
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
27

/2
02

5 
11

:5
2:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis of V-m
aSchool of Environmental Science and E

710064, China
bSchool of Environmental and Municipal En

and Technology, Xi'an 710054, China. E-

82339952
cKey Laboratory of Environmental Protection

Soil of Shaanxi Province, Xi'an 710064, Chi
dSchool of Environment, Tsinghua Universit

Cite this: RSC Adv., 2019, 9, 34862

Received 8th August 2019
Accepted 7th October 2019

DOI: 10.1039/c9ra05480d

rsc.li/rsc-advances

34862 | RSC Adv., 2019, 9, 34862–348
odified TiO2 nanorod-aggregates
by a facile microwave-assisted hydrothermal
process and photocatalytic degradation towards
PCP-Na under solar light

Rong Han, ac Jinwen Liu,*b Nan Chen,ac Gang Wang,ac Yakai Guoac

and Hongtao Wangd

Herein, novel V-modified titania nanorod-aggregates (VTNA), consisting of fine individual nanorods in radial

direction, were fabricated via an efficient microwave-assisted hydrothermal (MWH) route. VTNA with high

crystallinity and homogeneous mesopores were obtained by 30 min MWH processing at 190 �C; moreover,

a mixed rutile–anatase phase appeared after vanadium doping. XPS analysis revealed that vanadium existed

in the forms of V4+ and V5+ on the surface of MWV05 with V5+ being the dominant component, the content

of which was approximately 3.5 times that of V4+. Vanadium implanting was achieved efficiently by doping

0.5 and 1 at% V using a rapid MWH process and contributed towards the dramatic improvement of the

visible-light response, with Eg decreasing from 2.91 to 2.71 and 2.57 eV with the increasing V doping

content. MWV05 exhibited optimal photocatalytic degradation activity of water-soluble PCP-Na under

solar light irradiation. The enhanced photodecomposition was attributed to the red-shift in the TiO2

band-gap caused by vanadium impregnation, efficient charge separation due to the V4+/V5+ synergistic

effects and the free migration of charge carriers along the radial direction of the nanorods arranged in

a self-assembled VTNA microstructure.
1. Introduction

Among the advanced oxidation processes, the utilization of
heterogeneous TiO2 nanocatalysts is very promising in the eld
of environmental remediation, which has attracted signicant
attention of researchers working on non-biodegradable
pollutant treatment, especially on the removal of hazardous
organic pollutants.1–7 Pentachlorophenol (PCP) and its salts,
particularly sodium pentachlorophenate (PCP-Na), are highly
chlorinated phenol derivatives listed as priority pollutants by
the USA, European Union, and China.8–10

Heterogeneous photocatalysis has been conducted at room
temperature under an open atmosphere utilizing natural solar
light as the energy source; however, in heterogeneous photo-
catalysis, the catalysis of complex systems is performed mostly
by employing pure TiO2 nanoparticles under ultraviolet light
(UV) irradiation due to the wide band gap (>3.0 eV) of TiO2;11–14
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this indicates that only UV light can induce the catalysis, and
hence, the practical application of TiO2 under solar light is
inefficient. Moreover, the high recombination rate of the photo-
induced electron–hole pairs limits the efficiency of the photo-
decomposition of pollutants. Some efforts have been exerted to
broaden the absorption region and enhance the photoactivity of
TiO2 by doping it with various transition metals ions.15–19 Some
V2O5/TiO2 catalysts have shown optimal catalytic activities and
good performances in the decomposition of chlorinated
benzenes by vanadium impregnation on TiO2.5,7 Doping with
vanadium appears to be one of the best alternatives to improve
the solar photoactivity of a catalyst because of its synergetic
effects on the extension of the absorption of TiO2 in the visible
light region and the separation efficiency of electron–hole
pairs.15,19,20

The synthesis of semiconductors with various morphologies,
such as nanorods or nanowires, and wider band gaps is
receiving signicant attention because of the potential appli-
cations of semiconductors in photocatalytic degradation.21–25

