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Abstract

A novel nanoscale GR–Nd/TiO2 composite photocatalyst was synthesized by the hydrothermal method. Its crystal structure, surface

morphology, chemical composition and optical properties were studied using XRD, TEM, and XPS, DRS and PL spectroscopy. It was

found that graphene and neodymium modification shifts the absorption edge of TiO2 to visible-light region. The results of

photoluminescence (PL) emission spectra show that GR–Nd/TiO2 composites possess better charge separation capability than do

Nd/TiO2 and pure TiO2. The photocatalytic activity of prepared samples was investigated by degradation of methyl orange (MO) dye

under visible light irradiation. The results show that the GR–Nd/TiO2 composite can effectively photodegrade MO, showing an

impressive photocatalytic activity enhancement over that of pure TiO2. The enhanced photocatalytic activity of the composite catalyst

might be attributed to the large adsorptivity of dyes, extended light absorption range and efficient charge separation due to Nd doping

and graphene incorporation.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium dioxide (TiO2) has long been targeted for
various applications, particularly in environmental pollu-
tion control, conversion and energy storage, sensors,
photovoltaics and Li batteries because of its unique
photo-electric properties [1–4]. TiO2 has the advantage of
good chemical stability, nontoxicity and relatively low
cost. However, many problems remain unresolved in the
TiO2 photocatalyst system for practical applications, such
as narrow spectrum response range and low separation
probability of the photoinduced electron–hole pairs.
Therefore, many techniques have been examined to extend
the spectral response of TiO2 into the visible region and to
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enhance its photocatalytic activity. Doping with metallic
cations or non-metallic anions has been widely used for the
modification of TiO2 to improve its photocatalytic activity
or to extend its light absorption into visible region [5–14].
It is known that metal ion doping can modify the surface
properties of TiO2, hinder the recombination of photo-
generated electron–hole pairs and increase the amount of
the active sites. Especially, photocatalytic activity of TiO2

can be significantly enhanced by doping with the lantha-
nide ions having 4f configuration. Among them, neody-
mium doping has attracted more interest due to comparat-
ively large (Ndþ3) ion which produces a localized charge
perturbation during substitutional doping into TiO2 lattice
and increases its photocatalytic activity [7,10].
Another common method for enhancing the photocata-

lytic efficiency of TiO2 is immobilization TiO2 nanoparticles
on a co-adsorbent surface such as mesoporous materials,
zeolites, alumina, silica or carbon based materials [15–18].
Among these, carbonaceous materials including activated
carbon, carbon nanotubes, and graphene are of great
ll rights reserved.
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interest due to their unique pore structure, electronic
properties and adsorption capacity [19–23]. Recently, gra-
phene with its unique structure of one-atom thick planar
sheets of sp2-bonded carbon atoms closely packed in a
honeycomb crystal lattice has attracted a great deal of
scientific interest due to its excellent mechanical, electrical,
thermal, optical and surface properties [23]. As compared
with other carbonaceous materials, graphene has many
advantages, including high surface area, high transparency
and good interfacial contact with adsorbents. Therefore, it
is advantageous to investigate simple and effective
approaches for preparing graphene based composites and
expand their practical applications. Due to conjugated
structure of graphene, the combination of TiO2 and gra-
phene may be an ideal preference to achieve an enhanced
charge separation in electron-transfer processes. In a recent
investigation, P25–TiO2 dispersed on graphene nanosheet
was reported to show enhanced photocatalytic activity [24].
Williams et al. mixed ultrasonically TiO2 particles and
graphene oxide (GO) colloids, followed by UV-assisted
photocatalytic reduction of GO to prepare TiO2–graphene
composites [25]. In another case, TiO2–graphene composite
materials were prepared by self-assembly of TiO2 nanopar-
ticles grown on graphene by a one-step approach with the
assistance of an anionic surfactant [21]. Zhang et al. [22]
prepared P25–graphene composite for methyl blue degrada-
tion using a hydrothermal method. Sonophototcatalytic
activity of graphene oxide based Pt–TiO2 composites for
DBS degradation was investigated by Neppolian et al. [26].
Farhangi et al. [27] prepared Fe doped TiO2 nanowires on
graphene sheets for photodegradation of 17b-estradiol (E2).
Nevertheless, understanding of metal doped TiO2/graphene
photocatalysis system is unclear.

