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Abstract

Cu-doped TiO,/graphene (Cu-TiO,/GR) composites were successfully synthesized by a simple hydrothermal method. The coating of
anatase TiO, nanoparticles on the whole graphene was confirmed by X-ray diffraction (XRD), transmission electron microscopy
(TEM), and X-ray photoelectron spectroscopy (XPS). UV-visible diffuse reflectance spectroscopy (DRS) showed that the resulting
Cu-TiO,/GR composites exhibited extended light absorption in visible-light region compared with pure TiO,. Photoluminescence
emission spectra of Cu—TiO,/GR composites showed better charge separation capability as compared to Cu/TiO, and pure TiO,. The
photocatalytic activity was evaluated by degradation of methyl orange (MO) dye under visible-light irradiation. The results demonstrate
that Cu-TiO,/GR composite can effectively photodegrade MO, and show an excellent photocatalytic enhancement over pure TiO,.
It was concluded that the synergistic effects of the great adsorptivity of dyes, extended light absorption range and efficient charge
separation played a significant role for the enhancement of photoactivity of Cu-TiO,/GR composite catalyst.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Titanium dioxide (TiO,) is the most widely used semicon-
ductor in environmental pollution control, conversion and
energy storage, sensors, photovoltaics and Li batteries because
of its unique photo-electric properties, high chemical stability,
low cost and safety toward both humans and the environment
[1-4]. The improvement and optimization of TiO, as photo-
catalyst is a major task for technical applications of hetero-
geneous photocatalysis in the future. In this sense, many
investigations for the enhancement of photocatalytic activity
either in UV or visible region have been carried out [5-9].
However, many problems remain unresolved for practical
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applications, such as narrow light response range and low
separation probability of the photoinduced electron—hole pairs
in TiO, photocatalytic system. In order to improve the
photocatalytic activity as well as the response into visible-
light region, TiO, doping with transition metals has been
widely investigated [10-15]. However, the metal selective
doping is one of the common approaches to enhance the
phtocatalytic efficiency of the catalyst. Cu®™ with redox
potentials of 0.16V (Cu’"/Cu™) and 0.52V (Cu’"/Cu)
versus the normal hydrogen electrode has been found to be
a good modifier for various visible-light responsive photo-
catalysts [12-15]. The electron generated from the excitation of
photocatalyst is directly trapped by Cu?™, which frees up the
oxidative valence hole of the photocatalyst for the degradation
of organic compounds. Therefore, metal ions doping can
provide as charge trapping sites and thus reduce electron—hole
recombination rate during photocatalysis.

In another method, it has been found that loading of
TiO, nanoparticles on a co-adsorbent surface such as
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mesoporous materials, zeolites, alumina, silica or carbon
based materials is able to enhance the visible light photo-
catalytic activity of TiO, [16—19]. Among these, carbonac-
eous materials are of tremendous interest due to their
unique pore structure, electronic properties and adsorption
capacity. These materials include activated carbon, carbon
nanotubes, and graphene [20-24]. Recently, graphene with
its unique structure of one-atom thick planar sheets of
sp>-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, and
optical properties [24]. As compared with other carbonac-
eous materials, graphene has many advantages including
high surface area and good interfacial contact with
adsorbents. Therefore, it is desirable to explore simple
and effective approaches for preparing graphene based
composites and expand their practical applications. Gra-
phene has a conjugated structure and the combination of
TiO, and graphene may be an ideal preference to achieve
an enhanced charge separation in electron-transfer pro-
cesses. To the best of our knowledge, few investigations
have been done on this topic. In a recent work, P25-TiO,
dispersed on graphene nanosheet was reported to show
enhanced photocatalytic activity [25]. Williams et al. mixed
ultrasonically TiO, particles and graphene oxide (GO)
colloids, followed by UV-assisted photocatalytic reduction
of GO to yield TiO,—graphene composites [26]. In another
example, TiO,—graphene composite materials were pre-
pared by self-assembly of TiO, nanoparticles grown on
graphene by a one-step approach with the assistance of an
anionic surfactant [27]. Zhang et al. [23] demonstrated a
facile and reproducible route (hydrothermal method) to
obtain a P25-graphene composite for methyl blue degra-
dation. Sonophototcatalytic activity of graphene oxide
based Pt-TiO, composites for DBS degradation was
studied by Neppolian et al. [28]. N. Farhangi et al. [29]
prepared Fe doped TiO, nanowires on graphene sheets
using supercritical CO, for photodegradation of 17p-
estradiol (E,).Thus, it will be advantageous to use the
cooperative effect of metal ion doping like copper and
coating TiO, nanoparticles on the surface of graphene
sheets for enhancement of visible-light absorption response
and photocatalytic activity.

