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In order to develop high-performance photocatalysts that are easy to produce even in industrial quantities, we developed a facile method of
preparing niobium-doped titanium dioxide (Nb:TiO2) by hydrothermal synthesis and followed by thermal annealing treatment. Niobium-ion doping
has been considered as an eﬀective way to improve Nb:TiO2 performance for applications in photocatalysis. Niobium-ion doping of anatase TiO2
induced the morphological changes of Nb:TiO2. Morphological analysis shows sub-microscale ﬁbers at doping concentration lower than 1.00 mol %
and nanoscale rods at the doping concentration higher than 1.00 mol %. For the catalyzed photodegradation of methyl orange under visible light
irradiation, 0.50 mol % Nb:TiO2 shows the highest activity among the synthesized Nb:TiO2 specimens. Also, for photocatalytic hydrogen
generation, its photocatalytic activity is even higher than that of commercial TiO2-P25. In this study, we demonstrated the fabrication of a series of
superior Nb:TiO2 specimens. It is a reasonable alternative to commercial TiO2 materials for various applications in the decomposition of organic
dyes under visible light irradiation. © 2017 The Japan Society of Applied Physics

1.

Introduction

Anatase TiO2 is one of the most important materials, because
it exhibits the high performance applications in photocatalysis, solar cells, and transparent conducting oxide
ﬁlms.1–7) It has been found to be very active in the treatment
of wastewaters containing a broad range of organic pollutants
that are used in industries and daily life.8–12) In particular,
anatase TiO2 is often cited as the best choice for green energy
materials owing to its many advantages, such as thermal and
chemical stability, inexpensiveness, ease of production and
use, and being human- and environment-friendly.13–15) However, anatase TiO2 is not suﬃciently suitable for realistic
applications owing to its large bandgap, since it only utilizes
the ultraviolet range of solar radiation.16–19) Ultraviolet light
has only 5% of solar energy. A question arises on how to
convert solar energy to abundant electricity, which has
become an important issue in the scientiﬁc ﬁeld.
Much eﬀort has been made to enhance the absorbing
capability of TiO2 over the visible spectrum by doping it with
metal.14,20,21) The photocatalytic activity of metal-doped TiO2
substantially depends on the characteristics of the dopant, the
concentration of dopant ions, the method of preparation, and
the thermal and reductive treatment of TiO2.14,22–27) Niobiumdoped TiO2 (Nb:TiO2) has attracted much interest owing
to its high photocatalytic activity in the degradation of
pollutants and dyes. The ionic radius of Nb5+ (∼0.64 Å) is
only slightly larger than that of Ti4+ (∼0.61 Å),28) which
suggests that Nb5+ can easily be doped into the TiO2 lattice.
As a result, Nb doping will introduce donor levels below the
conduction band of TiO2. Nb:TiO2 could thus enhance visible
light absorption with a redshift of the optical absorption edge.
Znad et al. prepared various Nb:TiO2 materials by a simple
impregnation method, namely, a Nb dopant is introduced to
inhibit the TiO2 phase transformation from anatase to rutile
and to hinder grain growth during thermal treatment.29) Yang
et al. adopted an ultrasonic spray pyrolysis method to prepare
Nb:TiO2 porous microspheres for photocatalytic applications.
The grain size of Nb:TiO2 porous microspheres is decreased
by increasing the doping concentration, which aﬀects the