In this study, we have synthesized Nd doped TiO2 (Nd/
TiO2) nanoparticles by the sol–gel method and then
successfully decorated on graphene sheets by hydrothermal
process. The effect of neodymium doping on TiO2 and
graphene–TiO2 (GR–TiO2) composite catalysts was inves-
tigated by degradation of methyl orange dye under visible-
light illumination as a model reaction. The prepared GR–
Nd/TiO2 composites showed extended visible-light absorp-
tion and enhanced photocatalytic activity than those of
pure TiO2.

2. Experimental

2.1. Preparation of Nd doped TiO2

The neodymium doped TiO2 samples were synthesized
by the sol–gel method [28]. Firstly, required amounts of
tetrabutyl titanate and 10 ml acetic acid were added to
50 ml absolute ethanol (solution A). Secondly, given
amounts of Nd(NO3)3 � 6H2O, 5 ml acetic acid and
6.25 ml distilled water were added to 25 ml ethanol (solu-
tion B). Then solution B was added dropwise into solution
A with vigorous magnetic stirring. The obtained mixture
was stirred for 3 h, and then kept at room temperature in
air for 24 h to form aged homogeneous gel. The as
prepared gel was dried at 80 1C in an oven and then the
gel was porphyrized into powder and calcined at 450 1C in
a furnace for 2 h to obtain Nd doped TiO2 nanopowder.
The atomic ratios of Nd to TiO2 were 0.6%, 1.2% and
2.0% and the samples obtained were labeled as 0.6Nd/
TiO2, 1.2Nd/TiO2, and 2.0Nd/TiO2 respectively.
2.2. Preparation of GR–Nd/TiO2 composites

Graphene oxide (GO) was synthesized from graphite
powder (99.99% Alfa Aesar) by a modified Hummers
method [29]. More details on these aspects are given in our
previous study [30]. GR–Nd/TiO2 composites were
obtained via a hydrothermal method based on Zhang’s
work with little modifications [22]. Briefly, 20 mg of
graphene oxide was dissolved in a solution of distilled
water (80 ml) and ethanol (40 ml) by ultrasonic treatment
for 3 h, and then 200 mg of TiO2 or Nd/TiO2 was added
and stirred for another 2 h to get a homogeneous suspen-
sion. The suspension was then placed in a 200 ml Teflon-
sealed autoclave and maintained at 120 1C for 3 h to
simultaneously achieve the reduction of graphene oxide
and the deposition of TiO2 on the graphene sheets. Finally,
the resulting composite was recovered by filtration, rinsed
by deionized water 10 times, and dried at 70 1C for 12 h.
2.3. Characterization

Powder X-ray diffraction (XRD) patterns were collected
from 101 to 801 in 2y with 0.021 step/s using a Rigaku D/
max-3B X-ray diffractometer with Cu Ka as the radiation
source (l¼0.15406 nm) at 40 kV and 36 mA. Transmission
electron spectroscopy (TEM) study was carried out on a
JEOL JEM-1200EX electron microscope instrument oper-
ated at 200 kV. The samples for TEM were prepared by
dispersing the final powder in ethanol and the dispersion
was then dropped on carbon–copper grids. Chemical
compositions of composites were analyzed using X-ray
photoelectron spectroscopy (Thermo-VG Scientific,
ESCALAB250, monochromatic Al Ka X-ray source). All
binding energies were referenced to the C 1s peak
(284.6 eV) arising from adventitious carbon. UV–vis dif-
fuse reflectance spectra (DRS) were measured in the range
of 300–800 nm using a HITACHI U-4100 UV–vis spectro-
meter with an integrating sphere accessory. The powders
were pressed into pellets, and BaSO4 was used as a
reference standard for the correction of instrumental
background. Their reflectance was converted to absor-
bance by the Kubelka–Munk function: F(R)pK/
S¼ (1�R)2/2R, where K is the molar absorption coeffi-
cient, S is the scattering coefficient, and R is the diffuse
reflectance. The photoluminescence (PL) emission spectra
were carried out at room temperature with a F-4500
fluorescence spectrophotometer (Hitachi) using a Xe lamp
as radiation source.
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2.4. Measurement of photocatalytic activity

