with citric 
acid and ethylene glycol (Figure 1). After the synthesis 
and removal of the excess of water, the thermal behavior 
of the TiO2 resin was investigated analysed by DTA and 
the result is shown in Figure 2. 
The curve behavior from 25 °C up to 200 °C is due to wa-
ter loss. The endothermic peak at 256 °C is attributed to 
loss of water linked to the polymeric chains and the exo-
thermic peak at 336 °C is due to the pyrolise of the poly-
meric chain structure of citric acid and ethylene glycol. 
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Figure 2 – DTA of the TiO2 resin. 
 
 
The strong exothermic peak at 470 °C is attributed to the 
anatase phase transition in the titanium oxide [21]. The 
anatase-rutile phase transition peak after 600 °C could not 
be detectable. 
The Figure 3 presents the SEM-FEG micrograph of the 
anatase TiO2 powder obtained from the TiO2 resin cal-
cined at 500oC/2h. The top image corresponds to magni-
fication of 50.000X (200 nm scale) and the bottom image 
100.000X magnification, (100 nm scale).It is know that 
powders with nanometric particles are thermodynamically 
unstable due to the large surface area. It means that the 
small dimension particles possess high surface energy, 
leading the TiO2 powder agglomerate severely. This be-
haviour can be visualized in the SEM-FEG micrographs 
of the anatase TiO2 powder presented in the Figure 3. 
Through software analysis of the micrographs the average 
dimension of these particles was found to be 60 nm. Also, 
sintering onset can be observed in Figure 3, due to some 
neck formation between particles. 
According with Grosa et. al. [22], kinetically sintering 
and/or coarsening of nanopowders are significantly en-
hanced. Nanoparticles can adopt different surface ener-
gies, for instance, by a different local atomic arrangement 
at the surface. Therefore, sintering of numerous real 
nanoparticles indicated depressed sintering onset tem-
peratures (0.2-0.3 Tm) as compared to conventional pow-
ders (0.5-0.8 Tm). Consequently, some other sintering 
mechanisms related to nanopowders have been suggested: 

dislocation motion, particle rotation, viscous flow, and 
particle boundary slip. 
 

 
 

 
 

Figure 3 – SEM-FEG micrograph of the anatase TiO2 pow-
der obtained from the TiO2 resin calcined at 500oC/2h. Top 
image: 200 nm scale, 50.000X magnification; Bottom image: 

100 nm scale, 100.000X mag. 
 
 
The Figure 4 shows the XRD pattern of the anatase and 
rutile TiO2 powders obtained from the calcination of the 
TiO2 resin at 500 oC/2h and 700oC/2h, respectively. The 
broad peaks observed in the anatase XRD pattern (fig. 4-
a) indicates small average crystallite diameter, which was 
estimated by the Scherrer’s equation as ~13 nm. On the 
other side, the rutile XRD pattern (fig. 4-b) presents sharp 
peaks (estimated average crystallite diameter ~ 34 nm), 
compared with the anatase XDR pattern. This is attributed 
to the higher calcination temperature of the TiO2 resin to 
obtain rutile phase (700oC/2h), leading to the growth of 
the crystallites. It is important to note that the temperature 
range used in this work (500oC-700oC) to obtain the TiO2 
phase is low compared with conventional TiO2 powders, 
where rutile phase formation and sintering of the particles 
occurs above 1000oC. Concerning the anatase and rutile 
phase formation at low temperatures (500oC-700oC) using 
the Pechini’s method, we can also consider the high en-
ergy releasing in the pyrolise reaction of the organics dur-
ing the firing of the TiO2 resin. 
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Figure 4 – XRD pattern of the TiO2 powder obtained by 

Pechini’s method. a) TiO2 resin calcined at 500oC/2h result-
ing in anatase; and b) TiO2 resin calcined at 700oC/2h, re-

sulting in rutile. The vertical bars refer to the XRD pattern 
for anatase (JCPDS 78-2486) and rutile (JCPDS 77-0441) 

phases. 
 
 
3.2 TiO2 Films Characterization 
 
The SEM-FEG micrograph presented in Figure 5 shows 
the 320 nm-thick film surface morphology. The film is 
free of cracks and has smooth surface morphology even 
for different regions analyzed. Both 320 nm-thick and 80 
nm-thick films presented high optical quality. The 80-nm 
thick film is visually yellow coloured and the 320 nm-
thick film is red coloured, being this difference due to the 
interference of light related to the film thickness. 
The Figure 6 gives the transmittance spectra in the 300-
1500 nm region for the films (subtracted the quartz sub-
strate spectra). The 80 nm-thick film has transmittance of 
91 % at 420 nm, 59 % at 750 nm, and 75 % at 1500 nm. 
The 320 nm-thick film has transmittance of 85 % at 420 
nm, 88 % at 750 nm, and 95 % at 1500 nm. The interfer-
ence pattern of the light can be observed in the form of 
oscillations that are present in both transmittance spectra, 
and are due to the interference between two interfaces; 
the air-film and film substrate. 
 

 
 

Figure 5 – SEM-FEG micrograph of the 320 nm-thick TiO2 
film deposited by EB-PVD of the powder obtained by 

pechini’s method (25.000X magnification). 
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Figure 6 – Optical Transmittance spectra of 80 nm-thick 

(solid line) and 320 nm-thick (dotted line) TiO2 films depos-
ited by electron beam evaporation. 

