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Nanocatalysts of TiO2 doped with 0.5% Fe (III)  

were prepared by the sol-gel method at 75°C. Titanium (IV) 
tetrabutoxide (Ti(OC4H9)4), anhydrous iron (III) chloride 
(FeCl3), acetic acid and acetyl acetone were used as starting 
materials. The synthesized materials were characterised by 
X-ray diffraction (XRD), transmission electron microscopy 
(TEM, HRTEM, SAED) and specific surface area by 
Brunauer, Emmett and Teller method (BET). The 
photocatalytic activity, measured by UV-Vis adsorption 
spectroscopy, was evaluated by the photocatalytic 
degradation of methylene blue (MB) in water under UV 
irradiation. From XRD and SAED analyses, the results 
indicate that anatase was obtained at temperature up to 
800°C; above this temperature the rutile was obtained, with 
low photocatalytic properties. The TEM, HRTM and BET 
analyses showed the presence of nano size and 
mesoporous particles with high surface area. 

 
 

 

  
Nanocatalizatorii de TiO2 dopat cu 0,5% Fe (III) au 

fost preparaţi prin metoda sol-gel la 75°C. Ca materii prime 
s-au utilizat: tetrabutoxidul de titan (Ti(OC4H9)4), clorura 
ferică anhidră (FeCl3), acidul acetic şi acetil acetona. 
Materialele sintetizate au fost caracterizate prin difracţie de 
raze X (XRD), microscopie electronică de transmisie (TEM, 
HRTEM, SAED) şi suprafaţă specifică utilizând meoda 
Brunauer-Emmett-Teller (BET). Activitatea fotocatalitică 
măsurată prin adsorbţie UV-Vis, a fost evaluată prin 
degradarea fotocatalitică a albastrului de metil (MB) în apă 
sub iradiere UV. Din analizele XRD şi SAED, rezultă că până 
la temperatura de 800°C se obţine faza anatas, iar peste 
această temperatură se formează şi rutilul, care are 
proprietăţi fotocatalitice mai slabe. Analizele TEM, HRTM şi 
BET arată prezenţa de nanoparticule mezoporoase cu 
suprafaţă specifică mare. 
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1. Introduction 

 
Titanium dioxide is one of the semiconductor 

oxides with biological properties and with different 
applications (e.g. liquid solar cell [1], gas sensors 
[2, 3], degradation of toxic materials and pollutants 
[4-7], as well as a very good support for 
osteoblastic cell attachment [8-10]. It has three 
polymorphic forms: anatase (tetragonal), rutile 
(tetragonal) and brookite (orthorhombic). For the 
above mentioned applications, only anatase and 
rutile are used, because brookite phase is stable 
only at very low temperatures and hence not so 
useful practically.  

The anatase phase presents photocatalytic 
properties due to large band gape energy (3.2 eV) 
and it is active only under ultraviolet light (UV) 
irradiation, corresponding to 388 nm. The ultimate 
purpose is the direct utilization of solar energy, but  

 the solar spectrum is relatively poor in UV light 
(approx. 4%) at the surface on Earth. An other 
difficulty with TiO2 is the high recombination rate of 
the photoexcited electron–hole pairs in the 
irradiated particles. The fast recombination is in 
competition with the reactions of decomposing the 
pollutants. To solve these problems researchers 
tried changing the electronic structure of the 
photocatalyst by doping TiO2 with transition metal 
ions. Recent studies show that iron (III) ion seems 
to be the most suitable for this purpose[4-11]. 

Therefore, the aim of this work was to obtain 
nanocatalysts of TiO2 doped with 0.5% Fe (III) by 
the modified sol-gel method using delaying agents 
of hydrolysis and polycondensation processes. The 
structure of nanocatalysts was characterised by 
X-ray diffraction (XRD), transmission electron 
microscopy (TEM, HRTEM, SAED) and nitrogen 
adsorbtion-desorbtion isotherms (BET). To deter- 
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mine the relationship between thermal treatment 
conditions and photocatalytic properties of these 
materials were performed spectrophotometric 
analyses after degradation of methylene blue 
under UV irradiation. 
 
