
catalysts

Article

Refractory Metal Oxide–Doped Titanate Nanotubes: Synthesis
and Photocatalytic Activity under UV/Visible Light Range

Min-Sang Kim 1,2, Hyun-Joo Choi 3, Tohru Sekino 4 , Young-Do Kim 1 and Se-Hoon Kim 2,*

����������
�������

Citation: Kim, M.-S.; Choi, H.-J.;

Sekino, T.; Kim, Y.-D.; Kim, S.-H.

Refractory Metal Oxide–Doped

Titanate Nanotubes: Synthesis and

Photocatalytic Activity under

UV/Visible Light Range. Catalysts

2021, 11, 987. https://doi.org/

10.3390/catal11080987

Academic Editors: Danilo Russo and

Dionissios Mantzavinos

Received: 30 July 2021

Accepted: 15 August 2021

Published: 18 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Materials Science & Engineering, Hanyang University, Seoul 04763, Korea;
mskim1@katech.re.kr (M.-S.K.); ydkim1@hanyang.ac.kr (Y.-D.K.)

2 Metallic Material R&D Center, Korea Automotive Technology Institute, Cheonan-si 31214, Korea
3 School of Materials Science and Engineering, Kookmin University, Seoul 02707, Korea;

hyunjoo@kookmin.ac.kr
4 SANKEN, The Institute of Scientific and Industrial Research, Osaka University, Mihogaoka 8-1, Ibaraki,

Osaka 567-0047, Japan; sekino@sanken.osaka-u.ac.jp
* Correspondence: shkim@katech.re.kr; Tel.: +82-41-559-3377

Abstract: This study synthesized refractory metal-oxide-doped titanate nanotubes (TNTs) using a
hydrothermal process and investigated their photocatalytic activity under ultraviolet and visible
light irradiation. Refractory metal doping ions such as Mo6+ and W6+ can be supplied from molyb-
denum oxide and tungsten oxide sources. The refractory metal-doped TNT may act as an electron
trap or enhance the adsorption capacity, which increases the number of active sites and promotes
separation efficiency.
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1. Introduction

A photocatalyst is a substance that promotes a chemical reaction through photochemi-
cal reactions from external light energy. Electrons and holes generated by the absorption
of external light energy reach the surface of the photocatalyst, causing chemical reactions
such as oxidation or reduction with other substances [1]. As a result of these characteristics,
photocatalysis is of great importance in solving global energy and environmental issues.
Highly active photocatalytic materials are capable of converting solar energy, exploiting
it for the degradation of organic pollutants in air and water, and the conversion of gases
and liquids [2–4]. Among the various materials with photocatalytic properties, TiO2 is
believed to be the most promising because of the (i) high photocatalytic activity stemming
from its wide band gap, (ii) low cost owing to its natural abundance and nontoxicity, and
(iii) long-term stability stemming from its chemical stability [5].

Recently, one-dimensional TiO2 nanostructures (titania nanotubes, TNTs) have at-
tracted much attention because of their unique physicochemical properties. Various
modern and classical methods have been reported to produce TNTs [6–20], which in-
cludes replica- or template-assisted method [9–12], template-less methods via a solution
chemical synthesis [13–15], hydrothermal treatment [16,17], and electrochemical anodic
oxidation [18–20]. Each method has its advantages and disadvantages, and researchers
may select a suitable method based on the target. For example, template-assisted methods
have the benefit of producing highly aligned structures, and electrochemical anodic oxida-
tion processes can produce high-quality TNTs with a high specific surface area, enhanced
charge carrier transfer, and a large number of active sites. Among these, hydrothermal
methods, first reported by Kasuga et al. [7,14], are preferable because of their simple and
cost-effective setup, environmental friendliness, and high reactivity, which are suitable
for large-scale production. Despite such advantages, the practical applications of TiO2 as
photocatalysts are extremely limited because of its poor absorption capability under the
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visible light range (>400 nm), which originates from its intrinsically large energy band gap
and low quantum yield caused by the rapid recombination of photo-generated electrons
and holes [21,22]. Therefore, several TiO2 modification studies have been proposed, includ-
ing composites with TiO2 and other semiconductors with low band gap energy [23,24],
metal-ion-doped TiO2 using transition metals [25], and non-metal-doped TiO2 [26,27].

