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In thepresentwork, the TiO2films dopedwith 0–0.6 at.%Gdwere deposited byDC reactivemagnetron sputtering
and annealed in ambient air at 1273K. The effects of Gd concentration on crystal phase formation and subsequent
changes in optical and photocatalytic propertieswere determined. Photoluminescence (PL) spectra and their cor-
relation with electronic structure were described. Structural studies revealed that Gd doping in the TiO2 lattice
led to a low anatase thermal stability relative to pure TiO2. A study based on a joint use of PL and XPS analyses
showed the enhancement of oxygen vacancy concentration in the Gd-doped TiO2 films. Photocatalytic activity
was dependent on Gd doping and phase structure. A suitable amount of Gd doping (0.3–0.4 at.%) was favorable
to the creation of abundant oxygen vacancies, so that the films could show an improvement in photocatalytic
activity. After annealing, the photocatalytic activity of the films decreased with the increase of Gd content, due
to the occurrence of the rutile phase.
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1. Introduction

To arrest ecological deterioration, heterogeneous photocatalysis was
applied to deal with a variety of environmental problems such as puri-
fication of polluted water and air using a photocatalyst. TiO2 possesses
the advantages of photocatalytic activity, low cost, chemical stability,
mechanical properties, and nontoxicity [1–3]. However, there are two
drawbacks in the practical use of TiO2 as a photocatalyst: low activity
under visible-light irradiation due to its band gap of 3.2 eV and high re-
combination rate of photogenerated electron-hole pairs.

Many attempts have beenmade to improve the photocatalytic activ-
ity of TiO2, such as doping with non-metals, transition metals, noble
metals and lanthanide ions [4–7]. Lanthanide ions are known to be ca-
pable of forming complexes with various Lewis bases (e.g., acids,
amines, aldehydes, alcohols, thiols, etc.) through the use of their func-
tional groups with the f-orbitals of the lanthanides, so it might enhance
the photocatalytic activity of TiO2 by increasing capacity for adsorption
of pollutants on the semiconductor surface [8,9]. Moreover, the 4f-
electrons in lanthanide ions provide new energy levels in the bandgap
of TiO2, leading to the observed red-shift absorption, and enhancing
the photocatalytic efficiency under UV and visible light. Therefore, the
TiO2 doped with lanthanide ions (Ln3+) such as La3+ [10,11], Ce3+

[12,13], Er3+ [14], Pr3+ [15], Gd3+ [16–18], Nd3+ [19] or Sm3+ [20]
has received great interests.
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The Gd with half-filled f electrons has a mostly positive impact on
the electronic propertieswhen beingused as a dopant; therefore, the in-
crease in photocatalytic and/or photovoltaic activity of Gd-doped TiO2

has been reported. Research done by Xu et al. [16] presented a compar-
ative study on the photocatalytic efficiency of undoped and Ln3+-doped
TiO2 (Ln3+ = La3+, Ce3+, Er3+,Pr3+, Gd3+,Nd3+, Sm3+) and showed
Gd3+-doped TiO2 had the highest activity among all samples investigat-
ed. Zhang et al. found Gd-doped TiO2 nanoparticles had good photocat-
alytic activity in photodegradation of rhodamine B compared to pure
TiO2 [18]. Additionally, Gd3+ has also been shown to be a suitable dop-
ant for possible electrode materials for dye-sensitized solar cell (DSSC).
The improvement of DSSC performance by doping of porous TiO2 elec-
trode with Gd3+ had been reported by Ranjitha et al. [21], or Zhou
et al. [22].

Most of the papers dealing with the photocatalytic activity of Gd-
doped TiO2 explore powdered materials. However, in the practical ap-
plication, there are numerous advantages in using a photocatalyst as a
film or layer to be immobilized onto a solid support. Many methods
can be used to prepare thin films, such as sol–gel process [23], pulsed
laser deposition [24], electrochemistry process [25], hydrothermal
method [26], magnetron sputtering [27,28], etc. Among these methods,
the sputtering method is a very useful technique because it provides
large area coatings with good thickness uniformity, high film quality
and strong mechanical durability.