2. Experimental 
 
2.1. Preparation of materials 

The TiO2 doped with 0.5% Fe (III) were 
obtained by the sol-gel method presented in Figure 
1. The reagents were: titanium tetrabutoxide 
(Ti(OBu)4, Sigma Aldrich; 97%) and anhydrous iron 
(III) chloride (FeCl3, Chemical Company; 98%). As 
delaying agents of hydrolysis and 
polycondensation processes were used acetic acid 
(C2H4O2, Sigma Aldrich; 99.8%; used to ensure 
acidic conditions, too) and acetylacetone (C5H8O2, 
Sigma Aldrich, ≥99.5%; used as sol stabilization 
agent). As solvents were used 2-propanol (C3H8O, 
Sigma Aldrich) and distilled water. 

Ti(OBu)4 was mixed with 2-propanol and in 
this solution was dissolved FeCl3 under vigorous 
magnetic stirring, at 75°C under refluxing. Also, 
C2H4O2 and C5H8O2 were added (under magnetic 
stirring) until a light reddish solution was obtained; 

 this solution was homogenised 24 h under the 
same conditions. After 24h, water was added and 
solution was continuously stirred at 75°C, for 1 
hour, under refluxing. The remaining alcohol was 
evaporated in order to accelerate the 
polycondensation reaction, and a viscous reddish 
gel was formed. This gel was then dried at 100°C 
for 72 hours resulting a dark reddish powder resin. 

This dark reddish resin was investigated by 
the thermal treatment (DTA/TG) and X-ray 
diffraction analysis (XRD). The resin was thermally 
treated at 500°C/2h (v=5°C/min) for the 
dissociation of polymer network and burning of the 
organic material. The resulting powder was 
investigated by XRD and transmission electron-
microscopy and then calcined in different 
conditions: 500°C for 2h and 4h; 800°C for 2h and 
4h. The calcined specimens were subjected to a 
slow cooling in furnace. The resulted powders 
were investigated by XRD and nitrogen 
adsorption–desorption isotherms (BET). 

 
2.2. Characterization 

The thermal analysis (DTA/TG) was 
performed using a Shimadzu DTG-TA-60, in the 
20-1000°C temperature range, with a heating rate 
of 10°C/min, in air. 

  

Homogenization of solutions and 
at 75°C for 24 h 
Water adding  

Ti(OBu)4/H2O vol. ratio= 1.4

Gelification process (75°C, 2h, pH=2)  
and  

Maturation process (75°C, 24 h) 

Drying 
at 100°C for 72 h

Thermally treatment 
at 500°C/2h, in air 

and  
Calcination treatment  

at 500-800°C/2h; 4h, in air 

Dosing of raw materials
Fe/Ti atomic ratio = 0.005 

C2H4O2/(Ti+Fe) molar ratio= 0.2; 
C5H8O2//(Ti+Fe) molar ratio= 0.3

Mixing of Ti(OC4H9)4 
into quantity of 2-

propanol 
Ti(OBu)4/C3H8O vol. 

ratio= 0.7 

Disolvation of FeCl3 
C5H8O2, C2H4O2 

pH=2  21

 
 
Fig. 1 - The obtaining of TiO2 doped with 0.5% Fe (III) nanocatalysts by sol-gel method./ Schema de obţinerea de nanocatalizatori de 

TiO2 dopat cu 0,5% Fe (III) prin metoda sol-gel. 
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For the identification of crystalline phases of 
powders, X-ray diffraction analysis was carried out 
on a Shimadzu diffractometer XRD 6000 - Ni-
filtered CuKα (λ = 1.5406 Å) radiation, scanning 
speed of 2 deg./min in 2θ range of 10 - 80 deg. 

In order to estimate both the average 
particle size and the crystallinity degree TEM-
SAED/HRTEM investigations were performed, 
using a TecnaiTM G2 F30 S-TWIN high resolution 
transmission electron microscope (HR-TEM) 
equipped with STEM—HAADF detector, EDX and 
EELS. 

