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MWCNT@BiVO4 and its photocatalytic activity
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In this research, a composite material (MWCNT@BiVO,) was prepared using a one step hydrothermal

method. The prepared composite material was characterized by energy-dispersive X-ray analysis, X-ray

diffraction, scanning electron microscopy, EDS, UV-Vis diffuse-reflectance spectroscopy, electron spin

resonance (ESR),

X-ray photoelectron spectroscopy, and photoluminescence spectroscopy. The

scanning electron microscopic images showed that MWCNTs were successfully embedded into BiVO,.
MWCNT@BiVO,4 showed a strong visible-light absorption capacity, high efficiency for electron—hole

separation, and excellent stability. The degradation test of RhB was conducted under visible light

irradiation. Compared with BiVO, (K =

—0.05657) and P25 (K = —0.03227), MWCNT@BiVO, (K =

—0.11894) realized the highest removal ratio of Rhodamine B (RhB) under visible light irradiation,
therefore, MWCNT@BiVO,4 might be promoted to practical applications. The stability of MWCNT@BiVO,4
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was also verified via recycling and reusing experiments. After 5 cycles, MWCNT@BiVO, could still

maintain the removal rate of RhB at 95.96%. In addition, this paper deduced the growth mechanism of

DOI: 10.1039/c7ra04288d

rsc.li/rsc-advances future practices.

1. Introduction

Since the titania (TiO,) electrode was found to be an effective
photocatalyst for the decomposition of water in the early
1970s, nanoscale semiconductor-based photocatalysis has
become a frontier science with rapid progress.' With years of
exploration, scientists found that existing photocatalytic
technologies cannot effectively utilize and convert solar
energy. In recent years, researchers have made attempts to
adjust the energy band structure of semi-conductor photo-
catalysts, and have successfully prepared new visible photo-
catalysts, such as Caln,0,4> Bi,WOg,* AgAlO,,* InVO,,’
BiVO,,°® etc. Among them, BiVO, is the most representative
one, which has attracted extensive attention for its narrowed
energy gap,* higher chemical stability, strong redox ability,
and non-toxic and environmentally friendly features.””®
However, BiVO, also has several shortcomings, such as weak
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MWCNT@BiVO4 and the degradation mechanism of RhB, proving that MWCNT@BiVO,4 can be used in

adsorption capacity of target substances and easy recombi-
nation of photon-generated carriers. Therefore, it is neces-
sary to further improve the visible photocatalytic activity of
BiVO,."

Generally, the modification methods of BiVO, can be
generally categorized into doping modification® and com-
pounding modification."™** The difficulty of doping modifica-
tion is the realization of quantitative doping, as we know that
over-doping could cause electron-hole recombination.™
Moreover, the high cost of noble metal doping™ as well as the
toxicity of doping elements' should also be taken into
consideration. In contrast, the compositing modification
enjoys advantages of controllability and easy operation.*®
Through combining BiVO, with other photocatalysts,"” heter-
ojunction between BiVO, and other semiconductors can be
formed, which can improve the separation efficiency between
electrons and holes and thus enhance the photocatalytic
activity of bismuth. The composite photocatalysts include
BiVO,/Ce0,,* Ag;P0,/InVO,/BiVO,,"® QD-RGO/INVO,/BiVO,,"
BiVO,/Bi,0,C05,2° Pt/Ru0,/BiVO,,2 Cu,0/BiVO,,* InVO,/
BiVO,,” three-layer composite photocatalyst BiVO,-TiO,-
BiVO,,** etc. The electron-hole recombination of BiVO, can
be greatly reduced by compositing BivO, with other semi-
conductors or conductors.

As an advanced material with regular pipe network structure,
carbon nanotubes (CNTs) can act as an ideal photocatalyst
carrier for its good electrical conductivity, high chemical
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stability and strong adsorption capacity.”*** During the prepa-
ration of composite material, introducing CNTs into BiVO, can
enhance the adsorption and enrichment capacity of BivO, upon
organic matters. Moreover, the CNTs, with excellent electron
conversion ability, can enhance the transmission and promote
the separation of photon-generated carriers, so as to improve the
photo-quantum efficiency of BiVO,. Researches on BiVO,/Bi,WOe/
multi-walled carbon nanotube (MWCNT) nanocomposites,*
single wall carbon nanotube (SWCNT)/BiVO,,* and CNT-BivVO,
(ref. 47) have been conducted for enhancing BivVO, performance.
However, it is indeed a difficulty to composite CNTs with semi-
conductor materials effectively, tightly, and easily.

