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Abstract TiO, nanotube array (TiO, NT) was co-deco-
rated by reduced graphene oxide (RGO) and CdTe nano-
particles (NPs) through a simple one-step electrodeposition
process. RGO film was formed on the top surface of TiO,
NT and CdTe NPs homogeneously dispersed within the
RGO sheets and on the inner/outer walls of TiO, NT.
Resulting from the synergetic effect of RGO and CdTe, the
photocatalytic activity of the ternary RGO/CdTe-TiO, NT
photocatalyst far exceeded those of bare TiO, NT, RGO-
TiO, NT, and CdTe-TiO, NT photocatalysts in the deg-
radation of herbicide 2,4-dichlorophenoxyacetic acid (2,4-
D) under simulated solar light or visible light irradiation.
After 180-min UV-Vis (or visible light) irradiation, almost
100 % (or 96 %) 2,4-D removal efficiency was achieved
on RGO/CdTe-TiO, NT, much higher than 42 % (or 2 %)
on bare TiO, NT, 58 % (or 10 %) on RGO-TiO, NT, and
52 % (or 41 %) on CdTe-TiO, NT. This study will inspire
better design of advanced photocatalysts with high visible-
light photocatalytic activity.

Introduction

Among all the investigated TiO, nanostructured materials,
TiO, nanotube array vertically oriented on a Ti-foil, has
been paid particular attention [1, 2] because of the large
interfacial area, excellent electron percolation pathways,
and especially the excellent reusability relative to other
powdery TiO, nanomaterials. However, the wide band gap
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(3.2 eV) restricts the photoresponse of TiO, to only ultra-
violet region with the wavelength below 390 nm of the
solar spectrum and depresses vastly utilization ratio of
solar power. In order to extend the optical absorption into
the visible-light region, various strategies have been
designed, including doping TiO, with metals or nonmetals
[3, 4] and coupling TiO, with narrow bandgap semicon-
ductors such as CdS [5, 6], CdSe [7, 8], PbS [9, 10], Cu,O
[11, 12], and so on. Besides, the photogenerated electron—
hole pairs that are responsible for chemical reactions with
pollutants tend to quick recombination, leading to
decreased efficiency in the photocatalytic activity of TiO,.
The narrow bandgap semiconductors coupled TiO, phot-
ocatalysts show extended absorption from UV to visible
region and also enhanced photoinduced electron—hole
separation occurring at the heterojunction interface
between semiconductors [13], thus improving the effi-
ciency of the photocatalytic reaction. TiO, nanotube arrays
have been previously used as substrates for constructing
highly efficient TiO,-based hybrids for photocatalysis [4,
9].

CdTe has shown considerable promise for building thin
film solar cells capable of a significant light to electricity
conversion efficiency owing to its nearly ideal bandgap for
solar terrestrial photoconversion (1.5 eV) and its high
absorption coefficient [14, 15].To date, most studies on
CdTe have involved in solar cells [16, 17] and sensors [18,
19]. Few studies on photocatalysis have been reported [20].
To the best of our knowledge, the combination of CdTe
and graphene has been not reported in photocatalysis.

Graphene, a one-atom-thick planar sheet of sp*hybrid-
ized carbon atoms, has attracted strong scientific and
technological attentions in various fields including photo-
catalysis [21, 22]. The graphene material owns excellent
electron capture and transport properties [23, 24], large
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Scheme 1 Schematic illustration of one-step electrochemical preparation of RGO/CdTe-TiO, NT

specific surface area [25], and good affinity toward organic
molecules [26-28]. Our recent studies reveal that TiO, NT
modified with graphene show high performance in photo-
catalytic degradation of organic pollutants [21, 29].

In the present work, a simple one-step electrodeposition
method is proposed for the simultaneous fabrication of
reduced graphene oxide (RGO) and CdTe nanoparticles
(NPs) on TiO, NT (Scheme 1). The distinctive advantage
of using n-type TiO, and p-type CdTe to form a p—n het-
erojunction is that it not only increases junction areas but
also promotes unidirectional charge transport due to the
one-dimensional features of the tubes. The degradation of
herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) on the
advanced RGO/CdTe-TiO, NT photocatalyst was investi-
gated. 2,4-D, a model pollutant, has drawn considerable
attention in photocatalytic degradation recently, consider-
ing that it is a typical widely used and highly toxic syn-
thetic phytohormone.