In the work, the TiO2 films doped with Gd ranging between 0 and
0.6 at.%were deposited byDC reactivemagnetron sputtering at ambient
temperature using a Ti\\Gd mosaic target in a mixture atmosphere of
O2/Ar. Characterization was carried out upon the films using X-ray
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Fig. 1. XRD patterns of undoped and Gd-doped TiO2 thin films annealed at 1273 K.
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diffraction (XRD), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS) and photoluminescencemeasurements. The photo-
catalytic performance of the films was evaluated by the amount of
decomposition of methyl orange as a function of UV irradiation time.
From the results obtained, the influence of Gd doping on structural, op-
tical and photocatalytic properties of TiO2 films was discussed.

2. Experimental methods

2.1. Preparation of Gd-doped TiO2 films

Gd-doped TiO2 films were deposited on silicon (100) and quartz
substrates by DC magnetron sputtering at ambient temperature. The
metallic Gd sheets (2.2 mm × 2.2 mm, 99.99% purity, 1 mm thick)
over metal titanium disk (60 mm in diameter, 99.99% purity) were
used as a combined target of Ti and Gd for reactive cosputtering. The
Fig. 2. AFM images of undoped and Gd-doped TiO2 thin films after annealing (a) pure TiO
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substrates were ultrasonically cleaned with acetone, ethanol, and de-
ionized water for 10 min, respectively. The vacuum chamber was evac-
uated to 4 × 10−4 Pa using a turbomolecular pump. Prior to deposition,
the targetwas pre-sputtered for 10min in order to remove any contam-
ination. The used sputtering gas (Ar) and the reactive gas (O2) were
99.999% pure and were introduced into the chamber by separate inlets
and controlled by standard mass flow controllers. Deposition was
carried out at 3 Pa in ambient mixtures of Ar at 50 SCCM and O2 at 5
SCCM. The atomic ratio of Gd/(Gd + Ti) in films was determined to be
0.3, 0.4, and 0.6 at.% by electron probe microanalysis (EPMA). For com-
parison, samples were annealed at 1273 K in ambient air for 2 h.

2.2. Measurement of photocatalytic performances

The photocatalytic activity was evaluated using an aqueous solution
of methyl orange (MO) with the initial concentration of 10 mg/L under
UV irradiation. The volume of solution treated in a quartz container was
100mL. The solutionwas stirred in dark for 20min to obtain adsorption
equilibrium before illumination. A 500 W high-voltage mercury lamp
placed at about 15 cm from the sample was used as a light source. The
concentration of MO at different irradiation times was analyzed using
a UV–Vis spectrophotometer.

2.3. Characterization

The crystallization behavior of the films was analyzed by an XRD
(Bruker, D8 Discover) on a diffractometer employing Cu-Kα radiation.
XPS analysis was carried out on ESCALAB 250 Xi X-ray photoelectron
spectrometer using amonochromatic AlKα source. The optical trans-
mittance was measured using a UV–Vis-NIR spectrophotometer
(Ocean, Maya 2000 - Pro) within the wavelength range of 200 to
1100 nm. The roughnesses of Gd-doped TiO2 films were determined
by AFM (CSPM 5000). PL measurement was conducted on a FLS920
spectrometer by exciting the samples with a He - Cd laser working
at 325 nm and 3 W/cm2.
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2, (b) 0.3 at.% Gd-doped TiO2, (c) 0.4 at.% Gd-doped TiO2, (d) 0.6 at.% Gd-doped TiO2.
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Fig. 3. XPS spectra of (a) Ti 2p core levels (b) Gd 4d3/2 core level (c) O 1 s core level.
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3. Results and discussion

3.1. Materials characterization

XRD shows that no peak is observed for as-deposited films, indicat-
ing that they are amorphous in nature. Fig. 1 depicts the XRD patterns of
undoped and Gd-doped TiO2 films after annealing. For pure TiO2 films,
five distinctive peaks at 25.4°, 37.0°, 37.9°, 53.9°, and 55.2° correspond
to (101), (103), (004), (105), and (211) crystal planes of anatase TiO2

(JCPDS - 076,173), respectively. It indicates that highly crystalline ana-
tase TiO2 films are formed after annealing.