To overcome the shortcomings of BiVO, and the difficulties
in the process of compositing CNTs with BiVOy,, this research
adopted one-step hydrothermal method to embed multi-walled
carbon nanotubes (MWCNT) into BiVO, and successfully
prepared composite material MWCNT®@BiVO,. The CNTs were
tightly composited with BiVO, semiconductor via a simple and
effective method, just like that many “hands” were formed on
BivVO,, so as to tightly grasp pollutants. Many “evacuation”
passageways were established inside of BiVO,, so that the elec-
tron-hole pairs can be effectively separated and inhibited from
being recombined. What's more, CNTs can provide more
active sites owe to its larger specific surface area. Various
characterization results showed that the modification material
enjoyed excellent photo properties. The results of photo-
catalysis degradation experiments showed that as-prepared
composite material had a significantly higher visible adsorp-
tion capacity, higher degradation capacity, and greatly
increased kinetic constant of degradation rate for RhB. The
recycle experiment results showed that such composite mate-
rial enjoyed high stability. The growth mechanism and
degradation mechanism of such composite material were
deduced in this research, which is of guiding effect for its
practical application and production. The as-prepared
composite material could be applied into visible photo-
catalysis field.

2. Experimental section
2.1 Materials and reagents

This experiment involved analytically pure chemicals, including
multi-walled carbon nanotube (MWCNT) solution (mass frac-
tion of 10%, purity = 99.85%, length 5-10 um, diameter 10-40
nm, dispersed by 5% polyvinylpyrrolidone K-30 (PVP), Shanghai
HuaYi Company, China), bismuth nitrate (Bi(NOj);-5H,0,
Chengdu Area of the Industrial Development Zone Xinde
Mulan, Chongqing, China), sodium hydroxide powder (NaOH,
Chongqing Chuandong Chemical Company, Chongqing,
China), nitric acid (HNO;, Chengdu Area of the Industrial
Development Zone Xinde Mulan, Chengdu, China), ammonium
metavanadate (NH,VO;, Chongqing Chuandong Chemical
Company, Chongqing, China), P25 (Shanghai strong Chemical
Reagent Co., Ltd., Shanghai, China), Rhodamine B (RhB,
Tianjin Guangfu Fine Chemical Research Institute, Tianjin,
China).
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2.2 Synthesis of BiVO, and MWCNT@BivVO,

In preparation of BiVO,, first dissolve 2 mmol Bi(NO;)-5H,0
with 4 mL of 4 mol L™ ! HNO; and 50 mL of deionized water, and
then keep stirring the system for 30 min before resulting in
solution called solution A. On the other hand, dissolve 2 mmol
NH,VO; with 4 mL of 2 mol L™ NaOH, and then keep stirring
the system for 30 min before producing solution B. After that,
solution A and B were mixed, then transferred into a 100 mL of
Teflon-lined autoclave to be sealed and heated at 180 °C for
16 h before cooling to room temperature. Subsequently,
centrifuging treatment was conducted to obtain raw product,
which was then washed with distilled water and ethanol for
six times, and dried under vacuum condition overnight at
60 °C for 12 h. Finally, the product was calcined in muffle
furnace at 400 °C for 3 h before obtaining final product. In
contrast, to synthesize MWCNT@BiVO,, 2 mg of MWCNT
solution (mass fraction 10%, dispersed by 5% PVP) was
added to solution A. The remaining processes are identical as
the synthesis process of BiVO,.