Some investigations have found that well-crystallized TiO2

nanorods exhibit high photocatalytic activity due to the free
movement of carriers along the length of the one-dimensional
nanostructure that can reduce electron–hole recombina-
tion.23,25 Especially, the TiO2 aggregates and TiO2 aggregation
behavior were investigated in aqueous matrices using natural
This journal is © The Royal Society of Chemistry 2019
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organic matter. The TiO2 aggregates with high stability and
appropriate hydrodynamic diameter in the complicated system
could promote the capture and precipitation of TiO2, thereby
reducing its harm to the environment.26,27

Recently, the microwave-assisted hydrothermal method
(MWH) has attracted signicant interest in the preparation of
nano-photocatalysts,28–30 mainly in the form of nanoparticles.
Compared with conventional heating, microwave-assisted
preparation is characterized by a rapid heating rate, high
energy efficiency, molecular homogeneity, selectivity, and
convenience.29–32

Based on the abovementioned concepts, herein, the
synthesis of nanocrystalline TiO2 with distinct morphologies
and vanadium modication through a novel MWH process
from a commercially available raw material was conducted. The
product was compared with the nanocatalysts fabricated via
conventional hydrothermal treatment (HT). The textural prop-
erties, crystalline structures and chemical characteristics of the
nanomaterials were examined by XRD, DRS, BET, and XPS.
Batch experiments for the degradation of water-soluble PCP-Na
were performed to evaluate the photocatalytic activity. This
study presents an efficient synthesis of metal ion-doped TiO2

photocatalysts, exhibiting high solar light photocatalytic ability
and novel micro-structures, via a one-pot microwave-assisted
hydrothermal method.
2. Experimental
2.1. Catalyst preparation

All chemicals used in this study were of analytical grade and
used without further purication. Typically, 0.02 mol of TiCl4
was added dropwise to 25 ml distilled water in an ice-water bath
under vigorous magnetic stirring. Aer 4 h of stirring, a trans-
parent solution was obtained, and 2 ml of hydrochloric acid
(HCl, 36%) and a specic amount of NH4VO3 were dissolved in
the abovementioned solution. For the MWH process, the
resulting mixture was transferred to an 80 ml Teon tube,
sealed, and irradiated using a digestion microwave system
(CEM, USA) at 150 and 190 �C for 30 min. For comparison, the
traditional HT was also performed in an electric oven by heating
at 190 �C for 20 h. The obtained precipitate was centrifuged and
washed with deionized water and ethanol. Finally, the solid was
dried at 80 �C for 24 h and ground in an agate mortar to obtain
the nal product.

The catalysts synthesized by MWH at 190 �C (or 150 �C)
without and with V doping at the V/Ti molar ratios of 0.5% and
1% were denoted as MW0, MWV05, and MWV10 (MW0-150 and
MWV10-150), respectively. The sample prepared by the
conventional HT process at 190 �C was labeled as HT0.
2.2. Characterization of the photocatalyst

The crystalline phase of the samples was characterized by X-ray
diffraction (XRD) using the Bruker D8 Advance Diffractometer
with Cu Ka radiation (l ¼ 1.5418 Å), operated at 40 kV and 40
mA. The nitrogen adsorption–desorption isotherms and
specic surface areas of the catalysts were measured using the
This journal is © The Royal Society of Chemistry 2019
Autosorb AS-1 N2 adsorption apparatus (Quantachrome
Instruments, USA) aer vacuum degassing the samples at
150 �C. The UV-vis diffuse reectance spectra (DRS) were char-
acterized using the Hitachi U-3010 spectrophotometer equip-
ped with an integrating sphere accessory for diffuse reectance.
The morphology of the samples was observed using the Hitachi
S-5500 scanning electron microscope at the accelerating voltage
of 20 kV. The surface composition of the nanocatalysts was
analyzed by X-ray photoelectron spectroscopy (XPS) using the
Kratos Axis Ultra System with monochromatic Al Ka X-rays
(1486.6 eV).

