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1. Introduction
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Synthesis of Mo-doped TiO, Nanowires/Reduced Graphene Oxide
Composites with Enhanced Photodegradation Performance under
Visible Light Irradiationt

Shanshan zhu,® Yuming Dong,? Xiaofeng Xia,* Xiang Liu"® and Hexing Li"®

In this research, anatase type Mo-doped TiO, nanowires/reduced graphene oxide (Mo-TiO,NWs/RGO) composites were
successfully synthesized using a one-step alkali hydrothermal method followed by a calcination treatment at 500°C, in
which commercial TiO, nanoparticles (Degussa P25) and graphene oxide (GO) were used as the precursors. GO was
reduced to RGO during the alkali hydrothermal progress, and Mo was incorporated into the lattice of TiO, nanowires
(TiOoNWSs) simultaneously. The samples were characterized by X-ray diffraction (XRD), Raman spectroscopy,
thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), X-photoelectron spectroscopy (XPS),
inductively coupled plasma-atomic emission spectrometry (ICP-AES), scanning electron microscope (SEM), transmission
electron microscope (TEM) and UV-visible diffuse reflectance spectroscopy (DRS). The photocatalytic properties of the
prepared catalysts were evaluated for the photodegradation of methylene blue (MB) under visible light irradiation. The
results showed that Mo-TiO,NWs/RGO composites exhibited much higher photocatalytic activity in comparison to the
mono-modified or non-modified TiO,NWs, the photodegradation efficiency of Mo-TiO,NWs/RGO composites could reach
up to 94.1% in 120 min, and no obvious deactivation was observed in the durability experiments. The mechanism of the
enhanced photocatalytic activity, which aroused from the synergistic effect of morphology modification, Mo doping and
graphene incorporation, was put forward.

dimensional (2D) morphology and extraordinary optical,
mechanical, thermal, and electrical attributes” ™. The
combination of graphene and TiO, can tremendously improve

Since the pioneering discovery of photocatalytic activity in
early 197051, TiO, has attracted extensive attention in
catalytic field during the past decades due to the promising
potentials such as inexpensive cost, high chemical stability
and environment friendlyz. Nevertheless the relatively wide
band gap and rapid recombination of the photoexcited
electron-hole pairs result in the lack of visible light absorption
(A<380 nm) and the loss of practically 90% of the excited
carriers>. Therefore, plenty of strategies have been
developed to modify intrinsic TiO, aiming at extending light-
response range to the visible region and prolonging lifetime
of the photogenerated electron-hole pairs, including doping4'
5, loading with noble metals, constructing unique geometry7,
coupling with other semiconductorg, metal oxides™ *° and
carbonaceous materials'**® Compared to
carbonaceous materials, graphene has gotten extraordinary
attention to fabricate novel TiO,—graphene composite
photocatalysts as a consequence of its distinct two-
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the photocatalytic performance due to the enhancive
adsorption of pollutants, extended light absorption range and
enhanced charge separation and transportationlg‘ 20,21

Nevertheless, limited visible light absorption and rapid
recombination of photogenerated electron-hole pairs are still
the primary obstacles to use solid photocatalysts in aqueous
medium. The photocatalytic activity of TiO,—graphene
composites can be further strengthen either by facilitating
the visible light absorption or by restraining the
recombination of photo-excited electron-hole pairs through
the incorporation of other species to the composites. For
instance, Nguyen-Phan and co-workers®? reported a
hydrothermal method for the preparation of Sn-doped TiO,
nanoparticles supported onto reduced graphene oxide (RGO),
which showed excellent photocatalytic performance. Qian et
al.® prepared N-doped TiO,/graphene composites which
showed superior photocatalytic efficiency due to the
synergistic roles of the conductive carbon platform and the
N-doped TiO,. Zhang et al.? synthesized the visible-light
responsive magnetic Fe,05/TiO,/graphene hybrid
photocatalysts and the photodegradation results showed that
the hybrids possessed impressive visible-light photocatalytic
performance than other samples.