Among these studies, metal-ion-doped TiO2 is known to be the most effective method
for improving photocatalytic activity under visible irradiation and stably maintaining these
properties. Refractory metal doping is considered a promising approach to improve the
photocatalytic activity of TiO2 under visible light irradiation. Among the refractory metals,
niobium (Nb), molybdenum (Mo), and tungsten (W) can easily form solid solutions in the
lattice of TiO2 because the ionic radii of Nb5+ (0.64 Å), Mo6+ (0.59 Å), and W6+ (0.64 Å) are
similar to that of Ti4+ (0.605 Å) [28–30].

In previous research [31], Nb-doped titanate nanotube (TNT) structures with improved
photocatalytic activity have been synthesized successfully using a hydrothermal process
with TiO2 and Nb2O5 powders. The Nb-TNT nanostructures have a smaller band gap
energy of 3.24 eV than that of pure TNTs (3.34 eV). Moreover, regarding photocatalytic
activity, the Nb-TNTs show properties 1.4–3.1 times higher than those of pure TNTs.

In this study, to improve the reactivity under visible light irradiation, we synthe-
size Mo-TNT and W-TNT structures through a hydrothermal process using economical
TiO2 and MoO3 and WO3 powders as the Mo and W precursors, respectively. The mi-
crostructure and photocatalytic activity of the synthesized refractory metal-doped TNTs
are also investigated.

2. Results and Discussion

Figure 1 shows the XRD patterns of the pure TNT, Mo- and W-doped TNT samples.
All the samples exhibited peaks only for TNTs (monoclinic H2Ti4O9·H2O, JCPDS 36-655)
without revealing the presence of any oxides; H2TinO2n+1 or NaxH2-xTinO2n+1 (n = 3, 4) is
known to be formed in pure TNTs fabricated by an alkaline hydrothermal method [15].
The XRD results confirmed that the TNT prepared from TiO2 powder was synthesized
successfully by the hydrothermal process; MoO3 and WO3 peaks were not detected in
the patterns, meaning that the MoO3 and WO3 (Mo6+ and W6+ ions, respectively) were
dissolved in the TNT lattice. In addition, the peak for the (200) plane at 2θ~10◦ was not
present in the XRD patterns of Mo- and W-TNTs. Loading of Mo or W on the surface
of TNTs may deform the crystalline structure of the surface layer [32,33], weakening the
intensity of the peak for the (200) plane [1]. Furthermore, the peak for the (200) plane of
TNTs might not be clearly detected when its intensity is small (for the case of Mo- or W-
doped TNTs) because of the significant background noise (swelling of the spectra) typically
presenting in the extremely low 2 theta ranges.
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Figure 2 shows the high-resolution XPS spectra of pure TNTs and synthesized Mo-
and W-doped TNTs. Figure 2a shows the XPS Ti 2p spectrum whose two peaks at about
458–464 eV correspond to the Ti 2p3/2 and Ti 2p1/2 states, indicating that Ti is present in a
valence state of 4+. Figure 2b shows the one peak of XPS O 1s spectrum at 529 eV, which
is attributed to oxygen bonded to titanium (Ti-O). XPS spectra of W-doped TNTs, shown
in Figure 3c, shows one peak at about 37 eV correspond to the W 4f5/2 state, confirming
that W is present in the 6+ valence state [34]. Furthermore, in the XPS spectra of Mo doped
TNTs, one peak at about 232 eV agree with the Mo 3d5/2 state is indicated that Mo is
present in the 6+ valence state [35].
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Figure 3 shows the FE-SEM images of the as-synthesized pure TNT, Mo-TNT, and
W-TNT samples. The pure TNTs were bundled together in numbers ranging from several
tens to several hundreds. The outer diameter and length of each pure TNT sample was
~10 nm and 1 µm, respectively. As seen in Figure 3, it was confirmed that the as-synthesized
Mo-TNT and W-TNT structures also had a larger aspect ratio than pure TNT, with an outer
diameter of ~10 nm and a length of several µm.

