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TiO2 nanoparticles that were synthesized using a chemical vapor condensation (CVC) method were loaded on
transition metal oxides (V2O5) using the impregnation method followed by thermal treatment. The primary
particle size of the CVC-made TiO2 sample after vanadium was decreased drastically to 5.7 nm. The particle
sizes before and after vanadium loading on the commercial TiO2 (Degussa, P25) were similar. The
vanadium-loaded CVC-made TiO2 sample exhibited the best absorption performance of visible light from
the absorption spectra. Moreover, the CVC method through transition metal impregnation was favorable
for its enhanced photocatalytic properties.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

TiO2 is one of the most attractive photocatalysts for environmental
problems. Nevertheless, its practical application as a photocatalyst has
been limited because of its wide band gap (3.2 eV), which requires ul-
traviolet (UV) light with a wavelength b385 nm, and it is difficult to
apply a TiO2 photocatalyst to control environmental pollutants. There-
fore, many studies have reported enhanced photocatalytic activities
according to the synthesis methods [1–6]. Among the synthesis
methods, chemical vapor condensation (CVC) is an alternative method
for the direct synthesis of TiO2 nanoparticles. In particular, the CVC
method allows for individual adjustment of synthesis conditions such
as synthesis temperature, precursor vapor residence time in the heating
zone, and precursor vapor concentration. Therefore, the resulting TiO2

nanoparticles have small particle sizes and improved crystallinity,
resulting in good photocatalytic activity [1,3].

The other approach to augmenting the TiO2 photocatalytic perfor-
mance involves doping and/or loading with materials such as N, C, Fe,
Pt, Pb, Sn, V, andMo [7–18]. The photocatalytic activity of the TiO2 system
depends on its intrinsic properties, such as crystal phase, crystallinity, and
specific surface area. Furthermore, the catalytic activity of TiO2 depends
strongly on electron–hole separation. The key to the photocatalytic pro-
cess is to inhibit the electron–hole recombination rate [12]. Doping and/
or loading with transition metals is a promising approach to reducing
the TiO2 absorption threshold and extending its optical absorption
range from the UV light region to the visible light region [14–18].

In this study, TiO2 nanoparticles that were synthesized using the
CVC method were further loaded with vanadium oxide using the im-
pregnation method followed by thermal treatment. The resulting com-
posite photocatalysts were systematically examined using a range of
techniques. Based on the characterization results, the effect of the vana-
dium oxide loading on the photocatalytic properties of CVC-made TiO2

was examined.

2. Material and methods

2.1. Catalyst synthesis

The CVC method was used to synthesize the TiO2 particles. Detailed
methods for the preparation of TiO2 nanoparticles are described else-
where [1]. Titanium tetraisopropoxide ([(CH3)2CHO]4Ti, TTIP, Aldrich,
>97%) was used as the TiO2 precursor. The synthesis conditions for
the TiO2 nanoparticles included a precursor heating temperature and
synthesis temperature of 95 °C and 900 °C, respectively. The V2O5 was
prepared by impregnating the TiO2 nanoparticles with an aqueous solu-
tion containing the appropriate amount of ammonium metavanadate
(NH4VO3) followed by stirring for 1 h and heating at 150 °C for water
evaporation. Finally, the prepared samples were dried overnight at
110 °C and calcined at 500 °C for 2 h in static air. The vanadium loading
was kept at 5.0 wt.%. For comparison, commercial TiO2 (Degussa, P25)
was loaded with V2O5.

2.2. Catalyst characterization

The crystal phases of the prepared samples were examined using
X-ray diffraction (XRD, Rigaku D/Max 2500) with Cu Kα radiation.
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Transmission electron microscopy (TEM) analysis was conducted using
a CM-30microscope (Philips; 300 kV; image resolution, b0.23 nm). The
powder-specific surface area (SSA, m2 g−1) was determined by nitro-
gen adsorption (>99.999%) at77 K on a Micromeritics Tristar 3000 ap-
paratus using the Brunauer–Emmett–Teller (BET) method. Assuming
monodispersity and spherical primary particles, the BET-equivalent
particle diameter (dBET) was calculated using the formula dBET=6/
(ρ×SSA), where ρ is the particle density. X-ray photoelectron spectros-
copy (XPS) was performed using a VG Scientific ESCA Lab II Spectrom-
eter (resolution,0.1 eV) with Mg Kα (1253.6 eV) radiation as the
excitation source. All binding energies were referenced to the C 1-s
peak at 285.0 eV for adventitious carbon. The UV–visible light (UV–
vis) diffuse reflection spectra were obtained for the dry-pressed disk
samples using a Scan UV–vis spectrophotometer (UV–vis DRS: TU-
1901).

2.3. Photoactivity measurement

The photocatalytic activity of TiO2 was characterized by measuring
the methylene blue (MB) degradation rate. MB was selected because

of its strong adsorption tometal oxide surfaces, well-defined optical ab-
sorption, and good resistance to light degradation. The photocatalytic
experiments were carried out at an initial pH of 7.0. The catalyst
(80 mg) was mixed with 500 cm3 of a MB solution (~153 ppm) in a
500 cm3 beaker. The mixture was kept in the dark for 30 min to estab-
lish adsorption–desorption equilibrium before light irradiation was
performed. The visible light illumination was carried out using a fluo-
rescent lamp (FL15D-T25) with the wavelength range of 400–700 nm
and a maximum intensity of 550 nm, producing a power of 10W. The
slurry was stirred constantly to avoid settling. The MB remaining in
the solution was measured at absorbance of 600 nm using a spectro-
photometer (Hach, DR-2800).

Table 1
Physicochemical properties of the prepared samples.

Sample SBET
(m2 g−1)

dBET
a

(nm)
Edge
wavelength (nm)

Band gab
energy(eV)

ri (%)b

Ti–O OH

P25-TiO2 52.2 26.9 420 2.95 85.5 14.5
V2O5/P25-TiO2 53.1 29.1 450 2.76 84.0 16.0
CVC-TiO2 107.47 10.2 400 3.10 73.8 26.2
V2O5/CVC-TiO2 270.5 5.7 600 2.07 61.6 38.4

a Particle size by equation using by BET surface area.
b Area percentage (ri) in the results of XPS spectra curve fitting in the O1s region for

each sample.
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Fig. 1. (a) X-ray diffraction patterns (“A” and “R” indicate anatase and rutile, respectively)
and transmission electron microscopy images of (b) P25-TiO2, (c) V2O5/P25-TiO2,
(d) CVC-TiO2, and (e) V2O5/CVC-TiO2.
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Fig. 2. X-ray photoelectron spectra of the O1s region for (a) V2O5/P25-TiO2and
(b) V2O5/CVC-TiO2.
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