2.3 Characterization

The crystal structures of as-prepared samples were character-
ized by X-ray diffraction (XRD) under Cu K radiation using
a Rigaku D/Max2500pc diffractometer (Tokyo, Japan), with
scanning angle of 26 varying from 10° to 70° and the scanning
rate being set to 4° min~'. A Zeiss AURIGA field emission
microscope (EHT = 10 kV; Zeiss, Oberkochen, Germany) was
adopted to obtain scanning electron microscopy (SEM) images
under a laser source of Ar'. Energy-dispersive X-ray analysis
(EDS) was conducted during SEM measurements. The surface
chemical environments of prepared samples were investigated
by X-ray photoelectron spectra (XPS) using a PHI5000 (Kana-
gawa Prefecture, Japan) Versa Probe system with mono-
chromatic Al K X-rays. Hitachi U-3010 (Tokyo, Japan) UV-Vis
spectrophotometer was used to carry out UV-Vis diffuse-reflec-
tance spectroscopy (UV-Vis DRS). The photoluminescence (PL)
spectra of as-prepared photocatalysts were acquired by a Hita-
chi F-7000 (Tokyo, Japan) spectrometer with excitation wave-
length of 280 nm. Electron spin resonance (ESR, JES FA200,
Tokyo, Japan) measurement was carried out by mixing the
samples in a 50 mM DMPO solution tank (wherein the aqueous
dispersion was for DMPO-"OH while methanol dispersion was
for DMPO-"0,"). It is worth noting that all experiments were
conducted at room temperature.

2.4 Evaluation of photocatalytic activity and stability of
MWCNT@BiVO, composites

The photocatalytic activities of as-prepared samples could be
evaluated through photodegradation of RhB under visible
irradiation at room temperature. In the experiment, 0.20 g of
catalyst was first added into a 250 mL beaker containing 200 mL
of 5 mg L' RhB aqueous solution, and then mixed solution was
subjected to magnetic stirring for 30 min in the dark to reach
good dispersion and adsorption-desorption equilibrium
between catalyst and dye. The experimental solution was placed

This journal is © The Royal Society of Chemistry 2017
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350 mm away from a 500 W Xe lamp (with <420 nm cut-off UV
filter) which acted as a visible light source. The solution was
collected every 1 h, and then subjected to 10 000 rpm centri-
fugation for removing all catalysts. Through measuring the
absorbance of the solutions at 552 nm using a spectrophotom-
eter, the concentration of remaining dye was monitored. For
comparison, photocatalytic experiments were also conducted
with pure BiVO,, MWCNT@BiVO,, P25, and no catalyst,
respectively. To investigate the stability of prepared samples,
the solution after photocatalysis degradation was centrifuged at
10 000 rpm to collect products, and then these products were
recycled 5 times before characterization.

3. Results and discussion
3.1 XRD pattern analysis

Among several crystal forms of BiVO,, only the monoclinic
crystal BiVO, can effectively absorb visible light.*® Fig. 1 show
the XRD patterns of MWCNT, BiVO, and MWCNT®@BiVO,. It
can be observed that all primary diffraction peaks of the BiVO,
XRD patterns are in good consistence with monoclinic BiVO,
(JCPDS no. 14-0688). All the peaks of the BiVO, are agree with
the planes of (110), (011), (—121), (121) etc. of the monoclinic
BiVO,, and no other impure peaks emerge. This reveals that the
highly pure monoclinic BiVO, has been successfully prepared
by a one-step hydrothermal method.*” According to the dif-
fractogram of MWCNT®@BiVO,, the new peak are not presented
in BiVO, but in the XRD patterns of MWCNT.?® The newly peak
appears in the composite is pertained to the characteristic peak
of plane (111) of MWCNT. And all of the left peaks are match
with those in the pure BiVO,. This indicates that MWCNT has
been successfully composited with BiVO,.

