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In the present study, we synthesized several high-surface area V,0Os5/TiO,—-SiO, catalysts (vanado titanium
silicate, VTS). The synthesized materials were characterized by PXRD, FE-SEM/EDAX, TEM, FTIR, UV-Vis,
XPS, fluorescence and photocatalytic activity studies. The small-angle powder X-ray diffraction pattern
shows that the 110 and 200 planes are merged to become a single broad peak. Field-emission scanning
electron microscopy shows that the titanosilicate is spherical in shape and V,Os has a hexagonal rod-
shaped morphology. The presence of various metal ions, such as V, Ti, Si and O, was observed by energy
dispersive X-ray analysis and X-ray photoelectron spectroscopy. The transmission electron microscopy
image shows clear hexagonal mesoporous fringes with V,Os distribution. The BET surface area analysis
shows that the VTS catalysts have higher surface areas than pure V,Os. Fourier transform infrared
spectroscopic analysis shows the presence of Ti** ions connected to the silanol groups. The bandwidths
of pure titanosilicate, V,Os and their composites were calculated from their diffuse reflectance
ultraviolet-visible spectra. The bandwidth was tuned by heterojunctions in the studied catalysts. The
photoluminescence spectra of the VTS catalysts show a distinct behaviour as compared to those of the
pure components. The photocatalytic activity of methylene blue degradation was determined with pure
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catalysts, pure titanosilicate and V,Os. This is probably due to the heterojunctions and higher surface

area in VTS-1. Kinetic studies reveal that direct sunlight shows higher activity than pure visible light. A
plausible physical and chemical mechanism for the photocatalytic activity is proposed.
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the absorption of photons and high recombination of electron-hole

1. Introduction

(cc)

In recent years, the use of semiconductor-based materials as pho-
tocatalysts has become the most exciting multidisciplinary research
area in the fields of materials, energy, and environmental tech-
nology because of the potential use of this technology in the
degradation of organic pollutants, hydrogen production by the
splitting of water, and the conversion of carbon dioxide into
hydrocarbons using light energy.*® These applications play signifi-
cant roles in addressing the current environmental problems and
the energy crisis. In semiconductor-based photocatalysis, the pho-
tocatalyst absorbs light energy, which is equal to or greater than the
bandgap of the photocatalyst. In this phenomenon, electron-hole
pairs are generated and migrate to the surface of the photocatalyst,
where the oxidation and reduction reactions occur.*® In general,
most photocatalysts are still limited to electron-hole pair generation
due to the absorption of only UV light, which is very inefficient for
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pairs. To overcome these problems, several efforts, such as metal
doping, doping with another semiconductor and loading of a co-
catalyst, have been made to improve the performance of photo-
catalysts.”*** Therefore, the development of efficient and recyclable
visible light-driven photocatalysts is a current need.”*™®
Vanadium pentoxide (VO) has unique characteristics;
therefore, it is exploited for various applications such as in
catalysts, actuators, sensors, photocatalysis, UV-driven revers-
ible switches and lithium-ion electrode materials.”** Recently,
Fei et al. synthesized VO hollow spheres via a solvothermal
method, and the obtained hollow spheres were calcined.”® The
results showed that VO hollow spheres enabled excellent pho-
todegradation of Rh-B under UV-light irradiation. Liu et al.
synthesized VO/titania photocatalysts via a binary sol-gel
method and an in situ intercalation method; they confirmed
that VO crystallites on the surface of titania could efficiently
improve the photocatalytic performance of VO/titania in MB
degradation in the UV light region.”* VO photocatalysts have
been studied widely due to the strong oxidizing power of VO and
its long-term stability against photochemical decay and chem-
ical inertness.”*>* However, the experimental application of VO

This journal is © The Royal Society of Chemistry 2019
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is limited, and the structure of well-defined g-C;N,/VO hetero-
structures has been shown to be useful for separating and
carrying photogenerated carriers and, thus, for improvement of
visible-light-driven photocatalysis.*