Despite the above-mentioned promising results, there
are still some defects since TiO, nanoparticles turn to
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agglomerate on RGO, which would prohibit the direct
chemical contact between these two components, and thus
may immensely weaken the synergetic catalytic effect of RGO
and TiO, nanoparticleszs. Thus, if we use appropriate
methods to modify TiO, morphology, such as constructing
one-dimensional (1D) structured TiO, nanowires, this
problem will be avoided. In our previous study, we had
prepared graphene/Fe3+-doped TiO, nanowire composites
(GR/Fe-NWCs) through a facile hydrothermal method, and
the photocatalytic performance of GR/Fe-NWCs for
methylene blue (MB) under visible light was much higher
than other photocatalystszs. In addition, many theoretical
and experimental studies had demonstrated that Mo-doped
TiO, materials presented enhanced photocatalytic activity
and photoelectrochemical performance compared with
pristine Ti0227'30.

Therefore, if we can employ more strategies together to
modify TiO,, for example, doping with metal or nonmetal
element into the pristine TiO,, constructing 1D structured
TiO, and incorporating with graphene, the photocatalytic
activity of the finally synthesized photocatalysts may be
further enhanced. Herein, we prepared Mo-doped TiO,
nanowires/reduced graphene oxide (Mo-TiO,NWs/RGO)
composites for the first time via a facile alkali hydrothermal
method followed by a calcination treatment and investigated
their photocatalytic activity towards the photodegradation of
MB, a representative dye, under visible light irradiation. The
photodegradation results demonstrated that Mo-
TiO,NWs/RGO composites exhibited remarkable
improvement for decomposing MB when compared with the
mono-modified TiO,NWs and non-modified TiO,NWs.
Moreover, the mechanism we put forward could explain the
synergistic effect of these modification methods.

2. Experimental section
2.1 Materials

Commercial TiO, nanoparticles (Degussa P25) were
purchased from Evonik-Degussa. Graphite flakes (Aldrich),
Methylene Blue (MB) and other chemicals were obtained
from Sinopharm Chemical Reagent Company. All reagents

were of analytical grade without any further purification.

2.2 Synthesis of Graphene Oxide (GO)

GO was prepared from natural graphite flakes applying a
modified Hummer’s method31, the specific procedure was
described previouslyzs.

2.3 Synthesis of Mo-doped TiO, nanowires/reduced graphene
oxide (Mo-TiO,NWs/RGO) composites

Mo-TiO,NWs/RGO composites were synthesized using a
modified alkali hydrothermal process32 followed a calcination
treatment. In a typical preparation route, firstly, 50 mg of as-
prepared GO was put into 60 ml of deionized water and
underwent sonication for 2 h. Next, 1.0g commercial TiO,
nanoparticles (Degussa P25) and 0.011g (NH4)¢Mo050,,-4H,0

2| J. Name., 2012, 00, 1-3

(containing 0.5 at% of Mo) were added to the GO suspension
and stirred another 30min to obtain a homogeneous greyish
suspension. After the addition of 40g of KOH, the suspension
was transferred into a Teflon-sealed autoclave of 100 mL
capacity and kept at 200°C for 24 h. After being cooled down
to room temperature, the resulting gel was washed with
0.1M HCI aqueous solution, deionized water and ethanol for
several times until the resulting pH was neutral. After being
recovered by centrifugation, the wet product was dried at
60°C and annealed at 500°C for 2 h under N, atmosphere. For
comparison, TiO, nanowires/reduced graphene oxide
(denoted as TiO,NWs/RGO) composites, Mo-doped TiO,
nanowires (Mo-TiO,NWs) and TiO, nanowires (TiO,NWs)
were also synthesized using the same hydrothermal method
except addition of Mo or/and GO sources. In addition, Mo-
TiO,NWs as well as TiO,NWs were annealed in the air.

