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Abstract 

GdxTi1-xO2 nanocomposites with x=0.00, 0.02, 0.04, 0.06, 0.08 & 0.10 were prepared through sol-gel method.  The 

samples were characterized using X-ray diffraction (XRD), diffuse reflectance spectroscopy (DRS), High resolution 

scanning electron microscope (HR-SEM), Raman spectroscopy and photoluminescence spectroscopy (PL).  The 

XRD pattern and Raman spectra confirmed the presence of crystalline nature and phase pure anatase tetragonal 

system.  The average crystallite size of the samples was between 10 to 18 nm.  HR-SEM images indicated the 

formation of spherical like particles of GdxTi1-xO2 nanocomposites.  An obvious reduction in particle size of   

GdxTi1-xO2 nanocomposites were noticed while comparing the SEM images of bare TiO2 and composite samples.  

Coupling of Gd is responsible for slight blue shift in absorption edge.  The presence of oxygen vacancies is 

confirmed in Raman and PL spectra.  These oxygen vacancies potentially trap electrons and restrict the electron-hole 

recombination and thus improve the photocatalytic reactions. Copyright © 2016 VBRI Press. 
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Introduction 

The removal of organic compounds in waste water is 

a great deal of interest in the field of catalysis which 

utilizes the light energy and produces non-toxic by-

products during the reaction.  There are several 

semiconducting materials including ZnO, SnO2, 

WO3, Fe2O3 and TiO2 have been widely investigated 

as photocatalysts.  Among them, TiO2 is advised as 

the most popular and promising photocatalyst due to 

its high stability, photo reactivity, chemical inertness, 

non-toxicity and low cost.  It is a wide band gap 

semiconductor and used in various applications such 

as pigments, catalysts, energy storage, water splitting, 

dye-sensitized solar cells and sensors [1-4].  It exists 

in three crystalline phases namely anatase, rutile and 

brookite.  Among them, anatase and rutile phases are 

mostly used in various applications.  Brookite phase 

is not used in experimental investigations, because it 

is stable only at low temperatures.  However, 

compared to rutile and brookite, anatase is the most 

active phase because of its adsorptive affinity 

towards organic compounds.  Anatase phase plays a 

main role in dye decomposition and solar energy 

conversion due to its high photo activity [5-8].  But 

the wide band gap of TiO2 responds light only from 

UV region which results in poor photocatalytic 

efficiency.  Several efforts have been made to 

enhance the light absorbing ability of TiO2.  Coupled 

with metal oxides, non-metal oxides and inducing 

defect states in the TiO2 lattice have been used to 

tune the optical energy band gap of TiO2 [9, 10, 11].  

Recently, it has been shown that coupling of 

lanthanides with TiO2 matrix modify the electronic 

structure and optical properties of TiO2, which 

improves the photocatalytic performance.  The 

inclusion of rare earth ions can reduce the crystallite 

size and increase the surface area of TiO2, which 

tends to restrict the electron-hole recombination and 

enhancement of adsorption capacity of TiO2 for 

organic pollutants.  It is reported that coupling of 

gadolinium would enhance the photocatalytic 

efficiency of TiO2 due to the high adsorption 

capacity, half-filled electronic configuration, and the 

larger red shift [12, 13]. 

The properties of nanocomposites mainly depend 

on the preparation method. The nanocomposites of 

metal oxides are mainly prepared from co-

precipitation, hydrothermal, solid state mixing, sol-

gel methods, etc.  Among these, sol-gel process is the 

most effective method for controlling the particle 

size, morphology and structural properties of the 

nanocomposites and produce homogeneous material 

with high surface area [14, 15].   



Research Article                           1(2)195-199                           Advanced Materials Proceedings 

 
Copyright © 2016 VBRI Press                                                                                                   196 
 

In the present study, the GdxTi1-xO2 

nanocomposites with x=0.00, 0.02, 0.04, 0.06, 0.08 

and 0.10 are prepared by sol-gel method and the 

effect of inclusion of gadolinium on the structural, 

morphological and optical properties of the 

nanocomposites are investigated.  Gadolinium is 

included in the TiO2 matrix so as to decrease the 

particle size and to increase the surface area of these 

nanocomposites.  Larger surface area of the 

nanocomposites will also provide larger number of 

active sites.  This enhances the performance of 

photocatalytic degradation. 

  

Experimental 

Materials 

Titanium (IV) isopropoxide (Purity-97%, Sigma 

Aldrich, India), Gadolinium (III) nitrate hexahydrate 

(Purity-99.9%, Sigma Aldrich, USA), ethanol and 

glacial acetic acid (purity-99 to 100% Merck, India) 

were purchased with analytical grade and used 

without purification. Double distilled (DD) water was 

used throughout the preparation method. 