surface area of microspheres, pore size distribution, and the
absorption spectra shift from the ultraviolet band to the
visible band.30) The phase transition behavior and doping
concentration in pressure-treated Nb:TiO2 were systematically investigated by in situ synchrotron X-ray diﬀraction
and Raman spectroscopy. The obtained structural information
provides direct evidence for the packing correlation with
electron transport in semiconductors.31) The photocatalytic
activity of metal-doped TiO2 photocatalysts substantially
depends on the characteristics of the dopant, the concentration of dopant ions, the method of preparation, and the
thermal and reductive treatments.14,22–27) The extended light
absorption and the suppression of electron–hole pair recombination can enhance photocatalytic activity.31,32) Despite
the large UV–vis absorption and the strong surface
interaction, Mattsson et al. reported that the decomposition
rate is still low in Nb:TiO2 ﬁlms.32) The low photocatalytic
activity could be attributed to the increased electron–hole
recombination rate owing to the Nb=O cluster and the
formation of vacancy sites in the anatase lattice.
In this study, we elucidated the niobium doping eﬀects on
anatase TiO2 in terms of morphological change and photocatalytic activity. A series of ﬁber-shaped and=or rod-shaped
Nb:TiO2 specimens were developed using well-deﬁned
doping concentrations. The optimal Nb doping concentrations were studied to ﬁnd the high photocatalytic activity.
The photodecolorization of an organic dye for various
Nb:TiO2 specimens under UV and visible light irradiations
was measured and examined in detail. Hopefully, the
developed Nb:TiO2 will be one of the commercial photocatalyst candidates for applications in the decomposition of
organic dyes under visible light irradiation.
2.

Experimental procedure

Various Nb:TiO2 specimens were prepared by suspending
1.00 g of TiO2 anatase powder (Acros Organics, 98%) and
various amounts of niobium chloride (NbCl5; Acros
Organics, 99.999%) in 25 mL of 10.0 M NaOH aqueous
solution, followed by treatment in a teﬂon-lined autoclave
at 150 °C for 24 h. The product was washed with deionized
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water, then ﬁltered and dried in air at 70 °C. Then, it was
washed with 0.10 M HCl to exchange sodium ions for
protons. The procedure was repeated twice. Finally, various
hydrogen sodium titanate specimens doped with diﬀerent Nb
ion concentrations were prepared successfully. These products were calcined at 600 °C at a heating rate of 5 °C=min for
12 h, as in our previous study.33) Hydrogen sodium titanate
calcined at 600 °C only consists of the anatase TiO2 phase,
and it shows high photocatalytic activity. For Pd-decorated
Nb:TiO2, 29.2 mg of palladium(II) acetylacetonate (Aldrich,
99%) was dissolved in 200 mL of acetone ﬁrst and mixed
with 1.0 g of Nb:TiO2 by ultrasonic agitation for 3 h. The
resultant mixture was stirred for 6 h. After evaporating the
solvent at 80 °C in N2 atmosphere, the samples were calcined
in air at 300 °C for 2 h, and then reduced at 300 °C in 15% H2
(in N2 buﬀer) ﬂow for 4 h. Pd-decorated Nb:TiO2 loaded with
1.0 wt % metal was thus prepared.
For Raman scattering measurement, these specimens were
positioned on a high-resolution piezoelectric stage of a
scanning microscope (WiTec Alpha300S) and excited by a
632.8 nm He–Ne laser (25 mW). The laser beam was focused
with a 100× objective lens (Nikon plane objective, NA ∼
0.9). The diameter of the laser beam was focused at about
10 µm. A synchrotron X-ray diﬀractometer (National Synchrotron Radiation Research Center, 13A1=SW60-X-ray
scattering) was used to measure the crystalline structure.
Transmission electron microscopy (TEM; JEOL JEMARM200FTH) was used to observe Nb:TiO2 microstructures.
The extinction spectra of Nb:TiO2 were collected using an
absorption spectrophotometer (JASCO V-630) at 300–
900 nm. X-ray photoelectron spectrometry (XPS; ULVACPHI) was used to examine the Nb:TiO2 specimens by Al Kα
radiation at a photoelectron take-oﬀ angle of 45° in high
vacuum (∼10−7 Torr).
Photocatalytic hydrogen generation tests were carried out
in a 1 : 1 volume ratio mixture of ethanol and water (total,
2.0 L), in which 10.0 mg of Nb:TiO2 was suspended. The
mixture was stirred at room temperature. As the light source,
six lamps were placed in a hexagonal arrangement around
the reactor. The light source includes UV-B lamps (Sankyo
Denki G8T5E UV-B; wavelength at maximum emission,
312 nm; power, 8.0 W) and visible lamps (Goodly F8T5=D;
power, 8.0 W). For UV light and visible light irradiations, the
light intensity is ∼1.12 mW=cm2, and the total irradiation
area is about 600 cm2. To prevent the sedimentation of the
catalyst powders, nitrogen (99.999%) was bubbled through
the reactor at a ﬂow rate of 400 mL=min as the purging gas
for evolving gaseous products. The outlet gas of the reactor
was connected to a cold trap, a molecular sieve, and a
hydrogen analyzer (Status Scientiﬁc Controls FGD3).
The Nb:TiO2 specimens with various doping concentrations were tested in terms of degradation of methyl orange,
which is a commonly used model reaction in photocatalysis.
20.0 mg of the catalyst was sonicated for 2 min in 150 mL of
10.0 mg=L methyl orange (Acros Organics, pure) aqueous
solution. Before the actual photodegradation experiments, the
suspensions were left to relax for 10 min in order to minimize
the error of dye concentration measurements caused by the
initial surface adsorption. As light sources, six lamps were
placed in a hexagonal arrangement around the reactor. The
suspension solution was irradiated with diﬀerent light sources
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Fig. 1. (Color online) Reﬂection spectra of pristine TiO2 and Nb:TiO2
doped with various Nb concentrations and calcined at 600 °C for 12 h.