Furthermore, in order to investigate the influence of
RGO content on the photocatalytic activity of Mo-
TiO,NWs/RGO composites, the proportions of GO to Mo-
TiO,NWs were designed by varying the added amount of GO
(10, 50, 100 and 200 mg), and the obtained samples were
marked as Mo-TiO,NWs/RGO-x, where x =1, 5, 10 and 20,
respectively. After the photocatalytic research of the series of
Mo-TiO,NWs/RGO-x composites, Mo-TiO,NWs/RGO-5
composites show the best photocatalytic activity compared
with others (Fig. S1, ESIT), so the Mo-TiO,NWs/RGO-5
composites were used as the followed Mo-TiO,NWs/RGO
composites.

2.4. Characterizations

Powder X-ray diffraction (XRD) patterns of the samples were
performed by Bruker D8 Advance diffractometer (Bruker AXS
Ltd., Germany) using Cu Ka radiation, operated at 40 kV and
30 mA in the range of 5-80° (26). Scanning electron
microscopy (SEM) was collected with an S-4800 scanning
electron analyzer (Hitachi, Ltd., Japan) with an accelerating
voltage of 15 Kv. The transmission electron microscopy (TEM)
images were carried out by JEM-2100 instrument (JEOL,
Japan) operating at an accelerating voltage of 200 kV. Raman
spectra measurements were recorded with an inVia Reflex
Raman spectrometer (Renishaw Ltd., United Kingdom) with
532 nm laser excitation. Thermogravimetric analysis (TGA)
was performed on a TGA/1100SF thermoanalyzer (Mettler
Toledo, Switzerland) in air flow at a heating rate of 10°C/min.
Fourier Transform Infrared (FTIR) spectra were acquired on a
Nicolet iS50 FT-IR spectrophotometer (Thermo Fisher
Scientific Inc., USA) in the range of 4000-400cm™ with KBr as
the reference sample. UV-vis diffuse reflectance spectra
(DRS) were measured using a UV-2550 spectrometer
(Shimadzu, Japan) in the wavelength region from 200 to 800
nm, in which BaSO, was used as the background. The surface
electronic states were analyzed by Versa Probe PHI 5000 XPS
(Ulvac-PHI, INC. Japan). All the binding energy (BE) values
were calibrated based on the containment carbon (Cls 284.6
eV). The real atom content of Mo in the as-prepared samples
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was conducted on ICP-AES (VISTA-MPXICP-OES, Varian Ltd,
USA).

2.5 Evaluation of photocatalytic activity and endurance

The photocatalytic activities of the prepared photocatalysts
were evaluated by measuring the photodecomposition of
methylene blue (MB) aqueous solution under visible light
irradiation using a 400W Xe lamp with a UV-CUT filter (A >380
nm) as the light source, and the distance between the lamp
and the solutions was about 15 cm. In a representative
procedure, 60 mg of photocatalysts were dispersed in 500mL
of 10 mg/L MB aqueous solution. Before irradiation, the
suspension was magnetically stirred in the dark for 1h in
order to establish an adsorption/desorption equilibrium
between the photocatalysts and MB. At given time intervals,
about 5mL photoreacted solution was collected and then
centrifuged to remove any suspended solid photocatalysts.
The initial and remaining concentration of MB was calculated
via analyzing the absorbance measured on a UV-vis
spectrophotometer at the wavelength of 663 nm since the
concentration changes (C/C,) of MB were proportional to the
absorbance (A/A,) during the photodegradation, where C,
and A, are the initial concentration and absorbance of MB,
respectively,
absorbance of MB at real time t, respectively. As a contrast, a

C and A refer to the concentration and

control sample composed of P25+RGO by physical blending
and a blank test without photocatalysts were implemented as
well.