2.3. Photocatalytic degradation

The photodecomposition of the PCP-Na solution was conducted
to evaluate the photocatalytic activity of the prepared nano-
catalyst under solar light. Photocatalytic degradation was per-
formed in a strongly stirred batch reactor containing 250 ml of
PCP-Na solution at various concentrations and 100 mg of the
modied catalyst. Solar photocatalytic experiments were con-
ducted using a cylindrical reactor covered with a quartz slice to
maintain solar light spectrum, which was 34.2–19.7 mW cm�2,
as measured by a radiometer (FZ-A, China) in the aernoon of
June from 2 : 30 pm to 4 : 30 pm at Beijing.

The starting pH value of the PCP-Na solution was approxi-
mately 6.4 � 0.1. Solar illumination started aer magnetically
stirring the simulated PCP-Na suspension for 1 h in the dark.

2.4. Analytical determinations

To monitor the decomposition, 8 ml aliquots were drawn at
regular intervals from the vigorously stirred solution. The
mixture was ltered directly through a 0.45 mmmembrane lter.
PCP-Na in the ltrates was determined by an HPLC system
(Shimadzu model LC-10AVP) equipped with a YMC C-18 reverse
phase column (25 mm � 4.6 mm � 250 mm) and a UV detector
at 249 nm for PCP-Na. The mobile phase was 80% methanol in
pH 2 phosphate buffer with the ow rate of 1.0 ml min�1. The
UV spectra of the aqueous solution were obtained by a UV-vis
spectroscope (UV-2401PC, Shimadzu).

3. Results and discussion
3.1. XRD patterns of the photocatalysts

Fig. 1 illustrates the XRD patterns of the catalysts prepared at
different reaction temperatures (150 and 190 �C) by microwave-
assisted synthesis with and without V doping and the sample
fabricated by conventional HT at 190 �C. An increase in the
MWH temperature from 150 to 190 �C resulted in narrower and
sharper diffraction peaks, which indicated high degree of
crystallization when the microwave temperature was increased
to 190 �C aer 30 min irradiation.

The products obtained from MWH and HT processing
without V doping showed a single rutile phase of titania
according to the diffraction peaks, consistent with those of TiO2

in the rutile form (JCPDS 21-1276). However, a mixed phase
consisting of the anatase and rutile phases was detected in the
V-doped nanocatalyst obtained by the MWH synthesis. Tiny
RSC Adv., 2019, 9, 34862–34871 | 34863
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Fig. 1 XRD patterns of the (a) MW0-150, (b) MWV10-150, (c) MW0, (d) MWV05, (e) MWV10, and (f) HT0 nanocatalysts.
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peaks around 25.3� and 48.0�, corresponding to the anatase
(101) and (200) crystal planes (JCPDS 21-1272), appeared, indi-
cating that V doping induced the transformation of TiO2 from
the rutile phase to the anatase phase; moreover, a mixed phase
consisting of the anatase and rutile phases was obviously
detected in MWV10 with 1 at% V doping. The diffraction peak
intensity of the rutile phase changed slightly under MWH at
190 �C by V doping (Table 1).

The rutile phase is usually the thermally stable phase. The
transformation from the anatase to the rutile phase has been
previously reported.33 The anatase component can be dis-
solved in concentrated HCl and recrystallized to the rutile
phase via dissolution-crystallization.34 Some investigations
have indicated that the mixed anatase and rutile phases result
in high activity of TiO2, which is ascribed to the effective
separation of photo-generated electron and hole pairs by the
presence of interface junction and oxygen vacancy at the phase
interface.35,36 Therefore, the modied catalyst, which consisted
of an anatase and a rutile phase mixture, synthesized in the
Table 1 Physicochemical properties of the nanocatalysts synthesized b

Sample Crystalline sizea (nm) Intensity(110)
b Surface a

HT0 31.1–42.8 5844 10.35
MW0 13.7–24.0 2823 17.89
MWV05 13.0–23.6 2734 12.57

a Average crystalline size determined by XRD using the Scherrer equation
the (110) rutile diffraction peak at 27.5�. c Specic surface area data calcul
obtained from the nitrogen adsorption volume at P/P0 of 0.994.