The XRD patterns of Gd-doped TiO2 filmswith the Gd contents rang-
ing from 0.3 to 0.6 at.% do not show any peak of secondary phase of gad-
olinium oxide or other impurities. Gd dopant doesn't cause any shift in
peak position of TiO2 probably due to the very small amount of Gd dop-
ing. Compared with the undoped TiO2 films, for 0.3 at.% Gd-doped TiO2

film, the diffraction peaks of anatase phase decrease in the intensity and
rutile peaks become apparent, suggesting that Gd doping accelerates
the anatase to rutile phase transformation (ART). The fraction of ART
in the films can be estimated from the XRD peak intensities by means
of the relationship of WR = 1 / (1 + 0.8 IA / IR) as used by Spurr and
Myers [29], where WR is the weighted fraction of rutile phase in the
sample, IA and IR are the X-ray integrated intensities of the anatase
(101) and rutile (110) peaks, respectively.We found that 40% of the an-
atase phase was converted to the rutile phase in the case of 0.3 at.% Gd
samples.

The XRD patterns of Gd-doped TiO2 films show that the six peaks at
2θ = 27.52°, 36.16°, 41.38°, 44.18°, 54.44° and 56.68° are respectively
indexed to the (110), (101), (111), (210), (211) and (220) planes of
rutile phase with the further increase in Gd contents. It is interesting
to see that there are no detectable diffraction peaks of anatase phase
for 0.4–0.6 at.% Gd-doped TiO2; moreover, the width of the diffraction
peak corresponding to the (110) plane of rutile increases with the in-
crease in Gd content. This indicates crystalline size reduction and struc-
tural degradation after Gd doping.

The ART is a nucleation and growth process influenced by defect
concentration, crystalline size and dopants as well [30]. Both Ti and O
are cooperatively displaced as a result of rupture of 7/24 of the Ti\\O
bonds in one anatase unit cell. The ART is at the expense of stable
octahedral anatase particles [31]. The existence of oxygen vacancies in
Gd-doped TiO2 films is confirmed by PL spectra. That is, the higher the
Gd content, the more the oxygen vacancies are. The number of Ti\\O
bond rupture in one anatase unit cell will decrease probably due to
the existence of a large quantity of oxygen vacancies. Therefore, Gd
doping facilitates the ART of TiO2.

The surfacemorphologies of undoped andGd-doped TiO2 films after
annealing were investigated by AFM measurements revealing the sur-
face structure, morphology and roughness. As shown in Fig. 2, surface
morphologies exhibit the uniformly dispersed granular structure of
pure TiO2 films, but agglomerated particles are observed in the AFM im-
ages of the films as a result of Gd doping.When Gd content is increased,
the surface roughness is increased. Typical values of RMS roughness are
3.8, 12.5, and 16.7 nm for the TiO2 films doped with 0.3, 0.4 and 0.6 at.%
Gd, respectively.

XPS measurements were carried out in order to investigate the va-
lence states of Ti and Gd ions. Ti 2p, Gd 4d and O1s core levels in the
case of 0.6 at.% Gd-doped TiO2 films are shown in Fig. 3. All peaks are
calibrated with respect to the carbon 1 s peak at 284.6 eV. The binding
energies of Ti 2p3/2 and Ti 2p1/2 are 458.65 eV and 464.38 eV, respec-
tively. The variation of 5.73 eV indicates a valence of +4 for Ti in TiO2

[32,33]. The Gd 4d3/2 peak appears around 140.18 eV, corresponding
to +3 oxidation state of Gd ion. The O1s core level spectra show a
slightly asymmetric shape near 530 eV and are deconvoluted into two
peaks at 530.68 eV and 531.88 eV, which are ascribed to the crystal lat-
tice oxygen (OL) of TiO2 and the chemisorbed oxygen (Oc) on the sur-
face, respectively. Provided that chemisorbed oxygen is associated
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with oxygen vacancy [34,35], it suggests that the Oc peak is developed
due to Gd doping-induced increase in oxygen vacancy concentration.