What's more, five successive cycles were tested to
examine the durability and reusability of the Mo-
TiO,NWs/RGO photocatalysts toward the degradation of MB
under visible light irradiation, each lasting for 120 min. After
each cycle, the photocatalysts were filtered and washed
thoroughly with deionized water and ethanol, and then dried
at 60°C for the next experiment.

3. Results and discussion
3.1 Sample characterization

XRD was used to analyze the crystalline phases of different
samples as illustrated in Fig. 1. It can be seen that TiO,NWs,
Mo-TiO,NWs,  TiO,NWs/RGO Mo-TiO,NWs/RGO
composites (Fig. 1 (a)-(d)) have similar diffraction peaks at
26=25.3°, 37.8°, 48.0°, 53.9°, 55.1°, 62.7°, 68.8°, 70.3° and
75.0° corresponding to (101), (004), (200), (105), (211), (204),
(116), (220) and (215) planes of the anatase TiO, (JCPDS
No.21-1272), respectively. And no obvious characteristic
peaks of MoO; are detected in Mo-TiO,NWs and Mo-
TiO,NWs/RGO composites, which could be explained by the
low dopant amount or even dispersion of M00333. In
addition, it should be noted that GO (Fig. 1(e)) has a
diffraction peak at 26=10.25° corresponding to (002) peak
with an interlayer distance of 10.9A, indicating that the
pristine graphite was oxidized into GO with a highly-ordered
layered structure®®. Compared with the GO, this characteristic
peak in TiO,NWs/RGO and Mo-TiO,NWs/RGO composites

and

This journal is © The Royal Society of Chemistry 20xx

disappear after the alkali hydrothermal process
demonstrating that most of GO was successfully reduced to
graphene. The typical peak of graphene at about 26=25° can’t
be detected, which can be attributed to the insufficient
amount and relatively weak diffraction intensity of graphene

. . 34-36
in the composites .
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Fig. 1. XRD patterns of TiO,NWs (a), Mo-TiO,NWs (b),
TiO,NWs/RGO (c), Mo-TiO,NWs/RGO (d) and GO (e).

Raman spectroscopy is one of the most powerful tools
to detect the structural and electronic properties of
graphene-based materials. As observed in Fig. 2(a)-(d), four
remarkable peaks observed in the low frequency region are
assigned to the Ej; (4 (145 cm'l), Big (1) (399cm™), AtBig 2)
(516 cm'l) and E; (5 (637cm'1) modes of anatase phase of
TiO,, respectively37. In the Raman spectrum of GO (Fig. 2(e)),
the D and G bands can be observed at around 1342cm™ and
1586cm'1, respectively. It is well-known that D band is a
general character of sp3 defects in carbon and G band
exhibits information on in-plane vibrations of sp2 bonded
carbons®” 3% ¥ while compared with GO, the G band of
TiO,NWs/RGO and Mo-TiO,NWs/RGO composites shifts to
1603 cm™ after the hydrothermal process. The blueshift of
the G band can be ascribed to the transformation of graphite
to graphene sheets or the resonant vibration of isolated
double bonds in higher frequenciesgz. In addition, the
calculated Ip/lg intensity ratio is 1.25 for GO and 1.13 for both
TiO,NWs/RGO and Mo-TiO,NWs/RGO composites. The
decrease of Ip/lg intensity ratio indicates the remove of
hydroxyl and epoxy groups and the restoration of spz-bonded
carbons, affirming the presence of graphene sheets in the
TiO,NWs/RGO and Mo-TiO,NWs/RGO composites™®. And the
TGA analysis (Fig. S2, ESIT) shows that the amount of RGO in
Mo-TiO,NWs/RGO composites is about 5.07 wt%. These
results are consistent with the XRD studies.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. Raman spectra of TiO,NWs (a), Mo-TiO,NWs (b),
TiO,NWs/RGO (c), Mo-TiO,NWs/RGO (d) and GO (e).