 

Preparation of GdxTi1-xO2 nanocomposites 

GdxTi1-xO2 nanocomposites are prepared by sol-gel 

method using titanium isopropoxide (Ti(OC3H7)4) as 

a precursor.  5 ml of titanium isopropoxide solution is 

added drop by drop with 5 ml of ethanol.  Then 10 ml 

of double distilled water is added drop wise and the 

pH of the solution is adjusted to 3 by adding glacial 

acetic acid.  After half an hour stirring, the resultant 

sol was allowed to gel for one day and then dried at 

80 
°
C overnight.  The resultant material is milled with 

mortar and pestle and annealed at 450 
°
C for 2 h to 

obtain TiO2 (x=0.00).  To prepare Gd0.02Ti0.98O2 

nanocomposites, 2 wt % of gadolinium nitrate 

(x=0.02) is added to the titanium isopropoxide 

solution and the same method of preparation is 

followed.  Similarly, the inclusion of Gd content in 

the composition is varied as x=0.04, 0.06, 0.08 & 

0.10.   

 

Characterization  

Powder X-ray diffraction (XRD) patterns are 

recorded from a PANalytical XPERT PRO X-ray 

diffractometer using Cu Kα radiation (λ=1.5405Å) at 

the scan rate of 0.05
°
 per second.  The optical 

properties are analyzed by UV-Vis diffuse 

reflectance (Shimadzu UV-2700) spectra measured in 

the wavelength range of 220-850 nm (with high-level 

absorbance measurements and a transmittance 

resolution of 0.000001 %).  Raman spectra are 

obtained from Bruker RFS27 FT-Raman 

Spectrometer with an excitation wavelength of 1064 

nm from Nd:YAG laser source.  The surface 

morphology of nanocomposites is characterized using 

High Resolution Scanning Electron Microscope (FEI 

Quanta FEG 200HR-SEM).  The luminescence 

property of the composites is studied using Cary 

Eclipse EL08083851 Fluorescence spectrometer with 

an excitation wavelength of 370 nm.  

 

Results and discussion 

 
 

Fig. 1. XRD patterns of GdxTi1-xO2 nanocomposites. 
 

 

The XRD patterns of GdxTi1-xO2 nanocomposites 

annealed at 450 
°
C are shown in Fig. 1.  The XRD 

pattern confirms that all the prepared samples are 

purely in anatase phase.  No characteristic peaks of 

gadolinium / gadolinium oxide are present.  The 

diffraction peaks at 2θ values at 25.25
°
, 37.75

°
, 

47.97
°
, 53.87

°
, 55.07

°
, 62.81

°
, 68.72

°
, 70.30

°
 and 

75.04
°
 are indexed to (101), (004), (200), (105), 

(211), (204), (116), (220) and (215) planes of anatase 

TiO2 respectively and matched with standard JCPDS 

no.: 84-1285.  The lattice parameters are obtained 

from least squares procedure and shown in Table. 1.   

 
Table. 1. XRD derived parameters for GdxTi1-xO2 nanocomposites. 

 

 
 

It is evident that, as gadolinium inclusion increases, 

the (105), (211), (116) and (220) peaks in XRD 

patterns are suppressed.  The decrease in X-ray 

intensity and the change in lattice parameters are 

observed on including Gd in the TiO2 matrix.  The 

change in lattice parameters a and c are due to the 

slight distortion in the crystal lattice of TiO2.  Due to 

large ionic radius of Gd (0.938 Å) it is impossible to 

enter into the substitutional position of Ti (0.64 Å)  

[1, 4, 12].  Hence, Gd has entered into the interstitial 

position of TiO2 matrix.  The average crystallite size 

is calculated using Scherrer’s formula: 

 

Sample 

Unitcell parameters 

a=b (Å) c(Å) Cell volume(Å)3 

x=0.00 3.7843(2) 9.5152(5) 136.26(1) 

x=0.02 3.7820(2) 9.5090(5) 136.35(1) 

x=0.04 3.7800(2) 9.5255(6) 136.11(1) 

x=0.06 3.7786(2) 9.4934(6) 135.55(1) 

x=0.08 3.7958 (3) 9.4469(6) 136.11(2) 

x=0.10 3.7912(3) 9.4723(6) 136.15(2) 
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                                                                (1) 

 

where λ is the wavelength of incident radiation, β is 

the full-width at half-maximum (FWHM) and θ is the 

Bragg angle. The average crystallite size is found to 

be in the range of 10 to 18 nm. 

 

 
 
Fig. 2. (a) UV–vis diffuses reflectance spectrum of the samples. 

The inset shows its absorbance spectrum and (b) Kubelka-Munk 

graphs of GdxTi1-xO2 nanocomposites. 