In this study, Cu doped TiO, nanoparticles modified by
graphene were prepared by a hydrothermal method. The
effect of copper doping and graphene modification was
investigated by degradation of methyl orange under visible-
light irradiation. The Cu-TiO,/GR composites showed
higher photocatalytic activity and extended optical absorp-
tion in visible-light region.

2. Experimental section
2.1. Preparation of Cu doped TiO,

Copper doped TiO, samples were synthesized by sol-gel
method according to the report [30]. Firstly, the required

amounts of tetrabutyl titanate and acetic acid (10 ml) were
added to 50 ml absolute ethanol (solution A) in a beaker.
Secondly, calculated amounts of Cu(NOs),-3H,O, 5ml
acetic acid and 6.25 ml distilled water were added to 25 ml
ethanol (solution B). In the next step, the solution B was
added dropwise into solution A with vigorous magnetic
agitation. The obtained mixture was stirred for 3 h, and
then kept at 25°C in air for 24 h to form aged homo-
geneous gel. The prepared gel was dried at 80 °C in a
vacuum furnace. Moreover, the gel was porphyrized into
powder and calcined at 450 °C in the furnace for 2 h to get
Cu doped TiO; nanopowder. Finally, the atomic ratio of
Cu doping into TiO, was varied from 0.5 to 2.0 at% and
the samples obtained were labeled as 0.5Cu-TiO,, 1.0Cu—
TiO,, and 2.0Cu-TiO,.

2.2. Preparation of Cu-TiO,/GR composites

Graphene oxide was synthesized from graphite powder
(99.99% Alfa Aesar) by the Hummers method and details
are given in our previous report [31,32]. Cu-TiO,/GR
composites were obtained via a hydrothermal method based
on Zhang’s work [23]. Briefly, 20 mg of graphene oxide was
dissolved in a solution of 80 mL distilled (H,O) and 40 mL
ethanol by ultrasonic treatment for 2 h. Then 200 mg of
TiO, or Cu-TiO, was added to the obtained graphene oxide
solution and it was stirred for further 2h to get a homo-
geneous suspension. In addition, the suspension was placed
in a 200 mL Teflon-sealed autoclave at 120 °C for 3 h to
simultaneously achieve the reduction of graphene oxide and
deposition of TiO, on the graphene sheets. Finally, the
resulting composite was recovered by filtration, rinsed with
deionized water 10 times, and dried at 70 °C for 12 h in the
vacuum furnace.

2.3. Sample characterization

The crystal structure of samples was characterized by
powder X-ray diffraction (XRD) and patterns were collected
from 10° to 80° in 260 with 0.02°step/s using a Rigaku
D/max-3B X-ray diffractometer with Cu Ko as radiation
source (A=0.15406 nm) at 40 kV and 36 mA. Transmission
electron spectroscopy (TEM) study was carried out on a
JEOL JEM-1200EX electron microscope instrument operated
at 200 kV. The samples for TEM were prepared by dispersing
the final powder in ethanol; one drop of solution was then
dropped on carbon—copper grids. Chemical compositions of
the composites were analyzed using X-ray photoelectron
spectroscopy (Thermo-VG Scientific, ESCALAB250, a mono-
chromatic Al Ko X-ray source). The binding energy of the
XPS spectra was calibrated with the reference to the Cls peak
(284.6 eV) arising from adventitious carbon. UV—vis diffuse
reflectance spectra (DRS) were recorded in the range of 300—
800 nm using a HITACHI U-4100 UV—vis spectrometer with
an integrating sphere accessory. The powders were pressed to
form pellets, and BaSO,4 was used as a reference standard for
correction of instrumental background. Their reflectance was
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converted to absorbance by the Kubelka—Munk function:
F(R)c K/S=(1— Ry*/2R, where K is the absorption coeffi-
cient, S is the scattering coefficient, and R is the diffuse
reflectance. The PL emission spectra were recorded using an
F-4500 Fluorescence Spectrophotometer (Hitachi). The sam-
ples were excited at 380 nm and the emission spectra were
scanned between 400 and 700 nm wavelength ranges.