Experimental
Chemicals and materials

Titanium foil (99.8 %, 250 um thickness) was purchased
from Aldrich (Milwaukee, WI, USA), 2,4-D was obtained
from Shanghai JieHui biological technology Co. Ltd., and
graphite powder about 50 mm was purchased from
Shanghai Carbon Co., Ltd. Cadmium chloride (CdCl,),
sodium tellurite (Na,TeOs), and other reagents are of
analytical grade and are all used as received. Deionized
water was used for preparation of all aqueous solutions.

Preparation of TiO, NT

TiO, nanotube array (TiO, NT) was prepared according to
our previous work [30]. Prior to anodization, titanium foils
were ultrasonically cleaned successively in acetone and
ethanol. The cleaned foil was anodized at 15 V in an
electrolyte containing 0.1 M NaF and 0.5 M NaHSO, at
room temperature for 3 h. The anodizing cell was a two-
electrode system using a platinum as the counter electrode,
resulting in the TiO, NTs with a pore size of 90-100 nm, a
length of 320 nm and an efficient electrode area of
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3cm x 1 cm on each side. The as-anodized TiO, NTs
were sintered in oxygen atmosphere at 500 °C for 3 h with
heating and cooling rate of 2 °C min .

Preparation of RGO/CdTe-TiO, NT

Graphite oxide was initially prepared from graphite powder
according to the Hummers method [31]. After rinsing and
drying, the synthesized graphite oxide powder was then
exfoliated in a 0.1 M, pH 4.0 citric acid—sodium citrate
buffer solution (CBS) by ultrasonication for 3 h to obtain a
stable yellow-brown graphene oxide (GO) colloidal dis-
persion (0.4 mg mL™").

To electrodeposit RGO and CdTe nanoparticles on TiO,
NT, a 0.1 M, pH 4.0 CBS containing 0.4 mg mL~" GO,
0.05 mol L™! CdCl,, and 0.025 mol L™! Na,TeO; was
prepared as the electrolyte. The impulse electrochemical
deposition was carried out at a potential of —2.0 V for
0.2 s, and then a potential of —0.00001 V for 1 s, with
optimized 100 pulse sequences in a standard three-elec-
trode system using the annealed TiO, NT/Ti foil as the
working electrode, a Pt-foil as the counter electrode and
saturated calomel electrode (SCE) as the reference elec-
trode, on an electrochemical workstation (IM6ex, Zahner
Elektrik, Germany). After deposition, the working elec-
trodes were rinsed with deionized water, and then dried at
room temperature to get RGO/CdTe-TiO, NT.

Meanwhile, TiO, NT/Ti foils decorated with only RGO
film or CdTe NPs for reference were fabricated separately
following the same procedure just using their respective
precursors (0.4 mg mL™' GO in 0.1 M, pH 4.0 CBS for
RGO-TiO, NT preparation, and 0.05 mol L™' CdCl, and
0.025 mol L™! Na,TeO3 in 0.1 M, pH 4.0 CBS for CdTe—
TiO, NT preparation).

Characterization

The morphologies of the products were characterized by a
Model S-4800 field emission scanning electron microscope
(FESEM). Energy dispersive X-ray (EDX) spectrometer
fitted to the electron microscope was applied for elemental
analysis. The crystal phases of the resulting samples were
determined by an X-ray diffractometer with Cu—K, radia-
tion (XRD, M21X, MAC Science Ltd., Japan). UV-Vis
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diffuse reflectance spectra (DRS) were recorded with a
UV-Visible spectrophotometer (Cary 300, USA) equipped
with an integrating sphere with radius of 150 mm.

Photocurrent measurements

Photocurrents were recorded on a CHI 660D electro-
chemical workstation by using a three-electrode configu-
ration with bare TiO, NT or the modified TiO, NT/Ti sheet
as the working electrode, a Pt-foil as the counter electrode
and an SCE as the reference electrode in 0.5 M Na,SO,4
solution. A 500 W xenon arc lamp (CHF-XQ-500 W,
Beijing Changtuo Co., Ltd.) served as the simulated solar
light source (280-2000 nm) with the photon flux of
100 mW cm ™ measured by NOVA Oriel 70260 with a
thermodetector.