e Pore dia

34864 | RSC Adv., 2019, 9, 34862–34871
present method was also anticipated to possess high photo-
catalytic activity.37

Furthermore, the MWT treatment provided an efficient route
to obtain TiO2 crystallites. The synthesis time is as short as
30 min, which is unattainable for a reaction via conventional
HT.32,34 Good TiO2 crystallites and remarkably effective heating
together with low energy consumption were achieved via the
preparation of modied catalysts by the efficient microwave
irradiation method.

The intensity of the diffraction peaks for HT0 was signi-
cantly stronger than that for the sample synthesized by the
MWHmethod due to the requirement of long reaction time at
190 �C. The diameter of the narrow part of the nanocatalyst
was 31.1–42.8 nm and 13.7–24.0 nm for the catalyst fabricated
by HT and MWH (Table 1), respectively, calculated from the
various angles, namely, 27.5, 36.2, 41.2, 54.3, and 56.6�, in the
XRD patterns of the rutile phase.38 A smaller microstructure
was exhibited by the catalyst synthesized by the MWH
method.
y the HT and MWH methods

reac (m2 g�1) Pore volumed (cm3 g�1) Pore diametere (nm)

0.039 3.348
0.029 3.852
0.022 3.784

and the rutile diffraction peaks. b Intensity(110) is the height intensity of
ated from multi-point Brunauer–Emmett–Teller method. d Pore volume
meter estimated from the desorption isotherm by the BJH model.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Nitrogen adsorption–desorption isotherm and pore size distribution curve (inset) of the synthesized nanocatalysts.
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3.2. BET surface areas and pore distributions

The microstructures of the synthesized catalysts were determined
by nitrogen adsorption–desorption (Fig. 2). The adsorption
isotherm of MW0 and MWV05 is typically of type IV, which
conrms a homogeneous distribution of uniform mesopores
within the nanomaterials. The type H1 hysteresis loop of MW0 is
representative of the presence of tubular or bottle-neck shaped
pores. MWV05 is characterized by a type H3 hysteresis loop, which
is characteristic for aggregates with a non-dened mesoporosity
or pores with an interconnected lamellar structure.39 The HT0
curve corresponds to a type II isotherm and type H4 hysteresis
loop, mainly indicating narrow slit-shaped pores or macropores.40

Compared with the case of the porous structure of HT0 (Table
1), the pore volume decreased and the average pore diameter
increased in the samples fabricated by the MWH method. The
calculated pore size distribution curves (inset, Fig. 2) from the
desorption branch of the nitrogen isotherm suggested that the
BJH distribution of HT0, MW0, andMWV05 had similar peaks at
approximately 3.75, 3.85, and 3.78 nm, respectively, whereas
MW0 and MWV05 had a more concentrated pore size distribu-
tion and uniform pore channels of the mesoporous structure
when compared with HT0. The Brunauer–Emmett–Teller (BET)-
specic surface area of MW0 was larger than that of HT0,
whereas it decreased with an increase in the V doping content.
3.3. Morphology and structure

Fig. 3 shows the SEM images of the HT0, MW0, and MWV05
nanocatalysts. As observed from Fig. 3A, HT0 has a nanorod
structure. The length of HT0 was about 100–300 nm, and its
width was about 30–50 nm, consistent with the values calcu-
lated from XRD.
This journal is © The Royal Society of Chemistry 2019
The morphology of the catalysts synthesized by the MWH
process exhibited a three-dimensional nanorod-aggregate
microstructure, which had the diameter of 1–2 mm and was
composed of numerous individual nanorods radiating from the
center to the rim of the microstructure (Fig. 3B and C). This
morphology of VTNA appears very much like a chrysanthemum,
and the internal nanorods were similar to the petals of a ower.
The nanorod in the VTNA is evidently smaller than that in the
catalyst synthesized by HT, with a diameter of approximately
15–30 nm and length of approximately 100–200 nm. The space
among the nanorods is arranged along the radial direction. The
morphology of the MWH products was slightly inuenced by V
doping. In other words, the structure and feature of VTNA were
not destroyed aer the introduction of vanadium during the
microwave-assisted hydrothermal treatment. Li also found that
a sample doped with V ions had morphology consistent with
that of neat TiO2.40