Porous titanosilicate (TS) and titanium dioxide are semi-
conductors that have similar energy bandgaps. Porous titanosili-
cate was successfully synthesized using a template by
a hydrothermal method.” Titanosilicate has been used to catalyze
the oxidation of aromatic compounds, olefins and alcohols using
hydrogen peroxide.”®?" Titanosilicate is also suitable for photo-
degradation experiments when it is combined with other mate-
rials, wherein titanosilicate shows diverse photochemical
benefits.>*>* D. Ljubas et al. reported MB dye removal from water
under UV light irradiation using titanosilicate/reduced graphene
oxide composites.’® The synthesis of V,05/TiO,-SiO, composites
was reported by two different authors. The reported materials have
lower surface areas.*** It is known that pure VO, porous titanosi-
licate or their chemical mixture produce negligible catalytic activity
at room temperature for C-H oxidation and C-C bond breakage.
However, they demonstrate the above activity in the gas phase or at
higher temperatures, which require special reaction setups. In this
report, we have carried out photochemical methylene blue degra-
dation using a new mesoporous and high surface area VO/TiO,~
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SiO, catalyst at room temperature. Because the proposed
composite materials are mesoporous, the adsorption/desorption
of bulky organic dye molecules is more facile, which is expected
to enhance the degradation rate. The synthesized catalysts are
characterized by various advanced analytical techniques. A plau-
sible physical and chemical mechanism of the catalytic activity is
also proposed.

2. Experimental

2.1. Materials

Tetraethyl orthosilicate (TEOS, 98.0%, Sigma-Aldrich) and tita-
nium isopropoxide (TTIP, 97.0%, Sigma-Aldrich), tetrahydro-
furan (THF, 98.0%, SD fine), oxalic acid (OA, 99.0%, SD Fine
Chemicals), ammonium vanadate (NH,VO;, 98.0%, SD Fine
Chemicals), cetyltrimethylammonium bromide (CTAB, 98.0%,
SD fine) and ammonia solution (25%, SD Fine Chemicals) were
used as received without further purification.

2.2. Preparation of V,05/Ti0,-SiO, nanocomposite catalysts

Porous titanosilicate (TiO,-SiO,): an aqueous solution of CTAB
and NH; was stirred for 1 h at room temperature until the
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Fig. 1 FE-SEM images of (a) pure TS, (b) pure VO nanorods and (c and d) the VTS-1 hybrid catalyst.
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Fig. 2 EDS analysis of the VTS-1 catalyst and elemental mapping of the respective elements of the VTS-1 catalyst.

mixture became homogeneous. A calculated amount of tet-
raethyl orthosilicate (TEOS) was added dropwise to this mixture
under vigorous stirring, followed by the addition of a pre-
determined amount of titanium tetraisopropoxide (TTIP); this
mixture was stirred for 6 h. The final molar gel composition was
CTAB:3.32 TTIP:6.14 TEOS:28.55 NH;:24.75 H,0. The
suspension was transferred into a 100 mL Teflon-lined stainless
steel autoclave and heated at 100 °C for 12 h. The product was
collected by centrifugation, washed several times with deion-
ized water and absolute methanol and dried at 80 °C overnight.
The resulting powder was calcined at 550 °C for 6 h in
a programmable tubular furnace in the presence of air. V,05
(VO): to synthesize VO, 0.01 mol OA was added to a mixture of
25 mL deionized water and 5 mL tetrahydrofuran. Then,
0.005 mol NH,VO; was added to the mixture under stirring for
2 h at RT. The reaction mixture was transferred to a 250 mL
Teflon-lined autoclave and crystallized at 180 °C for 24 h. The
solid product was centrifuged, washed with deionized water and
ethanol, and dried at 60 °C for 12 h. The dried sample was
calcined at 500 °C for 2 h. V,05/TiO,-SiO, : VO and TS were
added to 50 mL of methanol in a glass beaker and ultra-
sonicated for 45 min. The products were dried at 80 °C.** VTS
hybrid catalysts with different weight ratios, namely VTS-1 (TS
and VO weight ratio 2 : 1), VTS-2 (TS and VO weight ratio 1 : 1)
and VTS-3 (TS and VO weight ratio 1 : 2), were prepared.