2.4. Measurement of photocatalytic activity

The photocatalytic activity of different samples was eval-
vated by monitoring the decomposition of methyl orange
(MO) in a self-assembled apparatus with a metal halogen
lamp (HQIBT, 400 W/D, OSRAM, Germany) as the radia-
tion source. The visible-light (4 > 420 nm) used in the present
investigation was obtained by a filter with cut-off wavelength
of 420 nm. Typically, for the photocatalytic experiment,
100 mg catalyst was suspended in 100 mL MO aqueous
solution with a concentration of 10mgL~" in a beaker.
The suspension was magnetically stirred for 1 h to reach the
adsorption/desorption equilibration before visible light expo-
sure. Following this, the photocatalytic reaction was started
by the exposure of visible light and the temperature of the
suspension was kept at about 20 °C by an external cooling
jacket with recycled water. After a setup exposure time, 5 ml
suspension was sampled, centrifuged, and the supernatant
liquid was taken out for UV—vis absorption spectrum. The
intensity of the main absorption peak (464 nm) of the methyl
orange dye was referred to as a measure of the residual MO
dye concentration (C).

3. Results and discussion

XRD patterns of Cu doped TiO, and Cu-TiO,/GR
composites are shown in Fig. 1. The patterns clearly show
peaks of TiO,, namely, the planes (101), (004), (200), (211),
(204), (220), and (215) at 20 values of ca. 25.38°, 37.82°,
48.18°, 54.4°, 62.92°, 69.92°, and 74.9° respectively. All
patterns were assigned to the polycrystalline anatase phase
structure of TiO, according to (JCPDS-21-1272). In all Cu
doped samples, no significant characteristics peaks of
copper oxide were detected. It might be attributed to the
lower copper content in these samples. The crystallite size
of the samples was calculated from full-width at half-
maxima of the (101) peak of anatase TiO, by the Debye—
Sherrer equation:

d=k2/ fcos 6

where d represents the crystallite size of, A represents the
wavelength of incident X-ray, f is full width at half
maximum (FWHM) of diffraction peak and 6 represents
the scattering angle. The average crystallite size calculated
from above equation for pure TiO, was 9.5 nm and for
0.5Cu-TiO,, 1.0Cu-TiO,, and 2.0 Cu-TiO, samples was
8.8 nm, 7.7 nm and 6.9 nm respectively. These results show
that Cu doping can inhibit the growth of TiO, crystallites
[33]. Furthermore, absence of graphene peaks in the XRD
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Fig. 1. XRD patterns of Cu-TiO, and Cu-TiO,/GR composites samples
with various copper contents.

patterns of composite catalysts shows that graphene did
not change the structure of TiO, [34].

TEM images of TiO, and 1.0Cu-TiO, nanoparticles are
shown in Fig. 2a and b, respectively. In these images, the
primary particles are quite uniform in nearly spherical
morphology and their size (9-12) is consistent with those
calculated from XRD measurement. Fig. 2c and d shows the
image results of TiO,/GR and 1.0Cu-TiO,/GR composites,
respectively which show that TiO, and Cu—TiO, nanoparticles
were successfully deposited and randomly distributed on
graphene sheets after the hydrothermal process.