The synthesis mechanism of the VTNA via the MWHmethod
is considered as follows: under microwave irradiation, many
small nanoparticles initially precipitate to form a core. Aer
this, the particles aggregate with each other in situ and self-
assemble into large nanorods in the radial direction. The irra-
diation features of microwave processing, accelerated reaction,
and in situ diffusion from the inside of the aqueous precursor
media play crucial roles in the formation of this morphology;41

compared with the case of the MWH process, the strong
convection heat transfer in the traditional HT method results in
irregularly arranged large nanorods.32

3.4. UV-vis DRS

Fig. 4 shows the DRS of the catalyst prepared by the MWH and
HT methods at 190 �C. The samples prepared without the V
RSC Adv., 2019, 9, 34862–34871 | 34865
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Fig. 3 SEM images of the prepared (A) HT0, (B) MW0, (C) MWV05, and (D) MWV10 nanocatalysts.
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dopant, HT0 and MW0, presented only UV light (<400 nm)
absorption. Notable visible-light absorption in the range of
400–700 nm, as displayed in MWV05 and MWV10 with V-
doping under MWH processing. The visible-light absorption
capacity of the catalyst increased with an increase in the V
Fig. 4 The UV-vis DRS and the corresponding band energy (inset) of
the synthesized TiO2 samples.

34866 | RSC Adv., 2019, 9, 34862–34871
doping amount in the starting solution. The band-gap ener-
gies (Eg) were obtained by the Kubelka–Munk equation (Fig. 4).
The theory of interband optical absorption indicates that the
absorption coefficient of a semiconductor can be expressed
as42

[F(R)hn]1/2 ¼ A(hn � Eg) (1)

where F(R) represents the experimental absorption coefficient
data of DRS, A is a constant, hn is calculated from the equation
hn ¼ 1240/l, and 1/2 is a value characterizing the transition
process for indirect TiO2. Therefore, the band gap value can be
determined by extrapolating the decreasing portion of the
spectrum to the abscissa at zero absorption.42,43 Herein, Eg
decreased from 2.91 to 2.71 and to 2.57 eV for MW0, MWV05,
and MWV10, respectively, which was attributed to the forma-
tion of an impurity energy state within the titanium band-gap;19

this demonstrated that effective V implanting could be achieved
through the fast MWH process.
3.5. XPS analysis

The atomic compositions and chemical characteristics of the
surface elements in the modied TiO2 were investigated by the
XPS analysis. The chemical states of the Ti 2p, O 1s, and V 2p
This journal is © The Royal Society of Chemistry 2019
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species of MWH05 were obtained by analyzing the XPS core
levels (Fig. 5A–C).

As shown in Fig. 5A, the double peaks in the Ti 2p region are
assigned to the spin–orbit coupling of Ti 2p3/2 and Ti 2p1/2. The
Ti4+ 2p3/2 and Ti4+ 2p1/2 peaks for MWV05 could be tted at
458.7 and 464.4 eV, separated by 5.7 eV, and the area ratio of the
two peaks was approximately 1.95, which were in accordance
with those of Ti4+.44,45 The corresponding peaks of Ti3+ 2p3/2 and
Ti3+ 2p1/2 cannot be tted and found for the titania lattice.
Therefore, Ti existing in the form of Ti4+ without a low valence,
such as Ti3+, may be ascribed to the low content of the dopant46

and oxidation by the abundant adsorbed water and hydroxyl
groups47 during the microwave-assisted hydrothermal synthesis
process.