Specific surface areas of photocatalysts 
were determined using a Micromeritics- Gemini 
Type 2380 gas adsorption analyzer at 77K in liquid 
nitrogen. The powders were pretreated in a 
vacuum at 80°C for 24 h. The pore-size 
distributions and the specific areas were estimated 
using Brunauer-Emmet-Teller method (BET). 

For determination of photocatalytic activity, 
samples of 0.0250 g powder were immersed in 20 
mL solution of methylene blue 0.001%. The 
photocatalytic activity was evaluated 
spectrophotometrically after degradation of 
methylene blue (MB) under UV irradiation; the 
spectra were recorded with a JASCO V560 
spectrophotometer, in the domain 200-800 nm, 
with a speed of 200 nm·min-1.  
 
3. Results and discussion 

 
The X-ray diffraction of dark reddish resin is 

displayed in Figure 2. It can be seen that the peaks 
specific for titanium oxide with anatase structure  

 (JCPDS 21-1272) are present in the XRD spectra 
and average crystallite size estimated by Debye-
Scherrer equation is 4.23 nm. 

The TEM image, presented in Figure 3a, 
shows almost unisolated particles, with non-
uniform shapes. However, some better-defined 
particles (black circles) allowed to roughly estimate 
an equivalent size of 4.23 nm, close to the average 
crystallite size value calculated from the XRD data, 
suggesting that prior to form aggregates, the 
individual particles seem to be single crystals. The 
HRTEM image (Figure 3b) shows the presence of 
individual, small crystallites and the ordered 
fringes spaced at 3.52 Å, corresponding to the 
(101) crystalline planes of the anatase structure. 
The SAED pattern presented in Figure 3c, indicate 
the lightly-marked diffraction rings (probably due to 
the small size of the crystallites) and a 
polycrystalline character of the dark reddish resin. 

The thermal analysis of dark reddish resin 
presented in Figure 4 indicates a total weight loss 
of 24.92%. The DTA-TG curves reveal an 
important exothermic effect at 231.3°C 
accompanied by weight loss (19.34%) in the 
temperature range of 150 – 500°C that is attributed 
to the decomposition of the organic part of the 
precursor. The small endothermic effects at 
573.2°C and 826.1°C accompanied by low weight 
loss (2.71%) in the range 500-1000°C are 
attributed to residual, amorphous carbonaceous 
mass decomposition, present under the detection 
limit of the diffractometer. 
 

 
Fig. 2 - The XRD pattern of dark reddish resin/ Imaginea de difracţie de raze X caracteristică răşinii de culoare roşcat închis. 
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Fig. 3 - Transmission electron microscopy images 
for dark reddish resin: (a) TEM image; (b) 
HR-TEM image; (c) SAED pattern./ 
Imaginile de microscopie electronică de 
transmisie pentru răşina de culoare roşcat 
închis: (a) imagine TEM; (b) imagine 
HR-TEM; (c) analiză SAED. 

Fig. 4 - Thermal analysis of dark 
reddish resin./Analiză 
termică a răşinii de 
culoare roşcat închis. 



       412              O.Oprea, C.D. Ghiţulică, G. Voicu, B.Ş. Vasile, A. Oprea   /  Synthesis and photocatalytic properties of Fe(III) – doped TiO2 
                                                                                                                          prepared by sol-gel method 
 

 

The thermal analysis of dark reddish resin 
presented in Figure 4 indicates a total weight loss 
of 24.92%. The DTA-TG curves reveal an 
important exothermic effect at 231.3°C 
accompanied by weight loss (19.34%) in the 
temperature range of 150 – 500°C that is attributed 
to the decomposition of the organic part of the 
precursor. The small endothermic effects at 
573.2°C and 826.1°C accompanied by low weight 
loss (2.71%) in the range 500-1000°C are 
attributed to residual, amorphous carbonaceous 
mass decomposition, present under the detection 
limit of the diffractometer. 
 