Fig. 3 shows the XPS survey spectra of 1.0Cu-TiO,/GR
composite. The composite contains 0.7% Cu2p, 49.3% Ols,
24% Ti2p and 26% Cls. Fig. 4a shows a high resolution
spectrum of Ti2p; the Ti2p3/2 and Ti2pl/2 are located at
binding energies of 459.4eV and 465.0eV respectively,
which agree with the values of Ti** in the TiO, lattice
[35]. Fig. 4b shows the highly resolved Ols core level
spectrum having main peak at 530.0 eV, which could be
attributed to the metallic oxides Ti-O bond, in agreement
with binding energy of O®~ in the TiO, lattice and the peak
appearing at 532.0 eV was ascribed to the adsorbed OH™ on
the surface of TiO, [36]. In core level XPS spectrum of Cls
as shown in Fig. 4c, the main peak was observed at 284.5 eV,
which corresponds to the adventitious carbon adsorbed on
the surface of sample [37]. The peak at 286.7 eV suggests the
existence of C—O bonds of carbonate species and the peak at
289.25 eV corresponds to C=C bonds [29,36]. In Fig. 4d the
two peaks of Cu2p at 933 eV and 953.4 corresponds to
Cu2p3/2 and Cu2pl/2, respectively. These results show that
loaded copper existed as Cu?™ in the Cu-TiO,/GR compo-
site [6,33].

UV-vis diffuse reflectance spectra of Cu-TiO, and Cu-
TiO,/GR composite catalysts as well as of pure TiO, are
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Fig. 2. TEM images of (a) TiO, (b) 1.0Cu-TiO», (c) TiO»/GR, and (d) 1.0Cu-TiO»/GR.
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Fig. 3. XPS survey spectra of 1.0Cu-TiO,/GR composite catalyst.

content. The absorption band between 400 and 500 nm
might be assigned to presence of Cu'™ clusters in partially
reduced CuO matrix as well as (Cu-O-Cu) " clusters. A band
between 600 and 800 nm indicates crystalline and bulk CuO

shown in Fig. 5. The spectrum of pure TiO, shows the
absorption edge to be about 388 nm, as commonly observed
for anatase TiO,, while copper doping greatly enhanced the
absorption in visible-light region with increasing copper
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Fig. 4. High resolution XPS spectra of (a) Ti2p region, (b) Ols region, (c) C Is region and (d) Cu 2p region for 1.0Cu-TiO,/GR composite.
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Fig. 5. UV-vis DRS of TiO,, Cu-TiO, and Cu-TiO,/GR composites
photocatalysts.

in octahedral symmetry [6,11]. Furthermore, a noticable
increased absorption in visible-light region was observed
after modification of Cu doped TiO, nanoparticles with
graphene, which might be attributed to the fact that
incorporation of graphene increased absorption of TiO, in
visible-light range, similar to TiO,~CNT and C-doped TiO,
[23]. Thus, it can be inferred that doping with a transition
metal ion such as copper and incorporation of graphene are
effective for visible-light response and will play a significant
role for enhancing the photocatalytic activity of the catalysts.

The photoluminescence emission spectra are useful study to
investigate the efficiency of charge carrier trapping, immigra-
tion, and transfer to understand the fate of electron—hole pairs
in semiconductor photocatalysts [36,38]. Fig. 6 shows the
photoluminscence spectra of TiO,, Cu-TiO, and Cu-TiO,/
GR composites. It can be seen from the spectra that PL
intensity of pure TiO; is much higher than those of Cu-TiO,
and Cu-TiO,/GR samples, indicating that Cu doping and
graphene can efficiently inhibit the recombination of
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Fig. 6. Photoluminescence spectra of pure TiO,, Cu-TiO, and 1.0Cu—
TiO,/GR composites with excitation wavelength of 380 nm.
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Fig. 7. (A) Photocatalytic degradation curves of Cu-TiO, and Cu-TiO,/
GR with various Cu contents as a function of time and (B) initial
degradation rate of MO in the presence of various photocatalytsts.

photogenerated electrons and holes. Further inspection of PL
spectra reveals that 1.0Cu-TiO,/GR composite sample has the
lowest PL intensity compared to other samples, which shows
that optimal loading of Cu with graphene has reduced the
recombination of excited electrons and holes.