It appears from Fig. 5B that O 1s in the high-resolution XPS
spectrum of MWV05 can be tted into three peaks centered at
529.9, 530.8, and 532.1 eV. The tting peaks were ascribed to
crystal lattice oxygen, hydroxyl group oxygen, and surface
contaminant oxygen on the surface of the doped TiO2,48 which
Fig. 5 High-resolution XPS spectra and chemical states fitting of the (A

This journal is © The Royal Society of Chemistry 2019
accounted for 79.4%, 12.9%, and 7.7% relative atomic
percentages of O in MWV05, respectively.

The XPS spectrum of the V 2p region for MWV05 is shown in
Fig. 5C. The spectrum corresponding to V 2p3/2 of the VTNA
sample can be divided into two peaks centered at 515.9 and
517.1 eV, which are assigned to V5+ 2p3/2 and V4+ 2p3/2 incor-
porated into the crystal lattice of MWV05, respectively.40,48 The
tting data demonstrate that V5+ is the dominant component
on the surface of the doped TiO2, the content of which is
approximately 3.5 times that of V4+, as indicated by the area
under the V 2p3/2 peak. The V precursor (NH4VO3) was the
source of V5+, whereas the V4+ species might have been formed
during the synthesis by the reduction of the V5+ species. Since
the ionic radii of the V4+ (0.058 nm) ion is close to that of Ti4+

(0.064 nm), the V4+ ions can be easily incorporated into the TiO2

lattice by replacing the Ti4+ ions via substitution, and the Ti–O–
V bond is formed.1,15,45 The substitution of the Ti4+ ions by the
V5+ ions may cause the delocalization of the valence electron
around the V5+ positive center and thus results in the formation
) Ti 2p region; (B) O 1s region; and (C) V 2p region of MWV05.

RSC Adv., 2019, 9, 34862–34871 | 34867
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Fig. 6 The first-order reaction kinetics of PCP-Na (10–80 ppm)
degradation (A) and UV spectral changes of PCP-Na (20 ppm) by
MWV05 (B) as a function of irradiation time.
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of a localized surface charge on the sample.48 Vanadium species
with a mixed-valence consisting of V4+ and V5+ has the tendency
to be on the lattice surface and may form shallow potential
wells, improving the separation efficiency of photo-generated
charges.48
3.6. Photodegradation of PCP-Na under solar light

The degradation process of PCP-Na (20 ppm) over the synthe-
sized catalysts was investigated to dene the photocatalytic
activity of the catalysts. The process could be described by the
apparent rst-order kinetics model according to the equation
–ln(C/C0) ¼ kt. Fig. 6A shows the linear relationship between
ln(CPCP-Na/C0-PCP-Na) and irradiation time during the PCP-Na
Table 2 Apparent first-order rate constant kPCP-Na (min�1) of the initial re
irradiation

Catalyst MWV05
C0-PCP-Na 80 ppm 40 ppm 20 ppm
kPCP-Na 0.0079 0.0104 0.0182
R2 0.9741 0.989 0.967

34868 | RSC Adv., 2019, 9, 34862–34871
photodecomposition; the apparent reaction rate constants
(kPCP-Na) are listed in Table 2. The photocatalytic activity of MW0
was similar to that of the HT0 nanorods under solar light. The
photocatalytic activity of MWV05 was higher than that of MW0
mainly due to the strong visible light absorption and efficient
electron–hole separation in the former case; this demonstrated
that V doping was benecial for the enhancement of photo-
activity by the developed MWH technology with a very short
processing time of 30 min. The anatase–rutile mixed phase of
MWV10, with more anatase phase and interface junction than
those in MWV05, is anticipated to benet the photocatalytic
interface reaction. However, the activity of MWV10 evidently
decreased with the increasing V implantation via the MWH
treatment; this indicated that an appropriate amount of V ions
was necessary, and slightly overloaded V doping resulted in the
easier recombination of the generated electron–hole pairs.
When the doping ratio is more than 0.5 at%, large amount of
electrons may be trapped by the V 2p levels and consumed by
the V4+/V5+sites, instead of participating in the photocatalytic
degradation.1,48