3.2 Analysis of morphology and composition based on SEM,
EDS and HRTEM

Fig. 2a and b show the SEM images of BiVO, and

MWCNT®@BiVO,, respectively. Fig. 2c is the partial enlarged
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Fig. 1 XRD patterns of MWCNT, BiVO4 and MWCNT@BiVO,.
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detail of Fig. 2b. From Fig. 2c, it can be observed that the pure
BiVO, is a porous thin slice with smooth surface, while
MWCNT®@BiVO, is a sphere with MWCNT embedded on rough
surface, which is more suitable for the occurrence of chemical
reaction. It can be clearly seen that MWCNT is tightly embedded
with BiVO,. According to the EDS of MWCNT@BiVO, in Fig. 2d-
i as well as EDS line of MWCNT®@BiVO, in Fig. 3, it can be
known that sample MWCNT®@BiVO, consists of Bi, O, V and C,
which is consistent with the XRD and XPS results shown in
Fig. 1 and 4b, respectively. Some CNTs are embedded inside of
BiVO,, while some are exposed on surface of BivO,. The HRTEM
of MWCNT@BIiVO, is shown in the Fig. 2j-1, it can be seen
clearly that the MWCNT and BiVO, are in good combination.
This arrangement is beneficial for sample to take advantages of
the excellent adsorption capacity and the large specific surface
area of CNTs, so as to provide more active points. In addition,
such arrangement is suitable for the electrons inside of BiVO, to
be discharged via CNTs, which is conductive to the separation
of electron-hole pairs. Therefore, MWCNT®@BiVO, is expected
to show good photocatalytic activity.

3.3 Analysis of chemical states through Raman spectrum
and XPS

We investigated the chemical states and composition of as-
prepared samples according to Raman spectrum and XPS.
Raman spectrum peak is sensitively related with short-range
ordered structure of the photocatalyst.” According to Raman
spectrum, we can know material information such as local
structure, crystallinity, and electronic properties.> As can be
seen in Fig. 4, the peaks at 827 and 324 cm ™" are associated with
the typical vibrations of monoclinic BiVO,. The peak at 324
ecm ' is ascribed to bending vibration and asymmetric
stretching vibration of VO,>~. It can be seen that the intensity of
Raman peak of MWCNT@BIiVO, is stronger than that of BivVO,.
The Raman spectra also reveal that the PVP and MWCNT have
little effect on the short-range symmetry of the VO,*~ tetra-
hedra.*® In addition, the Raman peak may also be affected by
the morphology of the sample.* On the other hand, the
disappearance of the 712 ecm ™" peaks may because of that the
samples were hydrothermally prepared.” The Raman peak at
827 cm ™' is mainly caused by two V-O stretching vibrations of
different orders. According to Fig. 4a, there is a typical peak at
1580 cm ' in the Raman spectrum of MWCNT. This typical
peak is correlated to the G band of the ordered structure of
carbon nanotubes.**

XPS analysis was conducted to investigate the chemical
states of as-prepared samples. The spectra within the range of
0-700 eV are shown in Fig. 4b. It can be observed that the
composite material consists of O, V, Bi, and C. The binding
energy of non-oxygenated ring C is corrected to 284.6 eV. Fig. 4c
shows that the binding energies Bi 4f;,, and Bi 4f;/, are 158.8
and 164.1 eV, respectively.>” According to Fig. 4d, the peaks at
binding energies of 523.9 (V 2p,/,) and 516.4 eV (V 2p;),) are
ascribed to the split signal of V 2p, and the V 2p peak is ascribed
to V>*.3* According to Fig. 4e, the samples have XPS signals of O
1s at 529.7 eV and 532.7 eV, which is mainly due to the O,

RSC Adv., 2017, 7, 33671-33679 | 33673
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Fig. 2 SEM images of as-synthesized BiVO, (a), MWCNT@BiVO,4 (b and c), EDS of MWCNT@BiVO, (d-i) after sputtering Au on silicon slice,

HRTEM of MWCNT@BiVOy, (j-1).
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0.5 1.0 15

20 25 30
Position/ym

Fig. 3 Scanning of EDS line of MWCNT@BIiVOy: (a) SEM image, (b) element content distributions of Bi, V, C and O, (c) EDS spectra.

anions in the BiVO, crystallites. The Raman spectrum and XPS
are consistent with the XRD and EDS.