24370 | RSC Adv., 2019, 9, 24368-24376

2.3. Characterization

The X-ray diffraction (XRD) patterns were recorded on an X-ray
diffractometer (Model: X'pert Powder, PANalytical B.V., Neth-
erlands) using Ni-filtered Cu Ke,, 2 = 1.5406 A radiation in the 26
range between 1° and 80°. The particle sizes, shapes and
compositions of the samples were investigated by field emission
scanning electron microscopy-energy dispersive spectroscopy
(INCAx-act, OXFORD Instruments, UK). The transmission elec-
tron microscopic analysis was carried out on a transmission
electron microscope (FEI Tecnai G2 Spirit, Netherlands) with an
acceleration voltage of 200 kV. The surface area measurements
were recorded using a Quantachrome NOVA 1200e analyzer
(USA) at liquid nitrogen temperature. Fourier transform
infrared spectra were acquired with a Spectrum 100 (Perki-
nElmer, USA) using the KBr pellet technique in the 400 to
4000 cm ' range. UV-Vis diffuse reflectance spectra were ob-
tained using an Evolution 600 spectrophotometer (Thermo
Scientific, USA), and BaSO, was used as a reference. The pho-
toluminescence spectra of the samples were obtained on a TSC
Solutions fluorescence spectrophotometer (F96, China) at an
excitation wavelength of 365 nm. The X-ray photoelectron
spectroscopic analysis was carried out on a VG Microtech
Multilab ESCA 3000 spectrometer (UK) using Mg-Ka 91 253.6 €V
radiation as the excitation source.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM images of pure TS (a and b) and the VTS-1 nanocomposite (c and d), HR-TEM image of the VTS-1 nanocomposite (e), and SAED

pattern of the VTS-1 nanocomposite (f).

2.4. Photocatalytic activity tests

The photocatalytic performance of the catalysts was evaluated
by MB degradation under sunlight irradiation at pH 7 at varying
temperatures from 25 °C to 35 °C.** 50 mg of VTS photocatalyst
was added to 100 mL of MB solution (10~* M). To reach the
adsorption equilibrium, the experiment was carried out in dark
conditions for 30 min. During the photocatalytic experiment,
the solution was collected at various times, and the photo-
catalyst was separated from the solution by centrifugation. The
absorbances of the collected samples were verified using
a Thermo Fisher UV-Visible spectrophotometer.

3. Results and discussion

3.1. Powder X-ray diffraction pattern

Fig. S17 shows the small angle PXRD pattern of TS and the wide-
angle PXRD patterns of pure VO, pure titanosilicate, and the
VTS-1, VTS-2 and VTS-3 hybrid catalysts. A single, highly intense
peak at around 2.5° in the small angle XRD pattern is ascribed

This journal is © The Royal Society of Chemistry 2019

to the 100 plane of the mesoporous materials. However, the
other two planes, 110 and 200, are probably merged in a broad
peak. For VO, strong peaks were detected at 26 values of 15.46,
20.36, 21.8, 25.56, 26.22, 31.10, 32.42, 33.40, 34.41, 36.16, 37.48
and 41.36°. According to the literature data of JCPDS-41-1426,
the 260 values resemble those of the orthorhombic crystal
structure of VO with unit cell dimensions of 11.516 x 3.5656 X
4.3727. The high crystallinity and good arrangement of the
crystal lattice of VO are indicated by the noise-free, sharp
peaks.*” A broad peak centred at 23° was ascribed to the partially
amorphous nature of mesoporous TS. No impurity peaks of any
other phases were found." Due to the high-intensity peaks of
VO at the same 26 value of TS, the amorphous TS peak could not
be found in the PXRD patterns of the VTS catalysts.*®

3.2. Field-emission scanning electron microscopy/energy
dispersive X-ray analysis

The morphological structures of pure TS, pure VO and the
VTS catalysts were analyzed by FE-SEM analysis, as shown in

RSC Adv., 2019, 9, 24368-24376 | 24371
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Fig. 4

Fig. 1. Fig. 1a shows the image of pure TS, with uniform
distribution of spherical particles. Fig. 1b presents the
nanorod-like structures of pure VO; the average grain size
was found to be 318 nm. Fig. 1(c and d) show the VTS-1
catalyst, which clearly emphasises the successful distribu-
tion of TS particles on the VO nanorods. The tightly packed
surface morphology of the composite particles is beneficial
for efficient charge carrier separation. Fig. 2 shows the EDS
analysis of VTS-1, which is composed of elements such as V,
O, Ti, and Si; the elemental mapping of VTS-1 is shown in
Fig. 2.