The UV spectral variations during the PCP-Na photo-
degradation using MWV05 are illustrated in Fig. 6B. The PCP-
Na aqueous solution exhibited two major absorption peaks at
249 and 320 nm, which were attributed to the conjugated
structure.49 The absorption intensities at 249 and 320 nm
decreased with the solar light-induced photocatalysis. The
inuence of the initial PCP-Na concentration on the rate of the
photocatalytic reaction conducting utilizing MWV05 was also
determined. The degradation rate increased when the initial
concentration of PCP-Na decreased. Therefore, the initial PCP-
Na concentration is critical to the rate of photodegradation
over the VTNA catalyst.

Optimally low ratio of vanadium in the modied VNTA was
mainly responsible for the efficient separation of electron–hole
pairs by the interaction of V4+ and V5+. The V5+ species act as
electron trapping center.48 The V4+ species was easily detrapped,
and the electrons were transferred to the oxygen molecules
adsorbed on the surface of titanium to produce the oxidant
superoxide radical ion O2

�.45,48 Moreover, well-crystallized TiO2

nanorods in the nanorod-aggregates may exhibit high photo-
catalytic activity due to the free movement of carriers along the
length of nanorod and along the radial direction of the nano-
rods arranged in VTNA. The free movement of carriers in the
VTNA nanostructure can reduce electron–hole recombination.
Moreover, abundant holes are transferred to the surface to take
part in the photoreactions, and the produced hole and O2

– can
react with H2O and H+ to produce hydroxyl radical according to
the following reactions:
actions for the photocatalytic degradation of PCP-Na under solar light

HT0 MW0 MWV10
10 ppm 20 ppm 20 ppm 20 ppm
0.0202 0.0132 0.0134 0.0151
0.971 0.990 0.988 0.957

This journal is © The Royal Society of Chemistry 2019
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Modified VTNA
�����!solar radiation

hþ e�ðsolar light excitationÞ (2)

V5+ + e� / V4+, / V4+ + O2 (surface) / V5+ + $O�
2

(e� separation and transfer along the nanorod) (3)

3$O�
2 + 4H+ / 2$OH + 2$OOH (4)

h + H2O (surface) / $OH + H+

(production of oxidative species) (5)

PCP� + $OH/$O�
2 / decomposition (6)

4. Conclusions

This study reports a novel MWH process for the preparation of
V-modied three-dimensional titania nanorod-aggregates,
which can be captured and recycled easily; the morphology
characterized as a chrysanthemum composed of small indi-
vidual nanorods in the radial direction has been achieved by the
rapid MWH process. The irradiation features of the MWH
processing, accelerated reaction, and in situ diffusion from the
inner part of aqueous precursor media were responsible for the
formation of the ne VTNAmicrostructure. A highly crystallized
single rutile phase was achieved without V doping at 190 �C, and
a mixed phase consisting of anatase and rutile appeared in the
VTNA samples with V implanting. The doped VTNA had
a homogeneous distribution of uniform mesopores, conrmed
by the nitrogen adsorption isotherm. Notable improvement in
the visible-light absorption capacity, with Eg decreasing from
2.91 to 2.71 and 2.57 eV, was achieved by 0.5 at% and 1 at% V
doping utilizing the efficient MWHprocess. XPS analysis reveals
that vanadium exists in the form of V4+ and V5+ on the surface of
VTNA. V5+ was the dominant component on the surface of
MWV05, the content of which was approximately 3.5 times that
of V4+. Furthermore, MWV05 with 0.5 at% V doping exhibited
optimal photocatalytic degradation activity of water-soluble
PCP-Na under solar light irradiation. The enhanced photode-
composition has been attributed to the efficient red-shi in the
band-gap of the TiO2 lattice by vanadium incorporation, effi-
cient charge separation due to V4+/V5+ synergistic effects and the
free migration of charge carriers along the radial direction of
the nanorods arranged in VTNA. This study may provide a new
insight into the fast synthesis of ion-implanted nanomaterials
with self-assembled morphological features by efficient
microwave-assisted approaches.
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