Photocatalytic degradation of 2,4-D

The photocatalytic degradation experiments were carried
out under stirring in a quartz beaker containing 60 mL
10 mg L™ 2,4-D. The photocatalyst samples with a total
active area of 6.0 cm? were vertically placed in the quartz
beaker. A 500 W xenon arc lamp (CHF-XQ-500 W,
Beijing Changtuo Co., Ltd.), with the photon flux of
100 mW cm ™2 served as the light source to simulate solar
light irradiation or visible light irradiation (with a UV-
cutoff filter >420 nm). Before the irradiation, the system
was maintained in the dark for 0.5 h to reach complete
adsorption—desorption equilibrium, so that the decreased
concentration of 2,4-D with irradiation time can fully
reflect the photocatalytic activities of the catalysts. The
concentration of 2,4-D was determined by UV—Vis spec-
trophotometry on a Cary 300 spectrophotometer (Varian)
according to the characteristic absorbance of 227 nm. The
accurate concentration of 2,4-D was determined by high-
performance liquid chromatography (HPLC, Agilent
1100HPLC).

Results and discussion
Morphology and structure characterization

The surface morphologies of the prepared photocatalysts
are shown in Fig. 1. The bare TiO, NT is composed of
high-density, well-ordered, and uniform TiO, nanotubes in
pore size of about 90 nm (Fig. 1a). After deposition of GO
onto the TiO, NT/Ti electrode, a continuous and trans-
parent RGO film was formed on the top surface of TiO, NT
(Fig. 1b). It should be noted that the electrochemical
reduction of GO has been well documented in our previous
work [21]. Figure 1c shows that the CdTe NPs were

distributed on the outside and inside walls of TiO, NT,
where the CdTe NPs seriously aggregated. The one-pot
deposition of RGO and CdTe led to the homogeneous
dispersion of CdTe NPs with smaller size within RGO
sheets and inner/outer walls of TiO, NT (Fig. 1d). As we
know, homogeneous and small particles are more favorable
for light absorption and electrons transport [32].

The composition and structure of the RGO/CdTe-TiO,
NT were confirmed by EDX and XRD analysis. The EDX
results demonstrate that the atom ratio of Te and Cd was
1.05, proximal to the intrinsic molar component of CdTe.
Figure 2 shows the XRD spectra of bare TiO, NT (Fig. 2a)
and RGO/CdTe-TiO, NT (Fig. 2b). Besides the peaks
coming from Ti substrate (JCPDS file No. 05-0682, marked
by Ti), all the samples exhibited the characteristic dif-
fraction peaks of anatase TiO, NTs (JCPDS file No.
71-1167, marked by A). The similar XRD patterns indicate
that the deposition of RGO or/and CdTe had no influence
on the crystalline structure of the TiO, NT. There was no
obvious diffraction peak of graphene in the RGO/CdTe-
TiO, NT due to the two-dimensional thin-film structure of
graphene that could not be detected by conventional
powder X-ray diffractometer. By comparison of RGO/
CdTe-TiO, NT with bare TiO, NT, some new peaks
(marked by C) appeared which were assigned to cubic
crystalline CdTe according to JCPDS file No. 89-3053.
Figure 3 gives the Raman spectra of GO and RGO. The
ratio of D-band to G-band significantly enhanced after GO
had been deposited onto the surface of TiO, NT, meaning
the reduction of GO into RGO. This is well consistent with
the literature [9].

Property characterization

It is well known that for elimination of environmental
pollutants, an effective photocatalyst should possess a high
photocatalytic activity both in UV and visible region, so
that the whole solar-energy spectrum can be used as much
as possible. The DRS spectra of RGO/CdTe-TiO, NT and
other samples were shown in Fig. 4. The bare TiO, NT
exhibits two absorption edges at about 420 and 540 nm
attributed to intrinsic band-gap absorption of TiO, and
structural defect absorption, respectively [33]. It is clear to
be seen that the modification with RGO or CdTe resulted in
red shifts in the absorption edges, and moreover the
absorption intensities significantly increased in the whole
UV-Vis region. Further enhanced UV-Vis light absorption
occurred on the ternary RGO/CdTe-TiO, NT photocata-
lyst, due to the synergetic effect of CdTe and RGO.