FTIR spectra were measured to further prove the
reduction of GO after hydrothermal treatment. The broad
peaks at around 3400 ecm™ and 1390 cm™ for GO and Mo-
TiO,NWs/RGO composites (Fig. S3, ESIT) are attributed to the
surface O-H and tertiary C-OH, respectivelyg. In addition, the
absorption peak at about 1600 em™ s assigned to the
skeletal vibration of graphene35' 3 The spectrum of GO (Fig.
S3(a), ESIT) displays characteristic peaks of oxygen-containing
functional groups such as carboxyl C=0 (1723 cm'l), epoxy C-
0 (1271 cm'l), alkoxy C-O (1043 cm'l), which verified that the
graphite was successfully oxidized to GO. Whereas, for the
Mo-TiO,NWs/RGO composites (Fig. S3(b), ESIt), the
intensities of these oxygen-containing functional groups
decrease sharply, confirming a significant reduction of GO
through the hydrothermal reaction. Moreover, the broad
absorbance band at low frequency (below 1000 cm'l) is
allocated to the stretching vibration of Ti—O-Ti bonds™®3* 4,
And the band at about 467 cm™ was consistent with Ti-O
stretching of the anatase Tioz“.

In order to analyze the different chemical conditions of
Mo-TiO,NWs/RGO composites as well as the existence of Mo
and the interactions between TiO, and graphene in the
compounds, the samples were characterized by XPS. Fig. 3(a)
reveals the XPS survey spectrum of GO, which exhibits
obvious C 1s and O 1s peaks at 284.6 eV and 532.5 eV,
respectively. While compared with GO, the XPS survey
spectrum of Mo-TiO,NWs/RGO composites (Fig. 3(b))
indicates the existences of elements Ti and Mo in the
composites. As can be seen from the inset in Fig. 3(b), two
prominent peaks were recorded at the binding energies of
458.5 eV and 464.2 eV, corresponding to Ti 2p3/, and Ti 2p;,,
signals in the Ti* chemical form, respectivelylg’ 42 Fig. 3(c)
presents the high-resolution XPS spectrum of Mo 3d region,
the binding energies of 232.2 eV and 235.3 eV can be
attributed to the feature of M06+, while 231.2 eV and 234.3
eV correspond to the presence of Mo>* in the lattice of
TiOzNWs3°. Thereby, we can draw the conclusion that Mo
was doped into the lattice of TiO,NWs and coexisted in the
forms of Mo® and Mo’" in Mo-TiO,NWs/RGO composites.
Furthermore, according to the ICP-AES, the real atom content
of Mo in the Mo-TiO,NWs/RGO composites is 0.42 at.%. The

4| J. Name., 2012, 00, 1-3

high-resolution Cls XPS spectra for GO and Mo-
TiO,NWs/RGO composites are illustrated in Fig. 3(d) and 3(e),
respectively. For GO (Fig. 3(d)), the peak centered at 284.6 eV
is corresponded to the C-C, C=C and C-H bondsw, and the
other peaks at 286.7 eV and 287.8 eV are assigned to C-O in
hydroxyl or epoxy groups and C=O34, respectively.
Nonetheless, the peak intensities of these oxygen-containing
functional groups dramatically reduced in the C 1s XPS
spectrum of Mo-TiO,NWs/RGO composites (Fig. 3(e)),
revealing that GO was mostly reduced to RGO. Furthermore,
the O1s XPS spectrum of GO is located at 532.5 eV, which is
closely related to the abundant hydroxyl groups on the
surface of GOlg, while this peak shifts to 529.7 eV for Mo-
TiO,NWs/RGO composites, as shown in Fig. 3(f). This
chemical shift may be assigned to the formation of Ti-O-C
bond in the compositeslg. These mentioned results indicate
that Mo was successfully incorporated into the lattice of
TiO,NWs, further demonstrate the effective reduction of GO
and the existence of the integration between TiO,NWs and

graphene in the composites after the hydrothermal
treatment.
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Fig. 3.Full XPS spectra of GO (a) and Mo-TiO,NWs/RGO (b);
fitted XPS spectra of Mo of Mo-TiO,NWs/RGO (c); fitted Cls
XPS of GO (d) and Mo-TiO,NWs/RGO (e); O 1s XPS spectra of
GO and Mo-TiO,NWs/RGO (f).