 
 
In Figure 7 is presented the Raman spectra of the TiO2 
powders and films obtained. The Raman peaks at 144.7, 
196, 397, 515.7, and 637.2 cm-1 are characteristics of the 
anatase phase and the peaks at 238.5, 447.9, and 612.1 
cm-1 correspond to the rutile phase. The Raman spectra of 
the thick and thin film (Fig 7-a and 7-b) presented the 
same peaks as observed for anatase powder (Fig 7-c). 
The Figure 8 shows the XRD pattern of the TiO2 films 
deposited by electron beam evaporation on quartz sub-
strates submitted at 350 oC during the evaporation. 
Using the quartz substrates submitted at 350 oC during the 
evaporation to favour adhesion and crystallization, the 
films presented only anatase phase, however in the 320 
nm-thick film is possible to observe a preferential orienta-
tion in the (004) crystallographic direction. The 80 nm-
thick and the 320 nm-thick films have average crystallite 
diameter of ~12 nm and ~19 nm, respectively, which 
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were estimated by the Scherrer’s equation using the XRD 
from the Figure 8. 
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Figure 7 – Raman spectra of TiO2 films and powders: a) 320 
nm-thick, b) 80 nm-thick, c) Anatase powder, and d) Rutile 

powder. 
 
 
The Figure 9 shows the AFM images obtained with scan 
of 5x5 μm of the TiO2 films surface. Images obtained on 
different regions of the samples showed that the films ex-
hibit a homogeneous globular structure. The entire film 
surface is formed by small grains of the deposited mate-
rial. The average dimension of these particles was found 
to be 140 nm (from 80 nm to 200 nm) for the 80 nm-thick 
film (Fig. 9-a) and of 350 nm (from 250 nm to 450 nm) 
for the 320 nm-thick film (Fig. 9-b). 
Also the TiO2 films presented smooth surface morphol-
ogy with average roughness (Ra) of 1.08 nm and 2.14 nm 
for the 80 nm-thick and the 320 nm-thick film, respec-
tively. This significant increase in the average roughness 
can be attributed to the longer deposition time with sub-
strate heated at 350 oC to produce the 320 nm-thick film 
(~ 60 min of deposition at 1.0 Å/s), compared to the 80 
nm-thick film (~ 15 min of deposition at 1.0 Å/s), favour-
ing the nucleation process and some kind of texturing of 
the grains on the thick film. 
Moreover, these roughness values are smaller than those 
reported in the literature (~ 4 nm) for optically smooth 
TiO2 films obtained by Sol-Gel [23,24], Metal Plasma 
Immersion [25], and Sputtering technique [26]. Comple-
mentarily, to the observed increase in the roughness, a 
grain orientation perpendicular to the substrate plane was 
observed for the 320 nm-thick film as shown in the Fig-
ure 9-d. This result is in agreement with the increase in 
the (004) orientation also observed in the XRD pattern 
(Fig 8-b) due to the increase in the intensity of the peak at 
37.9, as earlier mentioned. 
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Figure 8 – X-ray diffraction pattern of TiO2 films deposited 

by electron beam evaporation a) 80 nm-thick, and b) 320 
nm-thick. The vertical bars refer to the XRD pattern for 

anatase (JCPDS 78-2486) phase. 
 
 

4. CONCLUSION 
 
In this work we presented the synthesis of nanometric 
anatase and rutile TiO2 phases obtained with low tem-
perature calcinations of a TiO2 resin prepared using the 
Pechini’s method. Anatase phase with average particle 
size of 60 nm and average crystallite size of 13 nm was 
obtained firing the TiO2 resin at 500 oC/2h, and rutile 
phase with average crystallite size of 34 nm was achieved 
firing the TiO2 resin at 700 oC/2h, as measured by XRD. 
Transparent, optically smooth and homogeneous TiO2 
films with thickness of 80 nm and 320 nm were pro-
duced by electron beam vacuum deposition, starting 
from nanometric TiO2 powder obtained by Pechini’s 
method. The films were deposited on amorphous quartz 
substrates heated at 350 oC during the evaporation, and 
presented anatase phase. Roughness value of 1.08 nm 
and 2.14 nm was obtained, for the 80 nm-thick and 320 
nm-thick film, respectively. The films roughness value 
(Ra) obtained is low compared with values (~ 4 nm) 
presented in the literature [23-26] for TiO2 films pro-
duced by other deposition techniques.  
The 320 nm-thick film presented increased grain size 
and large roughness attributed to the longer time of 
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deposition with substrate heated at 350 oC, causing nu-
cleation and texturing of the grains, observed by XRD 

and AFM. The films presented only anatase phase in-
vestigated by XRD and MicroRaman spectroscopy. 
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Figure 9 – AFM images of the surface morphology of the TiO2 films produced by electron beam evaporation on amorphous quartz 
substrates submitted at 350 oC during the deposition. a) 80 nm-thick film 2D image, b) 320 nm-thick film 2D image, c) 80 nm-thick 
film 3D image (Ra=1.08 nm), and d) 320 nm-thick film 3D image (Ra=2.14 nm). The 3D images show the grain orientation details on 

the film surface. 
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