 

Fig. 2(a) shows the influence of gadolinium 

inclusion on the reflectance of TiO2 nanoparticles 

which are measured at room temperature.  The plot of 

[F(R∞) hν]
1/2

 vs hν of GdxTi1-xO2 nanocomposites are 

shown in the Fig. 2(b). The band gap energy is 

calculated using Kubelka-Munk function.  

  

                            
                    (2) 

 

where, K and S are the absorbance and scattering co-

efficients respectively, R∞ = Rsample/Rstandard, Rstandard is 

the reflectance of the reference BaSO4 and Rsample is 

the reflectance of nanocomposites.  The optical band 

gap is determined by extrapolating the linear portion 

of (F(R∞)hυ)
1/2

 vs hυ plot to F(R∞) = 0 [16, 17] and 

the band gap values are between 3.151(2) to 3.235(1) 

eV.  No considerable change in the band gap is 

observed due to the inclusion of Gd in TiO2.  The 

inset of Fig. 2(a) shows the absorption of GdxTi1-xO2 

nanocomposites.  The decrease in absorbance and the 

shift in absorbance towards shorter wavelength are 

attributed to the decrease in crystallite size of 

nanocomposites.  The absorbance of TiO2 observed at 

415 nm corresponds to band gap 3.151(2) eV and the 

absorbance for GdxTi1-xO2 nanocomposites (x=0.10) 

occurred at 380 nm, which corresponds to band gap 

3.235(1) eV.  This leads to small increase in the band 

gap of the nanocomposites [18, 19]. 

The phase pure anatase nature of GdxTi1-xO2 

nanocomposites are further confirmed using Raman 

spectra.  The Raman peaks corresponding to anatase 

TiO2 in both the pure TiO2 and GdxTi1-xO2 

nanocomposites are shown in Fig. 3.  The Raman 

bands corresponding to the anatase phase appears at 

144, 197, 396, 514, and 639 cm
-1

.  Any secondary 

Raman peaks related to Gd or its oxide phases are not 

detected which is well consistent with the XRD 

results.   

 

 
 
Fig. 3. FT-Raman spectra of GdxTi1-xO2 nanocomposites for 

various x value (The inset shows the shifting and broadening of the 
Eg mode). 

 

The intense peak at 144 cm
-1

 corresponds to the Eg 

mode of anatase TiO2.  Other two low intense peaks 

of this mode appeared at 197 and 639 cm
-1

, 

respectively.  The B1g mode at 396 cm
-1

 and the  

(A1g + B1g) mode appeared at 514 cm
-1

.  The Eg mode 

is due to the symmetric stretching vibration of 

O-Ti-O, the B1g mode is associated with symmetric 

bending vibrations of O-Ti-O in TiO2 and A1g mode 

is the result of asymmetric bending vibration of  

O-Ti-O.  As the inclusion of Gd increases, the 

position of the Raman bands in particular, the Eg 

mode at 144 cm
-1 

slightly shifts towards higher 

wavenumber side along with the peak broadening. 

Due to the mismatch of ionic radius of the Gd and Ti, 

gadolinium ion cannot enter into the smaller Ti lattice 

site and hence it has to occupy the interstitial 

position.  This will introduce lattice distortion in the 

structure of TiO2 and the charge difference between 

two metal ions produces the oxygen vacancies in the 

(a)

(b)
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TiO2 lattice to maintain the charge neutrality.  The 

other Raman peaks at 396, 514, and 639 cm
-1 

show 

variation in wavenumber due to distortion in the 

symmetry of O-Ti–O vibrations by the presence of 

increasing O-Gd–O vibrations.  The presence of 

oxygen vacancies, lattice defects due to the 

displacement of oxide ions from their normal lattice 

positions leads to broadening and shifting of Raman 

active modes [20-22].  When the crystallite size 

decreases, the change in vibrational properties of 

nanocomposites occurs. Due to the size-induced 

radial pressure, a volume contraction occurs within 

the nanocomposites. The decrease in the interatomic 

distances leads to an increase in the force constants.  

The Raman peaks shift towards a higher wavenumber 

due to the increasing force constant [23]. 

Fig. 4 shows the HR-SEM images of GdxTi1-xO2 

nanocomposites which reveals that it consists of 

spherical like particles.  But the particle size of the 

nanocomposites is smaller than that of pure TiO2.  

However, the inclusion of Gd leads to fuse the 

particles to form larger grains.  As the Gd inclusion 

increases, the agglomeration of particles also 

increases.  There are several voids present in the 

aggregation of nanoparticles.  Low temperature 

annealing and low atomic diffusion leads to 

formation of voids in the surface of nanocomposites 

[24]. 

