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a b s t r a c t
Polyethylene glycol (PEG) acted as a pore-forming agent in a sol–gel route to synthesize porous 
gadolinium titanate. The influences of PEG on the composition, surface morphology and activity 
of gadolinium titanate were studied. Pyrochlore structured Gd2Ti2O7 was produced in the mate-
rials, while Gd2Ti2O7 crystals grew slowly in GTO(PEG) after using PEG in the precursor. The 
Fourier-transform infrared spectroscopy absorption intensity of the Gd-O bond of GTO(PEG) was 
strengthened. Gadolinium of GTO was in Gd3+ oxidation state, and titanium of GTO was in Ti4+ oxi-
dation state. The calcination process resulted in large Gd2Ti2O7 particles without porous structure, 
while the porous structure was formed in GTO(PEG) after removing PEG during calcination. The 
degradation efficiency of GTO was much smaller than the degradation efficiency of GTO(PEG). 
In the presence of GTO(PEG), RBR X-3B solution was fully decolorized after 100 min, but total 
organic carbon removal efficiency was 79.4% after 180 min. The degradation efficiency of GTO(PEG) 
decreased from 47.5% to 30.3% after five degradation cycles.

Keywords: Gd2Ti2O7; Photocatalysis; Sol–gel; Pore-forming agent; Degradation

1. Introduction

Toxic organic substances in industrial wastewater are 
not allowed to discharge. However, since microorganisms 
cannot survive in toxic wastewater, the biochemical tech-
nique is not applied for toxic wastewater treatment [1–3]. 
The photocatalytic technique is an advanced oxidation tech-
nique, and it was applied to oxidize most kinds of organic 
pollutants [4–9]. The photocatalytic oxidation process can 
usually lead to the thorough mineralization of organic sub-
stances [10,11].

The development of photocatalytic material is an import-
ant research focus. Although a lot of work concerned the 
progress of titania, novel and powerful photocatalytic mate-
rials, for example, ZnWO4, were always interesting [12–15]. 
Developing photocatalytic material is a titanate, which  
has wide application in organic substance removal [16–20]. 

High-temperature calcination is necessary for titanate crys-
tallization, and therefore, the as-prepared titanate normally 
contains large particles as a result of crystal aggregation. 
Nevertheless, these large titanate particles usually do not 
have good activity on organic substance degradation. Since 
a pore-forming agent was successfully used in the prepa-
ration of porous titania [21], it would be interesting to 
utilize a pore-forming agent to prepare titanate.

Polyethylene glycol (PEG) acted as a pore-forming agent 
in a sol–gel process to prepare gadolinium titanate in this 
work. Macromolecular PEG provided hydrolysis centers 
for tetrabutyl titanates in the precursor. Pores were left in 
gadolinium titanate after removing PEG during calcina-
tion, leading to a loose and porous structure in gadolinium 
titanate. The influences of PEG on the composition, surface 
morphology and photocatalytic activity of gadolinium tita-
nate were studied. RBR X-3B azo dye was used as a probe 
reactant in the photocatalytic oxidation process.
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2. Experimental methods

2.1. Gadolinium titanate preparation

PEG was the pore-forming agent in the sol–gel route. 
PEG (0.001 mol) and tetrabutyl titanate (0.0025 mol) 
were dissolved in ethanol (8 mL) to prepare solution X. 
Gd(NO3)3·6H2O (0.0025 mol) was dissolved in the mixture of 
deionized water (10 mL) and acetic acid (8 mL) to prepare 
solution Y. Solution X and solution Y were stirred together to 
prepare a transparent sol. Sol–gel transformation was accom-
plished after 60 min. The gel was calcined for 3 h at 800°C to 
produce gadolinium titanate. GTO was referred to the sam-
ple prepared without PEG, and GTO(PEG) was referred to 
the sample prepared using PEG.

2.2. Characterization of the materials

An X-ray diffractometer was applied to the materials 
(D8, λ = 0.15416 nm (Cu Kα)). The materials were deposited 
with a gold layer to take the images on a scanning electron 
microscope (QUANTA250). The X-ray photoelectron (XPS) 
spectra were obtained on an X-ray photoelectron spec-
troscopy (ESCALAB 250Xi). The Fourier-transform infra-
red spectroscopy (FT-IR) spectrum was obtained using a 
Frontier spectrometer. The bandgap energy of the material 
was determined on a UV-Vis spectrometer (scanning speed 
480 nm/min, LAMBDA 35).