 Therefore, the dark reddish resin was 
thermal treated at 500°C for 2 h in order to achieve 
the decomposition of the organic part. The powder 
obtained has a light grey colour suggesting the 
presence of very low amount of carbon. This 
powder was analised by XRD- Figure 5, and 
transmission electron-microscopy - Figure 6. On 
the X-ray diffraction spectra are present only the 
peaks specific for titanium oxide with anatase 
structure (JCPDS 21-1272) and the average 
crystallite size estimated by Debye-Scherrer 
equation is 12.05nm. As expected, with increase of 
thermal  temperature  treatment  the  crystalline  
 

 
a 

 

 
B 
 

Figura 6 (continuare pe pagina următoare / continues on the next page) 
 

Fig. 5 - The XRD pattern of 
light grey powder./ 
Imaginea de difracţie 
de raze X 
caracteristică 
pulberii de culoare 
gri deschis. 
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c 

  

d 
degree increases. This is in agreement with 
transmission electron-microscopy images, were it 
can be observed an increase of grain average size 
up to 13.33 nm- Figure 6a and the polycrystalline 
nature of nanocatalyst- Figure 6b, c. In addition, 
the energy-dispersive X-ray spectroscopy (EDX) – 
Figure 6d, shows a Ti/Fe atomic ratio in good 
agreement with initial data (see Figure 1). 

The light grey powder was calcined at 
500°C for 2h and 4h, and 800°C for 2h and 4h and 
the X-ray patterns of these samples are presented 
in Figure 7. The increase of the plateau from 2h to 
4h leads to the increase of the crystallinity degree. 
In addition, increase of thermal temperature 
treatment from 500°C to 800°C induces polymorph 
transformation of anatase (JCPDS 21-1272) to 
rutile (JCPDS 78-2485). Transmission electron- 

 -microscopy images for grey powder thermally 
treated at 500°C for 4h indicate an increase in the 
average grain size up to approx. 18.5 nm- Figure 
8a, and polycrystalline nature of the nanocatalyst- 
Figure 8b, c that is in agreement with X-ray 
analysis. The energy-dispersive X-ray 
spectroscopy (EDX) – Figure 8d, shows a Ti/Fe 
atomic ratio which is the same as the one 
designed. 

In the Table 1 are shown the BET data - 
specific surface area, average pore diameter and 
the primary particle size (DBET) of the powders 
thermal treated at 500°C. DBET was calculated by 
assuming the primary particles to be spherical with 
relation [12, 13]: DBET=6·103/(S·ρ) (nm), where: ρ-is 
the theoretical density of compounds (g/cm3) and 
S is the BET specific surface area (m2/g). One can 

   

Fig. 6 - Transmission electron microscopy images for 
light grey powder: (a) TEM image; (b) HR-TEM 
image; (c) SAED pattern; (d) EDX spectrum./ 
Imaginile de microscopie electronică de 
transmisie pentru pulberea de culoare gri 
deschis: (a) imagine TEM; (b) imagine  

            HR-TEM; (c) analiză SAED; (d) spectru EDX. 
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Fig. 7 - The XRD patterns of the light 
grey powder thermal treated at: 

               500°C for 2h (a) and 4h (b); 
               800°C for 2h (c) and 4h (d)./ 
                Imaginile de difracţie de raze X 

caracteristice pulberii de 
culoare gri deschis tratată 
termic la: 

               500°C pentru 2h (a) şi 4h (b); 
               800°C pentru 2h (c) şi 4h (d). 

Fig. 8 - Transmission electron microscopy images 
for the light gray powder thermal treated at 
500°C for 4 h: (a) TEM image; (b) HR-
TEM image; (c) SAED pattern; (d) EDX 
spectrum./ Imaginile de microscopie 
electronică de transmisie pentru pulberea 
de culoare gri deschis tratată termic la 
500°C pentru 4 h: (a) imagine TEM; (b) 
imagine HR-TEM; (c) analiză SAED; 
(d) spectru EDX. 