3.4 Characterization of optical properties based on UV-Vis
DR, PL, ESR

Fig. 5a shows the UV-Vis diffuse reflectance spectra of as-
prepared samples. It can be observed that BiVO, and
WMCNT@BIiVO, have strong absorption capacities both in the
ultraviolet region and in the visible region. The UV absorption

33674 | RSC Adv., 2017, 7, 33671-33679

capacities can be ascribed to the band transition from O 2p to V
3d, while the visible-light absorption is associated with the
transition from valence band to V 3d conduction band.**
According to the split-level absorption spectrum, we can find
that the electronics migration is not an impure state migra-
tion.*® Both adsorption intensity and adsorption range of
WMCNT@BiVO, are improved. The absorption band is
expanded from 525 nm to 630 nm. Therefore, it can be
concluded that the optical properties of WMCNT@BiVO, is
better than that of pure BiVO,.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Raman spectra of BiVO, and MWCNT@BIVOy, (b—f) XPS of MWCNT@BIiVOy: (b) survey spectra, (c) Bi 4fs,» and Bi 4f7,, peaks, (d) V 2pz/»

and V 2py,, peaks, (e) O 1s peak, and (f) C 1s peaks.

PL spectrum can be influenced by the transferring, migra-
tion, and separation efficiency of photogenerated charge
carriers in semiconducting materials.®*® The PL intensity is
determined by the photocatalytic activity. PL measurement was
carried out to investigate the effect of MWCNT on the photo-
catalytic process. As shown in Fig. 5b, the PL spectrum of
MWCNT®@BIiVO, is compared with that of BiVO, under the
excitation wavelength of 280 nm. It can be found that the PL
peak intensity of MWCNT®@BiVO, is significant higher, which
reveals that MWCNT is beneficial for separation of electron-
hole pair.

The active radicals during the photocatalysis process was
detected by electron spin resonance spectroscopy.’” In this
research, we captured "OH (DMPO-"OH) and ‘O, (DMPO-"0,)
using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). According to

This journal is © The Royal Society of Chemistry 2017

Fig. 5c-f, we can find that the ‘O,” and "OH™ signal peaks
appear after visible irradiation for 15 min. However, no signal
peaks of the 'O,  and ‘OH appear in dark condition. This
indicates that the "OH and ‘O,  are generated under visible
irradiation.®® The signal of MWCNT®@BiVO, is significantly
stronger than that of BiVO,, which indicates that photo-
generated carriers resulted from MWCNT embedding further
enhance the production of active species.

3.5 Evaluation of photocatalytic activity and chemical
stability of as-prepared photocatalyst based on degradation of
RhB and analysis of its recycling stability

Fig. 6a shows the photocatalytic activities of samples under
visible irradiation for 7 hours. In contrast, the self-degradation
of RhB (with no catalyst) was also estimated. Results showed

RSC Aadv., 2017, 7, 33671-33679 | 33675
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Fig. 5 (a) UV-vis spectra. (b) PL spectra at room temperature. (c—f) Electron spin resonance spectroscopy: (c) DMPO-"0," for BiVO,. (d)

DMPO-"0," for WMCNT@BiVO,. () DMPO-"OH for BiVOy,, (f) DMPO-

that the self-degradation rate of RhB after visible irradiation for
7 h was about 1.79%. In contrast, the degradation rates of RhB
with MWCNT@BIVO,, BiVO,, P25 were 96.90%, 46.47%, and
25.70%, respectively. MWCNT®@BiVO, (K = —0.11894) realized
the highest degradation rate of RhB, followed by BivVO, (K =
—0.05657) and P25 (K = —0.03227). MWCNT@BiVO, has
excellent photocatalytic performance for its high visible light
absorption capacity, high separation efficiency of photo-
generated charge carriers, large specific surface area, and large
quantity of active sites. The photocatalytic activity of P25 under
visible irradiation was limited as it can only absorb UV light.
The removal rate of RhB is mainly dependent on the light
adsorption and the optical sensibilization of RhB.*®

The chemical stability is key parameter, which greatly affects
application performance of photocatalysts. The RhB removal
rate using recycled MWCNT@BiVO, under visible light irradi-
ation is shown in Fig. 6c. It can be observed that the

33676 | RSC Adv., 2017, 7, 33671-33679

"OH for WMCNT@BIiVO,.

degradation rate of RhB tends to be stable after five cycles.
Through repeated tests, it can be known that the
MWCNT®@BiVO, can be easily recycled by simple filtration, and
the finally removal rate maintains at 95.96%, which is pretty
stable. According to Fig. 6d, it can be observed that the phase
structure of the sample remains unchanged, which indicates
that the MWCNT®@BIiVO, is not easily to be photodecomposed.
The high chemical stability of MWCNT@BiVO, is of great
importance to its practical application and modification.