The micro-morphologies of the as-obtained Mo-
TiO,NWs/RGO composites were characterized by SEM and
TEM, as displayed in Fig. 4. As can be seen from SEM images
(Fig. 4(a)-(b)) that plenty of 1D nanostructured Mo-TiO,NWs

This journal is © The Royal Society of Chemistry 20xx
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are dispersed on the surface of RGO after hydrothermal
treatment with an average diameter of about 10nm and
length of several hundred nanometers. Nevertheless, the
graphene nanosheets in the composites are not obvious due
to their low contrast in SEM. Hence, TEM was used to further
illustrate the structure of Mo-TiO,NWs/RGO composites. The
typical TEM images (Fig. 4(c)-(d)) reveals that the RGO is
layered morphology with smooth surface, playing the role of
a matrix for the concentrated Mo-TiO,NWs. It is effortless to
observe that the Mo-TiO,NWs immensely take up the
utilizable surface area of RGO, resulting much abundant
attachment of Mo-TiO,NWs in the composites. Obviously,
this reasonably uniform nanostructure can guarantee direct
chemical contact between Mo-TiO,NWs and graphene, thus
improving the efficiency of photodegradation for organic
pollutants.

Fig. 4. SEM (a, b) and TEM images(c, d) of Mo-TiO,NWs/RGO
composites.

The light absorption range of the photocatalyst is crucial to
its application in solving the environmental problems. The
UV-vis DRS of all the as-synthesized samples are exhibited in
Fig. 5(a). Compared with TiO,NWs, which shows little
response to visible light, the absorption edge of Mo-TiO,NWs
shifts to the longer wavelength and the response intensity of
visible light promotes slightly. This could be explained by the
narrower band gap of TiO, resulted from Mo-doping“. When
incorporated graphene into the matrix of TiO,NWs, the
composites have a broad and intense absorption in visible-
light range, which was due to the formation of Ti-O-C bond
between TiO, and RGOM, similar to the instances of carbon-
modified TiO, composite photocatalystsls‘ Bt s
noteworthy to notice that compared with TiO,/RGO
composites, Mo-TiO,NWs/RGO composites show a red shift
in the absorption edge and stronger visible light absorption
intensity, which can be put down to the formation of doping
levels within the band gap of TiO,NWs because of Mo doping.
The effective red shift in the absorption edge and the
significantly improved light absorption in visible region are
favorable to the photocatalytic activity of Mo-TiO,NWs/RGO
composites. Hence, these features indicate that Mo-

This journal is © The Royal Society of Chemistry 20xx
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TiO,NWs/RGO composites could achieve
photocatalytic activity for photodegradation of MB.

Moreover, by applying Tauc’s plotzz, the band gap
energy (Eg) of all the as-synthesized photocatalysts can be
calculated. The curves in Fig. 5(b) exhibit the band gaps of the
as-synthesized photocatalysts (obtained by extrapolation)
and their values are 3.30, 3.23, 3.13 and 2.98 eV for TiO,NWs,
Mo-TiO,NWs, TiO,NWs/RGO and Mo-TiO,NWs/RGO
respectively. The band gap narrowed from 3.30 to 2.98 eV for
TiO,NWs/RGO, denoting the charge transfer transitions
between these three components. Hence, doping with Mo
and incorporation of RGO could distinctly change the local
electronic structure of TiO,NWs, thus improving the
photocatalytic performance.

higher

) (@) b
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Fig. 5. The UV-vis diffuse reflectance absorption spectra (a)
and corresponding Tauc’s plot (b) of different photocatalysts.