3.3. Transmission electron microscopy

Fig. 3 presents TEM images of pure TS and the VTS-1 hybrid
catalyst. Fig. 3(a and b) shows the morphology of pure TS,
which has a hexagonal porous structure. Fig. 3(c-e) presents
TEM and HR-TEM images of the VTS-1 hybrid catalyst, which
clearly reveals that good heterojunctions were formed between
TS and the VO nanorods.** Fig. 3f shows the selected area
electron diffraction (SAED) pattern of the VTS-1 catalyst. From
these results, it is evident that the TS particles are uniformly
distributed (Fig. 3d) on the VO nanorods, which correlates
with the SEM and PXRD results. Due to the formation of het-
erojunctions between these two semiconductor composites,
the efficiency of the charge carrier separation is enhanced,
which is responsible for the enhancement of the photo-
catalytic activity.

24372 | RSC Adv,, 2019, 9, 24368-24376
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(a) X-ray photoelectron survey spectrum. (b) C 1s, (c) O 1s, (d) Si 2p, (e) Ti 2p, and (f) V 2p deconvolution spectra of the VTS-1 composite.

3.4. BET-surface area

The N, adsorption/desorption isotherms of TS, VIS-1, VIS-2 and
VTS-3 are given in Fig. S2.7 It was found that pure TS has a higher
BET surface area of 452 m* g ' In the catalysts, because the
TS : VO weight ratio of VIS-1 is greater (2 : 1), its surface area is
high (410 m® g~") compared to those of the other catalysts. At
a 1:1 weight ratio, the surface area is further decreased (380 m>
g~ 1). When the weight ratio is 1 : 2, the surface area is much lower
(353 m? g ). From these results, VTS-1 has a higher surface area of
410 m* g '; this is the main reason for its enhanced photocatalytic
activity because the higher surface area allows more visible light to
generate more photo-generated charge carriers, which are
responsible for the extent of photocatalytic activity. Note that pure
TS has a greater surface area than the composite; however, due to
its higher bandgap, it shows less photocatalytic activity.

3.5. Fourier transform infrared spectroscopic analysis

Fig. S37 shows the FT-IR spectra of the synthesized pure TS,
pure VO, and the VTS-1, VIS-2 and VTS-3 catalysts. In the
spectrum of TS, strong peaks of the Si-O-Si band at 1100, 802
and 467 cm ™" indicate the condensation of silicon alkoxide. It
was shown that the peak at 960 cm " is due to the Ti-O band of
TS. A. A. Kumar et al. verified that the bands at 960 cm ™" shown
by TS zeolites can also be ascribed to the stretching mode of
[SiO,] units bonded to Ti** ions [0;SiOTi]. In VO, the peaks at
829 cm™' and 1018 cm™ ' are its characteristic absorption
bands. The V-O-V band at 829 cm ' is ascribed to the

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Photodegradation of MB dye under the irradiation of direct
sunlight with pure TS, pure VO, and the VTS-1, VTS-2 and VTS-3
catalysts.

asymmetric stretching vibration, and the other V-O band at
1018 cm™ " is ascribed to the stretching vibration.’® The spectra
of the VTS catalysts present overlaps of TS and VO. All the FT-IR
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spectra of the composites exhibit the characteristic bands of
both TS and VO, and no impurity peaks were detected.