with vigorous stirring under ambient conditions. The light
sources included UV-B lamps and visible lamps. For UV
and visible light irradiations, the light intensity was ∼0.39
mW=cm2, and the total irradiation area was about 150 cm2.
After centrifugation for 15 min at 5000 rpm, the absorption
spectra of the retained methyl orange and its derivatives in
the supernatant were recorded using an absorption spectrophotometer (JASCO V-630) at 300–900 nm. The concentration of methyl orange was calculated from the absorbance
at λ = 464 nm and extrapolated by a previously plotted
calibration curve.
3.

Results and discussion

In order to determine the correlation between Nb doping
concentration and optical characteristics, the normalized
reﬂectance spectra of pristine TiO2 NFs and Nb:TiO2 with
various doping concentrations were measured using a UV–
visible spectrophotometer. From the reﬂectance spectra
shown in Fig. 1, we observe that the reﬂectance spectra
exhibited a redshift when niobium ion was doped into
Nb:TiO2. The bandgaps of pristine TiO2 NFs and 0.25, 0.50,
1.00, 5.00, and 10.00 mol % Nb:TiO2 specimens were
calculated from the UV–vis reﬂectance spectra and their
values were 3.75, 3.62, 3.60, 3.52, 3.51, and 3.51 eV,
respectively. These results suggest that the bandgap of
Nb:TiO2 decreased from 3.75 eV with respect to niobium ion
doping concentration.
A Raman spectrometer was used to obtain information
about the vibrational modes of Nb:TiO2. We aim to observe
the phase transformation of various Nb:TiO2 specimens with
increasing Nb doping concentration, as shown in Fig. 2.
Pristine TiO2 NFs displays Raman bands at 144, 200, 398,
515, 517, and 640 cm−1 with the Raman bands at 515 and
517 cm−1 superimposed. These bands can be attributed to
the six Raman-active modes of the anatase phase with the
symmetries of Eg, Eg, B1g, A1g, B1g, and Eg, respectively.34)
Obviously, all of the Nb:TiO2 specimens are mostly in the
anatase phase, even when the Nb doping concentration is as
high as 10.00 mol %.
The crystal structure of pristine TiO2 and various Nb:TiO2
specimens were further characterized using a synchrotron
X-ray diﬀractometer (λ ∼ 1.025 Å). The acquired synchrotron
X-ray spectra are shown in Fig. 3(a). The main crystal
structure of the anatase phase of the various Nb:TiO2
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(a)

Fig. 2. (Color online) Raman spectra of pristine TiO2 and various
Nb:TiO2 specimens doped at diﬀerent Nb concentrations and calcined at
600 °C for 12 h.

(b)
(a)

(b)

(c)

Fig. 4. (Color online) (a) Photocatalytic hydrogen production rates of
various Pd-decorated Nb:TiO2 specimens reduced at 300 °C for 4 h under UV
irradiation. (b) TEM images of Pd–0.50 mol % Nb:TiO2.