The photoinduced charge separation in the photocata-
lysts was then evaluated by measuring the photocurrent.
Figure 5 shows the current—time (/-f) characteristics of the
bare TiO, NT and modified-TiO, NT electrodes recorded
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Fig. 1 SEM images of a bare
TiO, NT, b RGO-TiO, NT,

¢ CdTe-TiO, NT, and d RGO/
CdTe-TiO, NT
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Fig. 2 XRD patterns of a bare TiO, NT and b RGO/CdTe-TiO, NT

in 0.5 M Na,SO,. Both RGO-TiO, NT (Fig. 5b) and
CdTe-TiO, NT (Fig. 5c) displayed much increased pho-
tocurrent responses in comparison with bare TiO, NT
(Fig. 5a), indicating more photogenerated charges which
were effectively separated in RGO-TiO, NT and CdTe-
TiO, NT. As reported, the calculated work function for
RGO is 4.7-4.9 eV [34], facilitating the fast capture of
electrons from TiO, with a conduction band level of about
—4.2 eV (vs vacuum). The CdTe-TiO, NT hybrid showed
higher photocurrent density than RGO-TiO, NT because
of the simultaneous excitations of the two semiconductors
under UV—-Vis irradiation in the former that produced more
electron-hole pairs relative to only TiO, excitation in the
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Fig. 3 Raman spectra of GO and RGO

1.4
_— FtGOICdTe-TiO2 NT
—_ 1.2 .
=5 —— RGO-TiO, NT
8
g 107 ——CdTe-TiO, NT
c
© ——bare TiO, NT
2 0.8 2
o
[7]
r-]
< 06
0.4 1 : 1 T
400 500 600 700 800

Wavelength (nm)

Fig. 4 DRS spectra of bare TiO, NT, RGO-TiO, NT, CdTe-TiO,
NT, and RGO/CdTe-TiO, NT



J Mater Sci (2014) 49:2263-2269

2267

1.2
= Light on Light on
£ (= @
b 1.0
< c
£ o8- ©
2
2 0.6 (b)
[}
.-
= 0.4
c
g (a)
§ 0.2
5 Ligth off Ligth off Ligth off
£ 0.0
o

0 20 40 60 80 100
Time/s

Fig. 5 Photocurrent responses of a bare TiO, NT, b RGO-TiO, NT,
¢ CdTe-TiO, NT, and d RGO/CdTe-TiO, NT in 0.5 M Na,SO,
solution under simulated solar light (100 mW cm ™) irradiation with
a bias of 0 V (vs SCE)

Scheme 2 Illustration of charge transfer in RGO/CdTe-TiO, NT and
the formation of photocatalytically active species for degradation of
2,4-D

latter. By incorporation of RGO into CdTe-TiO, NT to
form ternary RGO/CdTe-TiO, NT, the photocurrent den-
sity further increased (Fig. 5d) because of more effective
transfer and separation of the photoinduced charges
between the RGO/TiO, and RGO/CdTe heterojunction
interfaces according to the band alignment between CdTe
and TiO,, where the photoexcited electrons transfer from
the conduction band (CB) of CdTe to the CB of TiO, [20],
then to RGO and finally to RGO (Scheme 2).