3.2. Optical absorption studies

The optical transmittance spectra of as-deposited and annealed Gd-
doped TiO2 films are shown in Fig. 4. All as-deposited films show rela-
tively high transparency (N75%)within the visible light range. Sharp ab-
sorption edges are observed to shift toward the longer wavelength
region after annealing. Transmission characteristics of films can be con-
verted to the absorption spectra using the following relation [36]:

α ¼ 1
d
ln

1
Tλ

� �

where d and Tλ are the thickness and transmittance of the films. The
optical band gap energy (Eg) can be easily obtained from the absorption



Fig. 4. Transmittance spectra of as-deposited and annealed Gd-doped TiO2 films.
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spectra. The (αhν)1/2 versus E plots for Gd-doped TiO2 films are shown
in Fig. 5.

By linear dependence of the (αhν)1/2 on photon energy and its ex-
trapolation to the equation that (αhν)1/ 2 = 0, we obtain the value of
the optical band gap Eg = 3.35 ± 0.03 eV for all as-deposited films
with various Gd contents, indicating that Gd doping has almost no effect
on the values of optical band gap for TiO2. After annealing, the band gap
energies for the films dopedwith of 0, 0.3, 0.4 and 0.6 at.% Gd are shifted
to 3.32± 0.03, 3.25± 0.03, 2.94± 0.03, and 2.97± 0.03 eV, respective-
ly. In combination with XRD results, for the single anatase films (Gd
~0 at.%), the bandgap increased by ~0.13 eV relative to the bulk bandgap
(3.19 eV) can be ascribed to the indirect transition from Γ3 toΧ1b, where
Γ denotes the center and Χ denotes the edge of the Brillouin zone (BZ).
On the other hand, the two lowest energy absorption thresholds at 2.94
(Gd ~0.4 at.%) and 2.97 eV (Gd ~0.6 at.%) corresponding to the single ru-
tile film are not precise enough to distinguish the indirect transitions
from Χ1a (2.91 eV) and Χ2b (3.05 eV) to Γ1b. In this regard, it is noted.sp
Fig. 5. Plots of (αhν)1/2 versus E (hν) for as-deposited and annealed
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that the band gap structure is determined by the evolution of crystal
structure of films with Gd doping.

3.3. Photoluminescence (PL) studies

To further investigate the electronic structure and optical quality,
the PL spectra of Gd-doped TiO2 films excited at 325 nm are shown in
Fig. 6. The excitation wavelength of 325 nm, corresponding to photon
energy of 3.82 eV, is greater than the bandgap of TiO2. This energy
was used to excite the valence electrons to the conduction band. For
comparison, the PL spectrum of TiO2 is also given and exhibits two UV
emission peaks at 3.61 eV and 3.26 eV, one blue emission peak at
2.71 eV and one green emission peak at 2.24 eV.

After dopingwith Gd ions, the broad-band emission spectra ranging
from 350 to 650 nm are deconvoluted into three emission peaks with
the help of Gaussian fitting (r2= 0.997), so that the electronic structure
from the line shape of PL spectra can be assigned. As a result, PL peaks at
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Gd-doped TiO2 films with Gd content of 0, 0.3, 0.4 and 0.6 at.%.



Fig. 6. Photoluminescence spectra of undoped and Gd-doped TiO2 films and deconvolution of the emission spectra into several emission peaks by Gaussian fitting.