Fig. 3. (Color online) (a) Synchrotron X-ray spectra of pristine TiO2 and
various Nb:TiO2 specimens calcined at 600 °C for 12 h, (b) estimated
crystallite size and (c) d spacing of (101) plane of pristine TiO2 and various
Nb:TiO2 specimens.

specimens is conﬁrmed. The signals of synchrotron X-ray
spectra indicate a body-centered tetragonal lattice structure
(JCPDS No. 89-4921) of anatase TiO2, with the lattice
constants a = b = 3.78 Å and c = 9.51 Å. The nanocrystallite
size is calculated using Scherrer’s equation as shown in
Fig. 3(b).35) The crystallite size decreases from 35.5 to
15.1 nm in accordance with 1.00 mol % niobium doping
concentration. The obtained synchrotron X-ray spectra show
that the peak shift of the anatase TiO2(101) plane occurs
toward smaller angles with increasing Nb concentration. The

d spacing of the (101) plane increases with the increase in
Nb doping concentration owing to the radius of a Nb5+ ion
being relatively larger than that of a Ti4+ ion, as shown in
Fig. 3(c).36)
For applications, all the synthesized Nb:TiO2 specimens
without metal nanoparticle decoration show undetectable
hydrogen production under UV irradiation. Thus, we
decorated 1.0 wt % Pd nanoparticles on the Nb:TiO2 surface
to increase hydrogen production eﬃciency, as shown in
Fig. 4(a). When the Nb doping concentration exceeds 0.50
mol %, the photocatalytic hydrogen production rate of
Nb:TiO2 under UV irradiation decreases signiﬁcantly, which
could be due to the large amount of Nb doped. It inhibited the
electron and=or hole transport in Nb:TiO2. Pd–0.50 mol %
Nb:TiO2 shows the highest rate of photocatalytic hydrogen
production, which reaches ∼9,400 µmol·g−1·h−1 under UV
irradiation. However, various Nb:TiO2 specimens decorated
with Pd nanoparticles under visible light irradiation show no
detectable hydrogen production. This could be due to the
visible light energy being insuﬃcient to excite the TiO2
materials to produce electron=hole pairs. The microstructure
of Pd–0.50 mol % Nb:TiO2 was also observed by transmission electron microscopy. The length of Pd–0.50 mol %
Nb:TiO2 was up to 5–10 µm and its diameter ranged from 80
to 150 nm. Pd-based nanoparticles distributed on the surface
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Fig. 5. (Color online) (a, c) Plots of C=C0 and (b, d) column charts of pristine TiO2 NFs and Nb:TiO2 doped at various concentrations and calcined at
600 °C for 12 h in relation to the photodegradation of methyl orange under certain light source irradiations: (a, b) UV light and (c, d) visible light.

of 0.50 mol % Nb:TiO2 present a uniform size distribution
with an average particle diameter of 5.5 nm, as shown in the
inset of Fig. 4(b).
In order to understand the correlation between photodegradation activity and Nb doping concentration for
Nb:TiO2, we measured the photodegradation activities of
various Nb:TiO2 specimens under irradiation from diﬀerent
light sources. The absorption spectra of methyl orange as a
function of time under irradiation from diﬀerent light sources
were recorded. The absorbance measured at λ = 464 nm was
used to calculate methyl orange concentration using a
calibration curve measured previously. The color of the
suspension changed from the initial cloudy color to colorless.
The C=C0 curve, in which C is the concentration of the dye at
time t and C0 is the initial concentration, for the photodegradation of methyl orange at diﬀerent times using various
Nb:TiO2 specimens is obtained. The TiO2-catalyzed photodegradation of organic dyes usually follows the Langmuir–
Hinshelwood kinetics, which can be simpliﬁed to an apparent
ﬁrst-order kinetics at lower initial dye concentrations,
mathematically described as ln(C0=C) = kt, where k is the
apparent reaction rate constant.20,37) For the photodegradation
activity of these Nb:TiO2 specimens under UV irradiation,
0.50 mol % Nb:TiO2 shows the highest photodegradation
reaction rate constant [Figs. 5(a) and 5(b)]. Moreover, all
the Nb:TiO2 specimens were tested under visible light