The photocatlytic degradation of methyl orange with
Cu-TiO, and Cu-TiO,/GR composites catalysts under
visible light is displayed in Fig. 7A. About 25% adsorption
of MO was observed for 1Cu-TiO,/GR composite catalyst
after stirring for 1 h in dark, which is higher than those of
all other samples and it increased to some extent in
comparison to Cu-TiO, and TiO,/GR composite. The
initial degradation rate of MO with different photocatalysts
follows roughly the pseudo-first-order reaction kinetics at
low dye concentrations [24]:

In(Co/C) = kpp ¢

where k,p, 18 the apparent constant, and it was used as the
basic kinetic parameter for different photocatalysts. Cy is
the initial concentration of MO in aqueous solution and C is
the residual concentration of MO at time ¢. The apparent
constant values could be deduced from the linear fitting of
In(Cy/C) versus irradiation time. The initial degradation rate
(ro=kapp x Cp) of 10 mg L~' MO with different catalysts
was studied and the results are presented in Fig. 7B.

Fig. 7A shows enhanced photocatalytic activity of copper
doped TiO, nanoparticles with respect to that of pure TiO,
under visible light irradiation. Photoactivity was increased
gradually with increasing Cu-TiO, ratio up to 1.0%. Further
increase of copper loading did not enhance the photocatalytic
activity of the catalyst. This may be due to the fact that t
he excess doping of copper ions into TiO, lattice introduced
recombination centers, which are detrimental to the photo-
catalytic activity of the catalyst [11]. The degradation
rate of MO (Fig. 7B) follows the order 1.0Cu-TiO,/
GR > 0.5Cu-TiO,/GR > TiO,/GR > 1.0Cu-TiO, > 2.0Cu-—
TiO, > 0.5Cu-TiO, > TiO,. The degradation rate constant
for the 1.0Cu-TiO,/GR composite catalyst (ro=0.77 x 10~/
min) was found to be ca. 11 times higher in comparison to
pure TiO, (ry=0.07 x 10~ ?/min). The possible reasons for
enhanced photocatalytic activity of composite catalyst under
visible light irradiation are the following. Firstly, the enhanced
photocatalytic activity of Cu-TiO,/GR composite catalyst
might be attributed to extended light absorption into visible
light region due to copper doping and graphene incorpora-
tion. Secondly, in Cu-TiO,/GR system, the excited electrons
of TiO, could transfer from the conduction band to graphene
through percolation mechanism [23]. Thus, in the composite,
graphene served as an acceptor of generated electrons of TiO,
and effectively suppressed the charege recombination, leaving
more charge carriers to form reactive species and promote the
degradation of MO [23]. Thirdly, the higher adsorption of
MO (25%) onto the catalyst surface also played a role in
enhancing the photocatalytic activity of composite catalyst.
For the simple reason when more organic molecules are
adsorbed on the catalyst surface, there is a greater probability
of reaction. The photoformed electrons that are produced
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during photocatalysis can readily transfer to the doped copper
through the graphene and then easily reduce dioxygen or
other electron accepter groups present in the aqueous med-
ium. As a result, electron—-hole recombination is largely
prevented and this further facilitates the production of more
OH radicals due to the valence band of TiO, and the
superoxide radicals anion (O, ) at the surface of catalyst,
which in turn result in a faster degradation of organics [28].

4. Conclusion

Cu-TiO,/GR composite photocatalysts were prepared
by a hydrothermal method. It was found that all Cu-TiO,/
GR composite catalysts showed enhanced photocatalytic
activity than pure TiO, under visible-light irradiation for
MO degradation. The higher photocatalytic activity of the
composite catalyst could be attributed to the synergistic
effects of extended light absorption, efficient charge
separation, enhaced adsorptivity on the composite catalyst
surface due to two-dimensional planar structure of gra-
phene and possibility of more m—m interaction between
composite and organic compound.
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