3.6 Postulated formation mechanism of MWCNT®@BiVO,

The formation of specific crystal morphology can be accounted
by the directional coalescence mechanism. Therefore, a highly
ordered superstructure can be formed by directional self-
assembly of primary particles. Following the growth mecha-
nism shown in Scheme 1, PVP is adsorbed and intertwined on

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Postulated growth mechanism of the MWCNT@BiVOy,.

MWCNT, and thus the surface energy of surface energy is
reduced, so that MWCNT can be dispersed and prevented from
being reunited (see the first step 1 in the Scheme 1); after adding
Bi(NO,);, Bi*" is selectively adsorbed on the surface of the PVP.
There exists coordination interaction between metal ions and
carbonyl group of PVP (see the step 2 in the Scheme 1);*° after

This journal is © The Royal Society of Chemistry 2017

addition of NH,VO;, VO3~ will react with Bi** on PVP, resulting
in seed crystals (see the step 3 in the Scheme 1); then trans-
ferring the seed crystals into high-temperature hydrothermal
reactor, the seed crystals gradually grow and develop (see step 4
in the Scheme 1); finally, BiVO, is ripened and PVP is calcined in
muffle furnace at 400 °C (see step 5 in the figure).
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Scheme 2 Degradation mechanism of RhB with MWCNT@BiVOy,.

3.7 Degradation mechanism of RhB with photocatalysts

Scheme 2 is the postulated degradation mechanism of RhB with
MWCNT®@BiVO,. According to the enlarged detail of the
Scheme 2, the RhB molecules are first absorbed on the surface
of MWCNT@BiVO,, and then some of RhB molecules are
transferred into excited state (RhB*) under visible-light irradi-
ation. After that, the electrons are introduced from the RhB*
into the MWCNT. Meanwhile, electrons of BiVO, can be trans-
ferred from VB to CB under visible-light excitation, leaving holes
in the VB. Moreover, the electrons on the surface of BiVO, can
be trapped and transferred quickly by the MWCNT. The elec-
trons on MWCNT can react with O, to produce ‘O, radicals
and "OH radicals. It is worth noting that electron hole can also
produce some hydroxyl radicals. Lastly, RhB" and RhB are
degraded by ‘O,”, ‘OH or holes. The MWCNT, as electron-
mediators in this process, conductive to the separation and
transferring of injected electrons. In addition, the MWCNT also
acts as adsorption fuel as well as significant base providing
reactive sites. The whole set of reaction processes can be
summarized as follows:

RhB + visible light — RhB* (R1)
RhB* + MWCNT@BiVO, —
MWCNT@BiVO, (¢7) + RhB*  (R2)
BiVO, + visible light — BiVO,4 (h* +e7) (R3)
BiVO, (¢7) + MWCNT — BiVO, + MWCNT (¢7)  (R4)
MWCNT (e7) + O, > MWCNT + "0, (R5)
‘'O,” + H,O — "OH + OH™ + O, (R6)
h*+ OH™ — "OH (R7)

‘OH, "O,~ or h" + RhB or RhB" — degradation products
(R8)
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4. Conclusions

In this paper, a composite material MWCNT@BiVO, was
prepared using one-step hydrothermal method. The prepared
samples were analyzed by various characterization methods. In
the synthesis process, MWCNT was well embedded inside of the
BivO,, while BiVO, maintained monoclinic structure. Due to
the embedding of MWCNT, the visible light absorption range
was expanded, the adsorption intensity was improved, and the
separation of carriers was significantly enhanced. The photo-
catalytic activities of as-prepared samples were estimated
through the degradation rate of RhB under visible light irradi-
ation. Results showed that the photocatalytic activity of
MWCNT®@BiVO, was the highest. Moreover, MWCNT@BiVO,
can maintain substantial photocatalytic activity even after 5
recycles. The prepared composite material MWCNT@BiVO,
enjoyed excellent chemical stability. The formation process of
such composite material can be accounted by directional
growth mechanism. The photo degradation mechanism of
MWCNT®@BiVO, was also deduced in this paper. This new
material prepared in this research is expected to have a prom-
ising application in practice.
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