3.6. Diffuse reflectance ultraviolet-visible spectroscopy

Fig. S41 shows the UV-Visible diffuse reflectance spectra of pure
TS, pure VO, and the VTS-1, VTS-2 and VTS-3 catalysts. It can be
seen that the TS and VO absorption edges appear at around
390 nm and 530 nm, respectively. The absorption edges of the
VTS catalysts moved to higher wavelengths in comparison with
that of TS. This can be attributed to the inorganic hybrid
structure between the TS and VO interfaces. No obvious differ-
ence was observed among the composites, indicating that the
content of VO does not influence the light-harvesting properties
of the prepared composites. It is notable that the VTS catalysts
also exhibit broad background absorption in the visible light
region, which can be attributed to the presence of VO nano-
particles. The results also show that all the VTS catalysts can
function under visible light illumination. The band gaps of TS
and VO are expected to be 3.1 and 2.3 eV, respectively.'

3.7. X-ray photoelectron spectroscopy

Fig. 4a presents the X-ray photoelectron survey spectrum of the
VTS-1 nanocomposite; it shows the presence of Ti, C, O, Si and V
elements, which provides clear evidence for the formation of
heterojunctions between TS and the VO nanorods and corrob-
orates the PXRD, SEM, HR-TEM, TEM and BET results. Fig. 4b-f
presents the deconvolution spectra of C 1s, O 1s, Si 2p, Ti 2p
and V 2p, respectively. From these deconvolution results, C 1s,
O 1s, Si 2p and V 2p show sharp single peaks in their respective
binding energy regions.**** However, Ti shows two different
peaks in the deconvolution spectrum; one is 2p 1/2 and the
other one is 2p 3/2.** These may be due to the tetrahedrally co-
ordinated V-O-Ti-O-Si and Ti-O-Si species, respectively. This

O, —»0OH

Photoreduction ‘ D

0, Degraded
products

Fig. 6 Schematic of the photocatalytic degradation mechanism of MB over the VTS hybrid catalyst under sunlight irradiation.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 A plausible heteroatom environment of V and Ti in the VTS catalyst and a plausible mechanism of methylene blue degradation.

difference is not observed in the V peak, which is probably due
to the low abundance of V-O-Ti-O-Si species.

3.8. Photoluminescence spectroscopy

To further confirm the separation mechanism of electron-hole
pairs in the VTS-1 hybrid catalyst as discussed above, the room

24374 | RSC Adv., 2019, 9, 24368-24376

temperature PL properties of the as-prepared pure VO and VTS-
1 hybrid catalyst were investigated, as shown in Fig. S5.7 The PL
spectra of pure VO and the VTS-1 hybrid catalyst were obtained
at an excitation wavelength of 325 nm. As shown in Fig. S5,1 an
emission at about 546 nm was obviously detected in both pure
VO and the VTS-1 hybrid catalyst. However, the fluorescence

This journal is © The Royal Society of Chemistry 2019
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intensity of the VTS-1 hybrid catalyst (red line) was weaker than
that of pure VO (black line), clearly demonstrating that the
recombination of photogenerated electron-hole pairs was
inhibited greatly in the VTIS-1 hybrid catalyst. This result is in
good agreement with the analysis of the energy band positions
of VO and TS, as discussed above. Thus, the PL spectra offer
direct evidence for the efficient separation of photogenerated
electron-hole pairs in the VTS-1 hybrid catalyst, leading to
enhanced photocatalytic degradation of MB compared to pure
VO and pure TS.

3.9. Photocatalytic activity

Fig. S5t shows that the photocatalytic performance of the
synthesized VTS catalyst in MB dye degradation under direct
sunlight and visible light irradiation, the effects of catalyst
adsorption and the photolysis capacity of the catalyst. MB
shows a maximum absorbance at 655 nm. Fig. S5at shows the
MB dye degradation rates upon irradiation with sunlight at
different time intervals. The degradation of MB dye solution
with VTS catalyst under irradiation of visible light for different
time intervals is shown in Fig. S5b.f The results show that
sunlight-irradiated MB dye with the VTS catalyst solution was
degraded rapidly, i.e. within 60 min, compared to visible light-
irradiated dye (120 min). Fig. S5ct shows the effects of cata-
lyst adsorption on MB dye solution with the VTS catalyst under
dark conditions at different time intervals. Fig. S5d{ shows the
degradation of MB dye under sunlight (30 min) without a cata-
lyst. To demonstrate the influence of TS on the VO nanorods,
the MB degradation was studied under sunlight.