Adsorption capacity of photocatalysts toward 2,4-D

The adsorption capacity was investigated by placing the
photocatalysts in a 10 mL 1.0 mg L™' (4.5 uM) 2,4-D
aqueous solution for 2 h and evaluating the remaining 2,4-
D concentration by HPLC. Adsorptivity of catalysts is a
crucial factor required for efficient degradation of pollutant
molecules particularly in a low concentration level. One of
the prominent advantages of graphene over other tradi-
tional materials, such as semiconductors, noble metals, and
dyes for modification of TiO,, is its high affinity toward
organic molecules, especially aromatic molecules [26].
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Fig. 6 Adsorption of 2,4-D on: a bare TiO, NT, b CdTe-TiO, NT, ¢
RGO-TiO, NT, and d RGO/CdTe-TiO, NT

Herein, although the RGO layer deposited on the surface of
TiO, NT blocked the tube entrance and perhaps decreased
the effective area of TiO, NT, about 13 % of the 2,4-D
molecules were adsorbed on RGO-TiO, NT (Fig. 6¢), far
higher than 2 % on bare TiO, NT (Fig. 6a). This indicates
that the nominally large specific surface of TiO, NT played
a minor role in adsorbing 2,4-D due to its high hydrophi-
licity and the n—m and/or hydrophobic interactions between
RGO and 2,4-D were responsible for the good adsorptivity
of RGO-TiO, NT. Apparently, CdTe NPs incorporation
had no significantly positive effect on the adsorptivity by
comparison of CdTe-TiO, NT (Fig. 6b) and RGO/CdTe—
TiO, NT (Fig. 5d) with bare TiO, NT (Fig. 6a) and RGO-
TiO, NT (Fig. 6¢), respectively.

Subsequently, the photocatalysts with adsorbed 2,4-D
were irradiated with a 500 W xenon arc lamp for 30 min,
and then the catalysts were repeatedly rinsed with a sodium
hydroxide solution. It was shown that no 2,4-D was
detected in the condensed eluent, implying that the absor-
bed 2,4-D had been effectively degraded. This result means
that RGO could extract 2,4-D molecules from solution and
then concentrate them near the catalyst surface to promote
the photocatalytic degradation.

Degradation of 2,4-D

Figure 7 shows the photocatalytic degradation results of
2,4-D over the photocatalysts under UV-Vis light irradia-
tion (Fig. 7a) and visible light irradiation (Fig. 7b). Under
UV-Vis light irradiation, bare TiO, NT, CdTe-TiO, NT,
and RGO-TiO, NT showed moderate photocatalytic
activities. After 180-min UV-Vis irradiation, only 42, 52,
and 58 % removal of 2,4-D over bare TiO, NT, CdTe—
TiO, NT, and RGO-TiO, NT were observed, respectively,
while almost 100 % removal of 2,4-D over RGO/CdTe-
TiO, NT was achieved. The result should be attributed to
the simultaneous excitations of CdTe and TiO, under UV-
Vis irradiation, the excellent electron capture and transport
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Fig. 7 Photocatalytic degradation of 2,4-D over the photocatalysts
under a UV-Vis light irradiation and b visible light irradiation. The
initial 2,4-D concentration is 10.0 mg L™

properties, and good adsorption capacity of RGO. Under
visible light irradiation, only CdTe was excited, so both
CdTe-TiO, NT and RGO/CdTe-TiO, NT exhibited obvi-
ous photocatalytic activities while other photocatalyst
without CdTe showed negative photocatalytic activities.
Furthermore, it is clearly seen that RGO/CdTe-TiO, NT
showed about 96 % degradation efficiency of 2,4-D much
higher than 41 % on CdTe-TiO, NT after 180-min irra-
diation, indicative of a synergetic effect among RGO,
CdTe, and TiO,. As mentioned in photocurrent analysis,
the photogenerated electrons could transfer from CdTe to
TiO,, TiO, to RGO, and CdTe to RGO (Scheme 2),
facilitating the maximum photoinduced charge separation
in RGO/CdTe-TiO, NT.

Conclusion

TiO, NT co-modified with reduced graphene oxide (RGO)
and CdTe NPs was prepared using a simple one-step
electrodeposition technique. As usual, the narrow-band-gap
CdTe sensitized the TiO, NT to extend its absorption from
UV to visible region and enhanced the photogenerated
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electron—hole separation in the photocatalyst. Furthermore,
the effects were greatly aggrandized by introduction of the
excellent electron acceptor and transporter RGO which
effectively collected the excited electrons from both CdTe
and TiO, and then dispatched them to reaction sites,
resulting in the enhanced photocatalytic activity. This
study will inspire better design of advanced photocatalysts
with high UV-Visible-light photocatalytic activity.
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