Figure 4 shows the TEM images of the as-synthesized pure TNT, Mo-TNT, and W-
TNT samples. The figure clearly shows that Mo-TNT and W-TNT samples had more
agglomerated nanotube structure than pure TNT, and the W-TNT sample had a longer
nanotube length than the Mo-TNT sample. Although the formation mechanism of pure
TNT in NaOH aqueous solution has been argued by some researchers until now, many
researchers agree that the titanate nanosheets formed during hydrothermal process are
rolled to nanotube [36–38]. It is considered that the reason the aggregation occurred only
in the Mo-TNT and W-TNT is that Mo6+ and W6+ are dissolved in the TNT lattice and
slight lattice distortion occurred. Because of the slight lattice distortion, when the titanate
nanosheet is rolled to nanotube, it is fabricated as a curved shape, which is considered to
have caused agglomeration.
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Figure 5 shows the UV–vis diffuse reflectance spectra and Tauc plot of the band gap
energy of the pure TNT and synthesized Mo-TNT and W-TNT nanostructures. As shown
in Figure 5a, the reflectance of the synthesized Mo- and W-TNTs presented a relatively
shifted reflectance compared with that of the pure TNT and a low reflectance in the visible
light region around 560 nm. Moreover, as shown in the Tauc plot of Figure 5b, the band
gap energy of pure TNTs, Mo-TNTs, and W-TNTs was 3.34, 3.32, and 3.32 eV, respectively.
The band gap energy of the pure TNTs (3.34 eV) analyzed was in agreement with results
of other research studies [39], and the Mo- and W-TNTs were shown to have a band gap
energy similar to that of pure TNTs.
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To evaluate the photocatalytic activity of the synthesized pure TNTs, Mo-TNTs, W-
TNTs, and commercial P-25 nanopowder, an MB and RhB removal test was conducted
under UV–vis light irradiation conditions. Figure 6 shows a schematic depiction of the
photocatalytic activity of the refractory-doped TNTs in this study. Theoretically, the reaction
starts when enough photons (hv) from the light source hit the electron in the valence band.
The electron excites the conduction band, leaving holes in the valence band. Both electrons
and holes migrate to the surface of the photocatalyst, oxidizing water to form hydroxyl
radicals. Electrons donate to oxygen, forming metal ions that are reduced to their lower
valence state and deposited on the photocatalyst surface. During the photocatalytic activity,
the refractory dopant may act as a trapping site for excitation and delay the recombination
of the excited electrons as well as an active site to enhance the reaction kinetics. Figure 7a,b
show the degradation properties of MB by pure TNTs, P-25, and synthesized Mo-TNT
and W-TNT nanostructures under UV and visible irradiation, while Figure 7c,d depict the
degradation properties of RhB. The Mo-TNTs and W-TNTs exhibited faster degradation at
~30 min both under UV and visible irradiation than pure TNT and P25 in the MB solution.
In particular, that degradation by refractory metal-doped TNTs was increased significantly
under UV and visible light irradiation compared with that of the pure TNTs. It is known
that the photocatalytic activity is affected by the electron–hole pair recombination rate
within the semiconductor and that the recombination rate of TNT is faster than that of
TiO2 in the UV light range [37]. Additionally, it was observed that the commercial P-25
composed of TiO2 did not exhibit photocatalytic activity in visible light irradiation, while
the synthesized TNTs did. This also confirmed that the doped metal ions as Mo6+ and
W6+ play a major role to enhance the photocatalytic activities. These doping ions create
vacancies or excess ions and/or aliovalent cations, resulting in the enhancement of the
photocatalytic activity by restraining the electron–hole pair recombination. It is well known
that the RhB dye used in Figure 7c,d is not adsorbed easily by the catalyst. Thus, the
degradation rate of RhB by photocatalytic activity was slower than that of MB. In this case,
the enhancement of photocatalytic activity by Mo6+ and W6+ doping was significant under
visible light while it was negligible under UV light irradiation.
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3. Materials and Methods
3.1. Sample Preparation