 
 
 
 
Fig.8 se continuă pe pagina următoare 
Fig. 8 continues on the next page. 



     O.Oprea, C.D. Ghiţulică, G. Voicu, B.Ş. Vasile, A. Oprea  /  Sinteza şi proprietăţile fotocatalitice ale TiO2 dopat cu Fe(III)                    415 
                                                                                                     preparat prin metoda sol-gel 

 

 
Fig. 8d 

Table 1 
The BET data of the powders thermal treated at 500°C. 

Date BET ale pulberii tratate termic la 500°C. 

Samples 
Probele 

BET surface area  
Aria specifică BET 

(m2/g) 

BJH Adsorption average pore 
diameter (4V/A) / 

Diametrul mediu al porilor prin 
adsorbţie BJH 

(nm) 

Primary particle size, 
Dimensiunea de paticulă 

DBET 
(nm) 

Gray powder 
Pulbere gri 91.71 6.77 16.8 

500°C/2h 68.73 8.02 22.4 
500°C/4h 68.52 7.98 22.5 

 

observe high values of specific surface area and 
small values of average pore diameter; these 
characteristics are assumed to have a good 
influence on the photocatalytic activity. 

The photocatalytic activity versus 
irradiation time is presented in Figure 9 considering 
the absorption band from 658 nm [14]. All samples  

 have good photocatalytic activity, the highest 
activity being measured for light grey powder 
calcined at 500°C for 4h. For the same thermal 
treatment temperature (500°C), the increase of the 
plateau induces the increase of photocatalytic 
activity; this is due to the decrease of the carbon 
content, which blocks the nanoparticles surface. 

 
Fig. 9 - The photocatalytic activity versus irradiation time for 

dark reddish resin thermal treated at 500°C for 2h (1) 
and light gray powder thermal treated at: 500°C for 2h 
(2) and 4h (3); 800°C for 2h (4) and 4h (5) (absorption 
band at 658 nm)./Activitatea fotocatalitică funcţie de 
timpul de iradiere pentru răşina de culoare roşcat închis 
tratată termic la 500°C pentru 2h (1) şi pulberea gri 
deschis tratată termic la 500°C pentru 2h (2) şi  4h (3); 
800°C pentru 2h (4) şi 4h (5) (banda de absorţie de la 
658 nm). 

 

Fig. 10 - The photocatalytic activity versus irradiation time (a- 1 
h; b – 2 h; c – 3 h; d – 4 h; e – 7 h) for light gray 
powder thermal treated at 500°C for 4h./ Activitatea 
fotocatalitică funcţie de timpul de iradiere (a- 1 h; b – 2 
h; c – 3 h; d – 4 h; e – 7 h) pentru pulberea de culoare 
gri deschis tratată termic la 500°C pentru 4 h. 
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Increase of thermal treatment temperature 
from 500°C to 800°C, induced changes of the 
parameters lattice from anatase to rutile, which 
according to the literature data [1, 15-21] decrease 
of photocatalytic activity. In Figure 10 is presented 
the photocatalytic activity versus irradiation time 
(from 1 to 7 hours) for light grey powder thermal 
treated at 500°C/4h. The absorbance values 
diminish from 1h up to 7h reaction, what indicated 
that MB in water has been entirely degraded.  

 
4. Conclusions 

Nanocatalysts of TiO2 doped with 0.5% Fe 
(III) were prepared by the sol-gel method at 75°C. 
The anatase phase was obtained by thermal 
treatment at 500°C and has high specific surface 
area (91.71 m2/g for the sample treated at 500°C 
for 2h). For the same thermal treatment 
temperature (500°C), the increase of the thermal 
treatment plateau to 4h induces the increase of 
photocatalytic activity of nanocatalysts; this is due 
to the decrease of the carbon content, which 
blocks the nanoparticles surface. The rutile phase 
is formed when the treatment is performed at 
800oC and as expected has low photocatalytic 
properties. 
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