Fig. 7. Photocatalytic degradation of methyl orange of undoped and Gd-doped TiO2 films
(a) as-deposited (b) annealed.
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3.07–3.1 eV are from the indirect transition Γ1b → Χ1b / Χ1a in the rutile
Gd-doped TiO2 films, while one PL peak at 3.26 eV is ascribed to the in-
direct transition Χ1b → Γ3 in the anatase pure TiO2 film, as calculated by
Daude et al. [37]. In addition, two UV emission peaks at 3.61 eV for TiO2

films and 3.41 eV for 0.3 at.% Gd-doped TiO2 films can be attributed to
the direct transitions from Χ1b to Χ2b / Χ1a. Serpone et al. [38] has also
verified the intraband transition in an otherwise indirect band gap
TiO2 semiconductor. Generally, below the band gaps, the intensities of
PL peaks associated with some defects are directly correlated with the
defect densities in materials. The blue emission peaks at 2.6–2.7 eV in
all samples have been assigned to oxygen vacancies. Introducing Gd
ions, the luminescence intensity becomes stronger, indicating that a
large quantity of oxygen vacancies may be created, which is in consis-
tent with XPS analysis.

3.4. Photocatalytic experiments

Degradation of MO was employed to investigate and compare
the photocatalytic performance of pure TiO2 and Gd-doped TiO2 films
with various Gd contents. Fig. 7(a) shows the degradation rate of MO
on as-deposited films under ultraviolet irradiation. It is obvious that
Gd-doped TiO2 films show slightly better photocatalytic activity than
the pure TiO2 films, and when doped with Gd up to 4 at.%, a further in-
crease in Gd content leads to a decrease in the photocatalytic activity.
This phenomenon can be explained by the creation of abundant oxygen
vacancies and surface defects with Gd doping, which improves electron
trapping and electron-hole separation process. Besides Gd half-filled f
orbital configuration might be considered as one of possible causes of
the enhancement in photocatalytic activity [39], but further studies
are needed. Meanwhile, Lanthanide ions can also act as effective elec-
tron scavengers to trap the conduction band electrons of TiO2. There-
fore, too many Gd dopants will form a recombination center in which
photo-induced carriers can be captured, leading to a lower photocata-
lytic activity.

The photocatalytic activity trend of annealed films is different from
that of as-deposited films. As shown in Fig. 7(b), the degradation rate
after 28 min of irradiation is 50%, 41%,31% and 28% for the annealed
films with Gd content of 0, 0.3, 0.4 and 0.6 at.%, respectively. Photocata-
lytic activity of the annealed TiO2 films with the anatase phase is the
highest in our experiment. Additionally, with increasing Gd content,
photocatalytic activity of the Gd-doped TiO2 films decreases. These
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results are in good coincidence with the XRD results. It might be ex-
plained that the presence of the rutile phase is the major reason for
the low photocatalytic activity of the annealed Gd-doped TiO2 films.

4. Conclusion

Gd-doped TiO2 films were fabricated by DC reactive magnetron
sputtering, and their structural, optical and photocatalytic properties
were investigated. The ART temperature in 0.3–0.6 at.% Gd-doped TiO2
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films is dependent on Gd content. After annealing, the 0.3 at.% Gd-TiO2

film shows a anatase/rutile mixed phase while the films with Gd con-
tent ranging from 0.4 to 0.6 at.% show only rutile phase. The surface
roughness is increased with the increase of Gd content. Combined
with XRD and XPS, it can be concluded that Gd doping favors the ART,
which may be attributed to the creation of oxygen vacancies. The indi-
rect band gap energies for annealed films with Gd content of 0, 0.3,
0.4 and 0.6 at.% are 3.32 ± 0.03, 3.25 ± 0.03, 2.92 ± 0.03, and 2.94 ±
0.03 eV, respectively. Furthermore, PL investigation further exhibits
the effects of Gd doping on the electronic structures of TiO2 films. The
indirect transition is dependent on the presence of anatase or rutile
phase. The direct transition is also observed in both pure TiO2 and
0.3 at.% Gd-doped TiO2 films. An appropriate amount of Gd doping
(0.3–0.4 at.%) for as-deposited films exhibits an improvement in photo-
catalytic activity which is mainly attributed to an increase in photoin-
duced charge separation due to the creation of abundant oxygen
vacancies and surface defectswith Gd doping. However,with increasing
Gd content photocatalytic activity of the annealed films decreases due
to the presence of the rutile phase.
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