The photocatalytic activities of different samples were
estimated by monitoring the degradation of methyl orange
(MO) in a self-assembled apparatus with a metal halogen
lamp (HQIBT, 400W/D, OSRAM, Germany) as the
radiation source. The visible-light (lZ420 nm) used dur-
ing the experiment was obtained by a filter with cut-off
wavelength of 420 nm. Typically, for the photocatalytic
experiment, 100 mg photocatalyst was suspended in 100 ml
MO aqueous solution with a concentration of 10 mg l�1 in
a beaker. The suspension was magnetically stirred for
30 min to reach the adsorption/desorption equilibrium
without visible light exposure. Following this, the photo-
catalytic reaction was started by the exposure of visible
light. The temperature of the suspension was kept at about
20 1C by an external cooling jacket with recycled water.
After a setup exposure time, 5 ml suspension was sampled,
centrifuged, and the supernatant was taken out for UV–vis
absorption measurement. The intensity of the main
absorption peak (464 nm) of the MO dye was referred to
as a measure of the residual dye concentration (C).

3. Results and discussion

XRD patterns of Nd doped TiO2 and GR–Nd/TiO2

composites with different Nd dopings are shown in Fig. 1.
The patterns clearly show peaks of anatase phase structure
of TiO2, namely, the planes (101), (004), (200), (211), (204),
(220), and (215) at 2y values of ca. 25.38, 37.82, 48.18,
55.2, 62.92, 69.92, and 74.9 respectively, all of which are in
good agreement with JCPDS-21-1272. In all Nd doped
samples, no separate phase of Nd2O3 was detected,
indicating that Nd3þ can enter the lattice of TiO2 or
Nd2O3 disperses homogeneously on the surface of TiO2 [8].
10 20 30 40 50 60 70 80

A

A: anatase
A

A AAAGR-1.2Nd/TiO2

GR-0.6Nd/TiO2

GR-TiO2

2.0Nd/TiO2

1.2Nd/TiO2

0.6Nd/TiO2

In
te

ns
ity

 (a
.u

.)

2θ (degree) 

TiO2

A

Fig. 1. XRD patterns of Nd/TiO2, GR–Nd/TiO2 composites with various

Nd contents.
The crystallite sizes (d) of the samples were calculated from
full-width at half-maxima of the (101) peak of the anatase
TiO2 by the Debye–Sherrer equation:

d ¼ kl=bcos y

where k is the shape factor of the particle (it is 1 if the
spherical shape is assumed) d represents the crystallite size,
l represents the wavelength of incident X-ray, b is full
width at half maximum (FWHM) of diffraction peak and y
represents the scattering angle. The average crystallite size
calculated from above equation were found to be 13 nm
for pure TiO2 and 11.2 nm, 9 nm, 7 nm for 0.6Nd/TiO2,
1.2Nd/TiO2, 2.0Nd/TiO2 samples respectively. It implies
that the Nd doping might restrain the growth of TiO2

crystallites [10]. Furthermore, characteristic peaks of gra-
phene were not seen in the composite samples, which may
be attributed to the fact that addition of graphene would
not change the crystalline structure of TiO2.
Particle size and morphology of the catalysts were

recorded using TEM and are shown in Fig. 2a and b.
Images from pure TiO2 and Nd doped TiO2 powder
samples exhibited highly uniform nanocrystalline struc-
tures with observed particle size in (8–12) nm range and
are in good agreement with XRD results. Fig. 2c and d
shows the image results of GR–TiO2 and GR–1.2Nd/TiO2

composites, which display that the base of TiO2 and Nd/
TiO2 nanoparticles is graphene.
Fig. 3 shows the XPS survey spectra of GR–1.2Nd/TiO2