irradiation. As shown in Figs. 5(c) and 5(d), 0.50 mol %
Nb:TiO2 also shows the highest activity under visible light
irradiation among all the TiO2-based materials. The photodegradation reaction rate constants under UV and visible
light irradiations are shown using bar charts in Figs. 5(b) and
5(d), respectively. 0.50 mol % Nb:TiO2 shows the highest
activity of the photodegradation of methyl orange under UV
and visible light irradiations owing to the optimal parameters
for the photon absorption behavior, chemical composition,
crystal structure, and active surface area. The optimal Nb
doping concentration could enhance ethanol oxidation and
photoinduced hydrogen evolution, resulting in an increased
photocatalytic activity.
The actual Nb ion concentration in Nb:TiO2 is important
information to understand the Nb doping eﬀect on TiO2
materials. The Nb ion concentrations in Nb:TiO2 were
investigated by XPS, as shown in Table I. For pristine TiO2,
there is no Nb signal observed in the XPS spectrum. For
various Nb:TiO2 specimens, the plots exhibited peaks at
207.6 and 210.4 eV assigned to the 3d5=2 and 3d3=2 states of
Nb, respectively.37,38) It is interesting to note that 5.00 mol %
for Nb:TiO2 and 10.00 mol % for Nb:TiO2 measured by XPS
are less than the theoretical values. This could be due to the
fact that the synthesized Nb:TiO2 must be washed with
deionized water before its calcination. The morphologies of
pristine TiO2 and various Nb:TiO2 specimens are shown in
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Table I. Theoretical and experimental niobium concentrations in pristine
TiO2 and various Nb:TiO2 samples calcined at 600 °C for 12 h.
Material

Nb concentration (mol %)
Theoretical value

XPS analysis

Pristine TiO2

0.00

0.00

0.25 mol % Nb:TiO2

0.25

0.26

0.50 mol % Nb:TiO2

0.50

0.35

1.00 mol % Nb:TiO2

1.00

1.08

5.00 mol % Nb:TiO2
10.00 mol % Nb:TiO2

5.00
10.00

3.18
4.69

concentration is over 5.00 mol %, the Nb doping results in
the incorporation of a substantial number of Nb ions into
the TiO2 lattice. The morphological scale of synthesized
Nb:TiO2 catalysts decreases with Nb doping concentration.
Figure 6(g) shows a high-resolution TEM image of 0.50
mol % Nb:TiO2. The high-magniﬁcation lattice images with
the corresponding fast-Fourier-transformed pattern of this
specimen are shown in Figs. 6(h) and 6(i). An increased
d spacing of the (101) crystal plane is observed for
0.50 mol % Nb:TiO2. The minor change in (101) spacing
is from 3.46 Å in pristine TiO2 to 3.52 Å in 0.50 mol %
Nb:TiO2. The results indicate that Nb doping causes the
incorporation of a substantial number of Nb ions into the
TiO2 lattice. The morphological scale of as-made Nb:TiO2
diminished with increasing Nb doping concentration. The
fragmentation of the microstructure of Nb:TiO2 was the
result of doping Nb ions into TiO2. Multimorphological
Nb:TiO2 materials, including the sub-microscale ﬁber materials (0.25, 0.50, and 1.00 mol % Nb:TiO2) and the nanoscale
rod materials (5.00 and 10.00 mol % Nb:TiO2), were synthesized successfully.
4.

Conclusions

The synthesized Nb:TiO2 specimens doped at diﬀerent Nb
ion doping concentration showed diﬀerent morphologies,
including sub-microscale ﬁbers (<1.00 mol % Nb doping)
and nanoscale rods (>5.00 mol % Nb doping). Raman
spectrum analysis and XRD results conﬁrmed that the
Nb:TiO2 specimens were still mostly in the anatase phase
and niobium doping did not signiﬁcantly induce crystalline
structural changes. The Nb:TiO2 doped with 0.50 mol % Nb
exhibited the highest activity of catalyzed photodegradation
of methyl orange under UV or visible light irradiation. The
obtained Nb:TiO2 may be a reasonable alternative to
commercial photocatalysts for photocatalytic applications in
the decomposition of organic dyes.
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