2.3. Photocatalytic activity measurement

RBR X-3B (C19H10Cl2N6Na2O7S3) was used to determine 
the activity of gadolinium titanate. 30 mg of gadolinium 
titanate powders and 50 mL of dye solution (30 mg/L) were 
stirred in the dark until the dye concentration was sta-
ble. A 20 W UV lamp (253.7 nm) was turned on to start the 
photocatalytic reaction. RBR X-3B concentration was deter-
mined using a 721E spectrophotometer. Total organic carbon 
(TOC) analysis was obtained using an Analytikjena multi 
N/C 3100 analyzer.

3. Results and discussion

3.1. Material composition

The crystallization of gadolinium titanate in the samples 
can be seen in Fig. 1. The only crystallized substance in the 
samples was Gd2Ti2O7 in the cubic system. The diffraction 
pattern of gadolinium titanate, accompanied by the preferred 
orientation, was as same as the pattern in JCPDS 54-0180. The 
diffraction patterns of GTO and GTO(PEG) samples were 
almost the same, showing a solely pyrochlore structured 
Gd2Ti2O7 phase. Impurity and other phases of gadolinium 
titanate were not shown in the X-ray diffraction patterns. 
Although PEG did not influence the gadolinium titanate 
phase, the addition of a pore-forming agent did result in a 
slight decrease in diffraction intensity. The Scherrer formula 
L = Kλ/(βcosθ) was used to calculate the crystallite size of 
pyrochlore Gd2Ti2O7 [22]. The crystallite size of GTO was 
38.8 nm, while the crystallite size of GTO(PEG) was 28.6 nm. 
Gd2Ti2O7 crystals grew slowly in GTO(PEG) after using PEG.

The functional groups in GTO and GTO(PEG) can be 
observed in the FT-IR spectra, as presented in Fig. 2. Surface 

adsorbed O–H groups had absorptions around 3,440 and 
1,645 cm–1. Hydroxyl groups could be utilized to produce 
hydroxyl radicals, so surface adsorbed O–H was a com-
mon characteristic of the photocatalyst. The materials were 
calcined for 3 h at 800°C to produce gadolinium titanate. 
However, organic substances were not thoroughly burnt 
out and the organic residues had absorptions at 2,923 and 
2,851 cm–1. The absorptions at 1,747 and 1,468 cm–1 were also 
related to the remaining organic resides, that is, C=O and 
C–H groups. The absorptions at 555 and 451 cm–1 were due 
to Gd-O bond, representing stretching vibration and bend-
ing vibration of Gd-O bond [23]. The absorption intensity 
of Gd-O bond in GTO(PEG) was strengthened.

The chemical environments of gadolinium, oxygen 
and titanium in GTO and GTO(PEG) are ascertained from 
the XPS spectra. As illustrated in Fig. 3a, electron binding 
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Fig. 1. X-ray diffraction patterns of GTO and GTO(PEG).
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Fig. 2. FT-IR spectra of GTO and GTO(PEG).
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energies at 1,219.6 and 1,187.2 eV were for Gd3d3/2 and Gd3d5/2 
orbitals of GTO, respectively. Gd3d5/2 orbital electrons had a 
weak shake-up peak at 1,197.1 eV. Gadolinium in GTO was 
in Gd3+ oxidation state [24]. At the same time, electron bind-
ing energies of Gd3d3/2 and Gd3d5/2 orbitals of GTO(PEG) 
moved to low energy end. Gadolinium ion of GTO(PEG) 
was less positive than Gd3+ ion of GTO.

As shown in Fig. 3b, O1s electrons had two different 
states. 531.5 eV corresponded to O–H groups adsorbed on 
the material surface, and 529.6 eV was related to Gd-O bond 
of GTO [25]. There was only a minor decrease of O1s elec-
tron binding energy after using PEG. The Ti2p XPS spectra 
of GTO and GTO(PEG) samples were almost the same, as 
presented in Fig. 3c. Binding energy of 464.1 eV was for 
Ti2p1/2 electrons and the energy of 458.3 eV was for Ti2p3/2 
electrons. Titanium of GTO and GTO(PEG) was in Ti4+ oxi-
dation state.