composite, which contains 0.65% Nd 4d, 49% O 1s, 26% Ti
2p and 24.35% C 1s. In core level XPS spectrum of Ti 2p
(Fig. 4), the Ti 2p3/2 and Ti 2p1/2 peaks are located at binding
energies of 459.4 eV and 465.2 eV respectively, which is
consistent with the value of Ti4þ in the TiO2 lattice [31].
O 1s core level spectrum shows the main peak at 530.3 eV due
to the metallic oxides Ti–O bond, which is consistent with
binding energy of O2� in the TiO2 lattice [31]. The peak at
530.9 eV is for oxygen atoms in the surface hydroxyl groups
(H–O bonds) and/or in the carboxyl groups (C–O bonds) and
the peak appearing at 532.7 eV can be attributed to adsorbed
OH� on the surface of TiO2 [32]. In high-resolution XPS
spectrum of C1s, the main peak was observed at 284.6 eV,
which corresponds to the adventitious carbon adsorbed on the
surface of sample, the second peak at 285.6 is ascribed to
elemental carbon and the peak at 288.8 eV corresponds to
CQO bonds implying coordination bonding between Ti and
carboxylic acids on the surface of graphene sheets [27,32].
Finally, Nd 4d peak at about 122 eV, which shows positive
shift from a metallic Nd0 peak position (118 eV) results from
the decrease of electron density, suggesting that the dopant
may be present as a Nd3þ ion in the TiO2 nanopowder [9,10].
UV–vis diffuse reflectance spectra (DRS) of Nd/TiO2 and

GR–Nd/TiO2 composite photocatalysts with neodymium
doping are shown in Fig. 5. The spectra show the absorption
edge of pure TiO2 powder to be about 388 nm as commonly
observed for anatase TiO2, which is attributed to band–band
transition. However, all Nd doped TiO2 samples exhibit
extended light absorption in the visible-light region, and yield



Fig. 2. TEM images of (a) TiO2, (b) 1.2Nd/TiO2, (c) GR–TiO2, and (d) GR–1.2Nd/TiO2.
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Fig. 3. XPS survey spectra of GR–1.2Nd/TiO2 composite.
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a redshift compared to pure TiO2. Redshift of this type can be
ascribed to the charge transfer transitions between the Nd and
TiO2 conduction or valence band [13,33]. Furthermore, a
noticable increase of absorption in visible-light region was also
observed after modification of Nd/TiO2 photocatalyst with
graphene, which might be attributed to the fact that incor-
poration of graphene increased light absorption of TiO2 in
visible range, similar to TiO2–CNT and C-doped TiO2 [22].

The study of the photoluminescence emission spectra is
a useful method to investigate the efficiency of charge
carrier trapping, emigration, transfer and to understand
the fate of electron–hole pairs in the field of photocatalysis
over solid semiconductors [32,34]. It is known that the PL
emission is the result of the recombination of excited
electrons and holes either directly (band–band) or indir-
ectly (via a bandgap state). Fig. 6 shows the photolumins-
cence spectra of TiO2, Nd/TiO2 and GR–Nd/TiO2

composites. The PL intensity of TiO2 is highest among
all the samples, demonstrating the recombination of
electrons and holes although the PL intensity decreased
in both the Nd doped TiO2 nanoparticles and the graphene
modified Nd/TiO2 composites compared to pure TiO2.
Among all the samples the lowest intensity was observed
for the GR–1.2Nd/TiO2 composite, showing that the
charge carriers were separated more effectively due to
cooperative effect of neodymium doping and graphene.
Nd/TiO2 and GR–Nd/TiO2 composites were studied by

photodegradation of methyl orange as model reaction
under visible-light irradiation. MO degradation experiment
without catalyst was carried out under the same condition.
The resulting photolysis was ignored because the corre-
sponding degradation was only 0.4% after 3 h visible-light
irradiation. Fig. 7a presents the results of photocatalytic
activity of different samples. It is observed that Nd doping
enhanced the photocatalytic activity of the catalysts
with increasing doping amount upto 1.2%. However,
when doping of Nd exceeds this level, a decrease in
photocatalytic activity was observed, so optimal dosage
of neodymium ion was found to be 1.2%. This dosage of
Nd doping achieved the most efficient separation of
electron–hole pairs in our Nd/TiO2 samples (as confirmed
in PL results). Phototcatalytic degradation of methyl
orange follows roughly the pseudo-first-order reaction
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kinetics for low dye concentrations [23]:

ln C0=C
� �

¼ kappt
where kapp is the apparent first order kinetic constant, used
as the basic kinetic parameter for different photocatalysts.
C0 is the initial concentration of MO in aqueous solution
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and C is the residual concentration of MO at time t.
The apparent constant values could be deduced from the
linear fitting of ln(C0/C) vs irradiation time. The initial
degradation rate (r0¼kappC0) of 10 mg l�1 MO with
different catalysts was calculated and the results are
presented in Fig. 7b.

The results show that degradation rate (r0) is enhanced
by Nd doping and introducing graphene into the compo-
sites. The degradation rate of MO is in the order
GR–1.2Nd/TiO24GR–0.6Nd/TiO24GR–TiO241.2Nd/
TiO242.0Nd/TiO240.6Nd/TiO24TiO2. The degrada-
tion rate constant for GR–1.2Nd/TiO2 composite catalyst
(r0¼0.68� 10�2/min) was found to be higher than that of
pure TiO2 (r0¼0.07� 10�2/min). Firstly, the enhanced
photocatalytic activity of GR–Nd/TiO2 composite catalyst
might be attributed to extended light absorption in visible-
light region due to Nd doping and graphene incorporation.
Seconly, adsorption onto the catalyst surface is one of the
key factors for the degradation of organic compounds
during photocatalysis. Prior to irradiation (30 min), the
adsorption of MO was monitored. It is obseved that about
23% of the MO was adsorbed for GR–1.2Nd/TiO2

composite catalyst and is found to be higher compared
to those of pure TiO2, Nd/TiO2 and GR–TiO2 composite.
Therefore, the higher adsorption of MO onto the catalyst
surface is another important reason for the enhanced
degradation rate of MO during photocatalysis. Thirdly,
graphene in the composite acts as an electron acceptor and
transporter. Graphene has been reported to be a compe-
tative candidate as an acceptor material due to its
p-conjugation structure and has unexpectedly excellent
conductivity due to its two dimensional planar structure.
Therefore, rapid transport of charge carriers could be
achieved and an effective charge separation subsequently
accomplished. Overall, both the electron accepting and
transporting properties of graphene in the composite
contributed to the enhancement of photocatalytic activity
[22,26,27]. Finally, the presence of Nd in TiO2–graphene
composites favors the transfer of photoformed electrons to
Nd and then Nd acts as a reservoir for photogenerated
electrons, thereby promoting an interfacial charge-transfer
process. The photoformed electrons can readily be trans-
ported through graphene in addition to Nd and hence the
rate of degradation of MO is significantly enhanced with
graphene and neodymium. It can be attributed to sup-
pressed recombination of electon–hole pairs due to pre-
sence of graphene and Nd in the composite photocatalyst.
Therefore, it is concluded that cooperative effects of
adsorption of MO onto catalyst surface, extended light
absorption in visible-light region due to Nd doping and
graphene, efficient charge separation and well formed
anatase phase played significant role for enhanced photo-
catalytic activity of composite catalyst under visible-light
irradiation.

4. Conclusion

Neodymium doped GR–TiO2 composite photocatalysts
prepared by the hydrothermal method have stronger light
absorption in visible-light range and showed enhanced
photocatalytic activity than those of TiO2 under visible-
light irradiation for MO degradation. The enhanced
photocatalytic activity of the composite catalyst might be
attributed to the cooperative effects of extended light
absorption, efficient charge separation, enhanced adsorp-
tivity onto the catalyst surface due to giant two-
dimensional planar structure of graphene and possibility
of more p–p interaction between composite and organic
compound. This study open a new possibility in the
investigation of graphene–TiO2 composites and promotes
their practical applications in environmental applications.
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