Fig. 5a shows the plots of C/C, vs. irradiation time for the VTS
catalysts, pure TS and pure VO, where the initial concentration
of the MB solution is Cy and C is the MB solution concentration
with respect to the degradation time ‘¢’. It is observable from
Fig. 5b that the degradation rate was noticeably faster for the
composite compared to pure VO, which shows the beneficial
impact of titanosilicate on the photocatalytic performance of
the composite.

The energy band diagram of the titanosilicate/VO hetero-
structure photocatalyst after thermodynamic equilibrium is
presented in Fig. 6. The calculated conduction band (CB) and
valence band (VB) of TS are —0.30 and 2.86 eV, whereas the CB
and VB of VO are 0.44 and 2.64 eV, respectively. VO is consid-
ered to be an intrinsic semiconductor; therefore, the Fermi level
in VO lies in the middle of the conduction band and valence
band, which is approximately equal to 1.6 eV. According to
a literature report of the band energy levels of VO, Ec and Ey
increase from 0.4 eV to —1.2 eV and from 2.8 eV to 1.1 eV,
respectively.** Obviously, the difference in Ecp between VO and
TS allowed the transfer of an electron from the conduction band
of VO to that of TS. When the system is irradiated with visible
light, an electron (e™) is promoted from the valence band into
the conduction band of VO, leaving a hole (h") behind. Then,
the excited-state electrons produced by VO can be injected into
the conduction band of the coupled TS due to the joint electric
fields between the two materials. Conduction electrons are good
reductants which can capture the adsorbed O, on the surface of
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the catalyst and reduce it to O, . This can be further dissoci-
ated or reduced by photoinduced electrons; thus, there is
a constant stream of surface -OH groups. In the presence of
hydroxyl radicals, the efficient photocatalytic degradation of MB
can be carried out smoothly. Preliminary semiconductor-based
photocatalyst test analysis with ammonium oxalate, tertiary
butanol, and benzoquinone shows that -OH" is active in pho-
tocatalytic dye degradation. In addition, the photogenerated
holes in VO also may activate some unsaturated organic
pollutants, resulting in decomposition. A plausible heteroatom
environment and probable chemical reaction mechanism are
given in Fig. 7. Because the concentration of methylene blue is
in x10™* M, the products are difficult to separate from the
mixture; also, because the products are small inorganic mole-
cules, they are difficult to analyse by reverse phase LCMS on an
Agilent instrument.

In summary, the BET surface area studies show that the
surface area of the VIS-1 composite is higher than that of pure
V,0s5 and slightly lower than that of porous titanosilicate. The
pore widths follow the same trend. The heterojunctions were
proved by powder X-ray diffraction, transmission electron
microscopy, Fourier transform infrared spectroscopy,
ultraviolet-visible spectroscopy, X-ray photoelectron spectros-
copy and photoluminescence spectroscopy analysis. The pho-
tocatalytic results reveal that the composite has higher activity
compared to its pure components. The correlation of these
results shows that the former two important properties of the
composites are the reason for the enhancement of its photo-
catalytic activity. This is also supported by earlier published
results. !¢

4. Conclusions

We have synthesized several high surface area V,05/TiO,-SiO,
catalysts (VTS). The synthesized materials were characterized by
PXRD, FE-SEM/EDAX, TEM, FT-IR, UV-Vis, XPS, fluorescence
and photocatalytic activity studies. The heterojunctions and
high surface areas were proved by FT-IR, UV-Visible, XPS, fluo-
rescence spectroscopy and BET surface area analysis. The
photocatalytic activity of methylene blue degradation was
studied with the pure constituents and catalysts. VIS-1 showed
higher conversion than the other catalysts as well as pure tita-
nosilicate and VO. This is probably due to the heterojunctions
and higher surface area in VTS-1. Kinetic studies show that
direct sunlight affords higher activity than pure visible light.
Preliminary scavenger test analysis shows that OH™ is active in
dye degradation. A plausible physical and chemical mechanism
for the photocatalytic activity is proposed. It is proved that the
photocatalytic dye degradation produces benign small inor-
ganic molecules, such as CO,, NH3;, SO, and H,0.
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