 

 
 
Fig. 4 HRSEM images of (a) pure, (b) x=0.02 and (c) & (d) 

x=0.10, GdxTi1-xO2 nanocomposites.   
 

Photoluminescence emission spectrum is used to 

study the charge transfer behavior of the photo-

generated electron-hole pairs and to understand the 

separation and recombination of photo-generated 

charge carriers.  Fig. 5 shows the PL spectra of    

GdxTi1-xO2 nanocomposites excited at 370 nm and all 

the emission peaks are in the visible region.  Bare 

TiO2 shows near band edge emission peak at 420 nm 

whereas for nanocomposites at 428 nm. The intensity 

of this emission peak is suppressed with the 

incorporation of Gadolinium. The peaks of PL 

spectra of GdxTi1-xO2 composites show lesser 

intensity and are shifted towards the lower band gap 

region (from 531 nm to 524 nm) when compared to 

bare TiO2.  The violet emission at 428 nm (2.89 eV), 

blue emission at 469 nm (2.64 eV) and green 

emission at 524 nm (2.36 eV) are attributed to band-

edge free excitons and bound excitons.  The emission 

at 428 nm is attributed to self-trapped excitons (STE) 

located at TiO6 octahedra arising due to interaction of 

conduction band electrons localized on the Ti 3d 

orbital with holes present in the O 2p orbital of TiO2, 

while the emission peaks at 469 and 524 nm are 

ascribed to oxygen vacancy related trap states.  It is 

due to the oxygen vacancies associated with Ti
3+ 

in 

anatase TiO2.  The F-centre is formed because of the 

trapping of electron pair in the vacant cavity due to 

the loss of an O atom in the TiO2 lattice.   Ti
3+

 and F
+
 

centres arise within the band gap of the material due 

to occupation of one electron in the F-centre in 

neighboring Ti
4+

 ion.  These centers are called as F 

(two electrons), F
+
 (one electron) and F

2+ 
(devoid of 

electrons) depending on the number of trapped 

electrons. Fig. 6 shows the formation of STE and  

F-centre.  The variation in the PL emission intensity 

is due to the formation of different defect states in the 

band gap of TiO2. In the photoluminescence process, 

the negatively charged electrons in the conduction 

band are captured by the oxygen vacancies through a 

non-radiative process and recombines with the 

positively charged photogenerated holes in the 

valence band along with fluorescence emission  

[25-29].  

 

 

Fig. 5 Photoluminescence spectra of GdxTi1-xO2 nanocomposites. 

The inset shows shifting of 531 nm peak towards lower 

wavelength. 
 

Inclusion of gadolinium improves the oxygen 

vacancies on the surface of the GdxTi1-xO2 

nanocomposites.  The separation of photo generated 

electron-hole pairs is must for obtaining good 

photocatalytic performance. The electrons are 
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confined in the oxygen vacancies. Therefore, the 

electrons are not easily available to undergo radiative 

recombination with holes.  

  

 
 
Fig. 6. Excitation and emission wavelength (corresponding band 
gap) of PL spectra. 

 

The oxygen vacancies extend the lifetime of charge 

carriers and enhance the photocatalytic activity by 

promoting the charge separation of negatively 

charged electrons and positively charged holes.  

These charge carriers contribute in enhancing the 

photocatalytic degradation of dyes under visible light 

irradiation.  Oxygen vacancies present in the 

nanocomposites act as active centers for electron trap 

centers which improve the photocatalytic activity of 

the nanocomposites [30].  When illuminating the 

sample with UV/Vis light the electrons are excited to 

the conduction band and holes are created in the 

valence band. During this process, few electrons 

move towards the conduction band while few others 

are trapped in the levels created due to Gd 4f state. 

These trapped electrons easily react with the 

atmospheric O2 molecules to convert it to superoxide 

radicals.  These superoxide radicals act as a potential 

candidate in the photocatalysis process.  

 

Conclusion  

GdxTi1-xO2 nanocomposites with x=0 to 0.1 were 

successfully synthesized using sol-gel method.  XRD 

studies confirmed the anatase phase of GdxTi1-xO2 

nanocomposites.  The average crystallite size of all 

the samples was found to be 10 to 16 nm.  The effect 

of inclusion of Gd is confirmed from the shifting and 

broadening of Raman bands.  The peaks observed in 

the visible region of PL spectra are due to the defect 

levels created by oxygen vacancies.  GdxTi1-xO2 

nanocomposites will act as better photocatalyst than 

pure TiO2 nanoparticles, due to its smaller particle 

size, crystallite size and increase in vacancy defects.  

The increase in oxygen vacancies will provoke 

charge separation which reduces the rate of 

recombination of electron-hole pairs.  
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