The TNTs were synthesized using the hydrothermal process reported by Kasuga et al. [7].
Commercial anatase-phase TiO2 (99.9%, Kojundo Chemical Lab. Co., Saitama, Japan),
MoO3, and WO3 (99.9%, FUJIFILM Wako Pure Chemical Co., Osaka, Japan) powders
were used as the starting materials: MoO3 and WO3 of 1 mol.% were mixed with TiO2
powder, and the mixed powders were dispersed in a 10-M NaOH aqueous solution by
ultrasonification for 30 min. Subsequently, for TNT synthesis, the mixture was bathed in
silicone oil (Shinetsu KF-54) preheated to 120 ◦C for 24 h and stirred with a magnetic stirrer.
The resultant product was washed with DI water until it reached pH 7–8. Next, it was
treated with 0.1 M HCl to exchange sodium ions with hydrogen ions before being washed
repeatedly with DI water until the conductivity reached 5 µS/cm. Finally, the synthesized
powder was dried in an oven at 70 ◦C for 48 h.

3.2. Analysis of Phase and Microstructures

The phase analysis of the synthesized samples was conducted using a powder X-ray
diffractometer (XRD; D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany) using Cu Kα

radiation. Field-emission scanning electron microscopy (FE-SEM) images were acquired us-
ing Nova NanoSEM 450 (Thermo Fisher Scientific, Hillsboro, OR, USA). The microstructure
observations and composition analyses were performed using transmission electron mi-
croscopy (TEM; JEM-2100F, JEOL Ltd., Tokyo, Japan). The optical properties were analyzed
with an ultraviolet–visible (UV–vis) spectrophotometer (V-650 spectrophotometer, Jasco
Co., Tokyo, Japan) equipped with an integrating sphere accessory for diffuse reflectance
spectra; BaSO4 was used as a reference.

3.3. Characterization of Photocatalytic Activity

The adsorption and degradation properties of the TNT and refractory metal-doped
TNT samples were analyzed using methylene blue (MB; FUJIFILM Wako Pure Chemical
Co., Osaka, Japan) and rhodamine B (RhB; FUJIFILM Wako Pure Chemical Co., Osaka,
Japan) solutions prepared at a concentration of 20 mg/L. Approximately 20 mg of catalyst
was dispersed in 100 mL of solution. The MB and RhB degradations under UV light were
evaluated by UV light irradiation (UVF-204S, SAN-EI Electric Co. Ltd., Osaka, Japan),
while the degradations under visible light (solar simulator with a cutoff glass filter under
400 nm, HAL-C100, Asahi spectra, Tokyo, Japan) were evaluated by exposing visible
light at room temperature. The MB and RhB solutions were then analyzed with a UV–
vis spectrophotometer (UV mini-1240, Shimadzu Co., Kyoto, Japan) by measuring the
absorption bands at 663 and 552 nm, respectively.

4. Conclusions

In this study, refractory metal-doped TNT nanostructures were synthesized success-
fully by a hydrothermal process from TiO2 and MoO3/WO3 sources, and they exhibited
improved photocatalytic activity under UV–vis light irradiation. FE-SEM and HR-TEM
results showed that Mo-TNT and W-TNT samples had more agglomerated nanotube struc-
ture than pure TNT, and the W-TNT sample had a longer nanotube length than the Mo-TNT
sample. To evaluate the photocatalytic effect of refractory metal-doped TNTs, a removal
test in the MB and RhB solution under UV–vis light irradiation was conducted, which
confirmed that photocatalytic activity of refractory metal-doped TNTs was significantly
enhanced under both UV and visible light irradiation compared with the pure TNTs. The
refractory metal-doped TNT may act as an electron trap or enhance the adsorption capacity,
which increases the number of active sites and promotes the separation efficiency.
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