3.2. Surface morphologies of GTO and GTO(PEG)

The influence of PEG on the morphology of the material 
is presented in Fig. 4. High temperature calcination process 
was necessary for crystallization of pyrochlore structured 

Gd2Ti2O7. Nevertheless, strong aggregation tendency of 
Gd2Ti2O7 crystals led to very large particles in the size as 
large as tens of micrometers. GTO did not have apparent 
porous structure in the large particles with smooth surface. 
Tetrabutyl titanate was hydrolyzed to produce Ti–OH, and 
Ti–OH groups were connected to form an infinitive Ti–OH 
network in the gel. The calcination process resulted in large 
Gd2Ti2O7 particles without porous structure. The hydroly-
sis mechanism might be different in PEG-mediated sol–gel 
process. Tetrabutyl titanate was distributed on macromo-
lecular PEG to inhibit Ti–OH network extension, proven by 
shrinking crystallite size of Gd2Ti2O7. Porous structure was 
formed in GTO(PEG) after removing PEG during calcination.

3.3. Bandgap position

Fig. 5 schematically illustrates electron excitation in 
GTO(PEG). The bandgap Eg of GTO(PEG) was 3.64 eV, obtained  
from diffuse reflectance spectrum. The conduction band 
potential (ECB) and the valence band potential (EVB) were 
–0.68 and 2.96 V, calculated from ECB = X – EC – 1/2Eg and 
EVB = ECB + Eg [26]. Due to positive ECB and negative EVB of 
GTO(PEG), H2O(OH–)/•OH and O2/O2

–• reactions can occur 
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Fig. 3. XPS spectra of GTO and GTO(PEG) samples.
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on GTO(PEG). These radicals will be used in the degra-
dation process.

3.4. RBR X-3B removal

Photocatalytic degradation of RBR X-3B on GTO and 
GTO(PEG) in the prolonged reaction is presented in Fig. 6. 
Fig. 6a gives the reduced RBR X-3B concentration in the solu-
tion during degradation. RBR X-3B solution was nearly fully 
decolorized after 100 min in the presence of GTO(PEG), 
while the degradation efficiency was much slower in the 
solution containing GTO. The remaining RBR X-3B con-
centration was 68.1% of the initial RBR X-3B concentration 
after 100 min reaction in the presence of GTO.

Organic carbon in the solution was continuously removed 
during the degradation reaction, as illustrated in Fig. 6b. 
Organic carbon removal efficiency depended on the activ-
ity of the photocatalyst. However, TOC removal was slower 
than decoloration of the solution. For example, in the pres-
ence of GTO(PEG), the solution was nearly fully decolorized 
after 100 min, but TOC removal efficiency was 79.4% after 
180 min. The breaking up of chromophore in the dye was 
much faster than mineralization of the intermediates.

Fig. 7 shows the reusability of GTO and GTO(PEG) in 
five photocatalytic degradation cycles. The reaction time of 
each cycle was 30 min. After a degradation cycle was fin-
ished, a volume of stock dye solution was replenished into 
the solution before starting the next degradation cycle. 
Degradation efficiency of GTO(PEG) decreased from 47.5% 
to 30.3% after five degradation cycles, while degradation 
efficiency of GTO decreased from 28.8% to 16.2% after five 
degradation cycles. The reduced degradation efficiency 
might be due to inactivation of the material, but the loss of 
fine particles at sampling might also be responsible for the 
reduced efficiency.

4. Conclusions

PEG was used as pore forming agent in the sol–gel 
route to prepare gadolinium titanate. PEG inhibited 
Gd2Ti2O7 crystals growth in GTO(PEG). The functional 
groups in GTO and GTO(PEG) were observed in the FT-IR 

spectra. Gadolinium of GTO was in Gd3+ oxidation state, 
and gadolinium ion of GTO(PEG) was less positive than 
Gd3+ ion of GTO. Porous structure was formed in GTO(PEG) 
after removing PEG during calcination. GTO(PEG) showed 
an apparently improved photocatalytic activity than GTO. 
Decomposition of chromophore in RBR X-3B dye was much 
faster than mineralization of the intermediates. Degradation 
efficiency of GTO(PEG) decreased from 47.5% to 30.3% 
after five degradation cycles.
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Fig. 4. Scanning electron microscopy surface morphologies of (a) GTO and (b) GTO(PEG) samples.

 

Fig. 5. Schematic illustration of electron excitation in GTO(PEG). 
The bandgap Eg of GTO(PEG) was 3.64 eV.
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