3.2 Photocatalytic performance and endurance

It is universally known that MB is one of the most
representative organic dyes and has been extensively applied
in industrial production, which often causes pollution to the
environment. Thus, in our study, MB was chosen to be a
pollutant model to estimate the photocatalytic activity of
different catalysts. The photodegradation tests were
performed under visible light irradiation, and the results are
shown in Fig. 6. The adsorptive capacity of the photocatalysts
was measured by keeping the mixture of MB aqueous
solution and photocatalysts in the dark for 1 h to establish
adsorption/desorption equilibrium. The results (displayed in
Fig. S4(a), (ESIT)) indicate that both the physical mixture of
P25+RGO and the photocatalysts without RGO show weak
adsorption for MB, while with the incorporation of graphene,
the adsorptive capacity for MB is much enhanced, this could
be attributed to the m-m conjugation between MB and
aromatic regions of RGO* ¥ Such an intensive adsorptivity is
favorable for photodegradation of MB on the surface of the
photocatalystsaz, as illustrated in Fig. 6(a). The self-
degradation of MB without photocatalysts is only 5.8%, and
the Mo-TiO,NWs/RGO composites display the highest
photocatalytic performance among the tested samples, about
94.1% of the MB was degraded after 120 min under visible
light irradiation, while the degradation efficiency is only
33.5%, 41.6%, 59.3% and 83.9% for P25+RGO, TiO,NWs, Mo-
TiO,NWs and TiO,NWSs/RGO, respectively.

The kinetics of the photodegradation reaction of all the
catalysts was fitted to a pseudo-first order equation: In (Cp/C)
=kt, where k is the reaction rate constant (min'l) and t is the

J. Name., 2013, 00, 1-3 | 5
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reaction time, as shown in Fig. 6(b). For the blank experiment
(no catalysts), the MB decomposes at relatively slow reaction
rate with k=0.0004 min™. It becomes obvious that the
reaction rate constant of MB self-degradation was quite
lower than that of the photodegradation of MB with the
presence of P25+RGO (0.0025 min'l), TiO,NWs (0.0031 min'l),
Mo-TiO,NWs (0.0062 min™), TiO,NWs/RGO (0.0119 min™)
and Mo-TiO,NWs/RGO (0.0202 min'l). The reaction rate
constant of TiO,NWs/RGO for MB degradation was 3.8 times
higher than that of TiO,NWs and the reaction rate constant of
Mo-TiO,NWs/RGO for MB degradation was 3.3 times higher
than that of Mo-TiO,NWs, indicating that the incorporation of
RGO significantly strengthened the photocatalytic activity of
TiO,NWs. This is due to the special structure of RGO which
can not only strengthen MB adsorptive capacity for gathering
reactant to enhance the reaction rate48, but also accelerate
electron transfer through interfacial interactions to reduce
the recombination of photogenerated electron-hole pairsz.
On the other hand, the reaction rate constants of Mo-
TiO,NWs and Mo-TiOo,NWs/RGO composites for MB
degradation were much higher than that of TiO,NWs and
TiO,NWs/RGO composites, respectively, which was because
the Mo ions was able to capture the photogenerated carriers
to extend the lifetime of carriers or accelerate the separation
of carriers®. These results demonstrate that the synergistic
effects between Mo doping and RGO significantly improved
the visible light photocatalytic activity of TiO,NWs.

1 n = nocatalysts (b))
1.0 o -\-\.( ) 3] P25+RGO
~_ , A TIONWs
0.8+ . .~ ‘nght on v Mof'nozNWs
Light off .— * TIONWSRGO
0.6 ~. S 214 Mo-TIONWs/RGO .
- \
Q —=—no catalysts \ o> *
S % o pasire0 9:- *
TIO,NWs = 14 . .
021 v mo-TioNWs e
TIO,NWS/RGO e %
0.09 < Mo-TiONWSIRGO Y
60 -30 0 30 60 90 120 0 20 40 60 80 100 120
Time(min) Time (min)
Fig. 6. Photodecomposition curves (a) and the

relationship between irradiation time and In (Cy/C) (b) of
different catalysts for MB, as well as one blank experiment.

Compared to other doped TiO,-graphene composites37’

the Mo-TiO,NWs/RGO composites show better
photocatalytic activity for the degradation of MB (Table S1,
ESIt). The durability and reusability are the important
indicators to evaluate the performance of photocatalysts. The
additional recycling experiments exhibited that there was no
obvious decrease in photocatalytic degradation efficiency
during the five consecutive cycles (Fig. S4(b), ESIT),
confirming that the Mo-TiO,NWs/RGO composites were
relatively stable during the photocatalytic reactions.

As showed in Fig. 7, first, the excellent adsorption capacity
of MB on Mo-TiO,NWs/RGO composites is not just the simple
physical adsorption, but also includes m-t conjugation
between MB and RGO due to their aromatic nature. The
increased concentration of MB near the catalytic surface is of
great advantage to the photodegradation process32. Second,

48-51
’
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when light irradiates Mo-TiO,NWs/RGO composites,
electrons are excited from the valence band (VB) to the
conduction band (CB), generating excited electrons in the CB
and positive holes in the VB. Mo doping results in the
narrowing of the band gap, therefore it becomes much easier
to separate the photo-generated carriers under the same
conditions® >3, RGO, which acts as both the photo-excited
electron acceptor and donor, can succeed in restraining the
charge recombination, which will notably promote the
photodegradation of MB. Thirdly, the photogenerated
electrons react with O, molecules which are adsorbed on the
surface of TiO, to vyield the ‘O, radical anion and
subsequently the ‘O,  radical anion turns into hydroxide
radical ("OH) by protonation and the photogenerated holes
interact with H,0/OH- resulting in the formation of ‘OH>3,
Then the MB can be decomposed into small molecules
through the chain reactions of "OH.

Thus, in this work, the Mo-TiO,NWs/RGO composites
exhibited excellent photocatalytic activity for degradation of
MB under visible light irradiation. It is observed that both the
incorporation of graphene and Mo doping play important
roles in determining the superior photocatalytic activity, and
the uniform dispersion of TiO,NWs on graphene is also crucial
for the photocatalytic effect of the composites.

B
Mo
&h‘ h* )
B OH" CO,, H,0 and
H,0/0H other mineralization

Fig. 7. Schematic illustration of photocatalytic enhancement
mechanism of Mo-TiO,NWs/RGO composites.

4. Conclusions

In this study, a visible-light-stimulated photocatalyst, Mo-
TiO,NWs/RGO composites, has been prepared successfully by
alkali hydrothermal route followed by a calcination
treatment. Compared with other photocatalysts, the Mo-
TiO,NWs/RGO composites displayed excellent photocatalytic
activity in degradation of MB under visible light irradiation.
Based on the analysis of the results, the outstanding
photocatalytic activity of Mo-TiO,NWs/RGO composites can
be ascribed to the following key factors: (1) morphology
modification; (2) Mo doping; and (3) graphene incorporation.
All these crucial factors reduce the agglomeration of TiO,,
strengthen the adsorption of organic compound, narrow the
band gap energy, significantly enhance the visible light
absorption and promote the separation of photoexcited
electron-hole pairs. We believe that this work can enlighten
the progress of modified TiO, photocatalysts to solve the
environmental problems.

This journal is © The Royal Society of Chemistry 20xx
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Synthesis of Mo-doped TiO, Nanowires/Reduced Graphene Oxide
Composites with Enhanced Photodegradation Performance under
Visible Light Irradiation
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Mo-doped TiO, nanowires/reduced graphene oxide composites with improved visible-light photocatalytic activity

were first synthesized, the photocatalytic mechanism was also discussed.



