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ABSTRACT: Titanate nanotube (TNT) represents one class of novel one-
dimensional semiconducting nanomaterials that can be used as photocatalyst for
given applications. However, TNT is only UV-light photoactive because of its intrinsic
limitation of light absorption in the UV region. Here, we report a facile approach to
tune the optical property and photocatalytic performance of TNT by doping various
metal ions (Cu®, Co*', Ni**, Fe’*, and Mn*") via an ion-exchange method in an
aqueous phase. The optical properties of TNT can be finely tuned by incorporating
different kinds of metal ions into its tubular framework. In particular, the incorporation
of metal ions into the matrix of TNT is able to extend its light absorption to the visible-
light region, thus making TNT have the visible-light photoactivity. Activity testing on
photocatalytic selective oxidation of a variety of benzylic and allylic alcohols under mild
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conditions demonstrates that these metal-ion-doped TNTSs exhibit markedly enhanced catalytic performance as compared to the
undoped TNTs under both the irradiation of UV light and visible light. Such an enhancement of photocatalytic activity with regard
to metal-ion-doped TNT is primarily attributed to the prolonged lifetime of photogenerated electron—hole pairs in comparison
with that of undoped TNT. Our current research work demonstrates the tunable optical property of TNT by doping metal ions
and, more significantly, opens promising prospects of one-dimensional nanotubular TNT or TNT-based materials as visible-light-
driven photocatalyst in the area of selective transformation using molecular oxygen as benign oxidant under ambient conditions.
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1. INTRODUCTION

One-dimensional semiconducting nanostructures, such as nano-
rods, nanowires, and nanotubes, play a key role in the current
nanoscience and technology.'® Indeed, they have found potential
applications in many fields, including photodetectors, light
waveguides, solar energy conversion, lithium batteries, gas sensing,
and photocatalysis.' '® Titanium dioxide (TiO,) is a well-known
semiconductor photocatalyst that can be used for degradation of
environmental pollutants, water splitting to hydrogen, and
selective organic transformation."’ > In particular, one-dimen-
sional titanate nanotubes (TNT) have been remaining a subject
of many investigations including studies of their physicochemical
and crystallographic properties, their mechanism of formation,
improving the method of synthesis and their applications.”*~**
To date, the template method, ™! anodic oxidation,**** and
hydrothermal wet chemical treatment have been developed to
synthesize TNT.>** In particular, the advantages of easy scale-
up synthesis at low temperature and high yield make the
preparation approach of hydrothermal treatment of TiO, particles
with alkali solutions attract a lot of interest.">**™>® So far, the
potential applications based on TNT have been reported in
numerous fields, ranging from heterogeneous catalysts, hydrogen
storage materials, and secondary batteries.'>**~
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Our primary interest focuses on the application of TNT in
heterogeneous photocatalysis because of its novel chemical
structure and electronic properties.'>**~** In comparison to the
commonly used nanoparticles or bulk materials, nanotubular
TNT can provide unique benefits as photocatalyst in view of the
following features.">*? %7753 Birst, the one-dimensional geom-
etry facilitates fast and long-distance electron transport. Second,
nanotubular structure is expected to have large specific surface
area and pore volume. Third, the light absorption and scattering
can be markedly enhanced because of the high length-to-diameter
ratio for one-dimensional nanotubular TNT. Therefore, it should
be of significant interest to investigate the potential applications
of such nanotubular TNT-based materials as photocatalysts for
target applications. In fact, it has been reported that one-
dimensional TNT can be used for “non-selective” degradation of
organic pollutants, e.g, azo dyes and volatile organic
pollutant.">**~*31753 However, it should be noted that TNT
is only UV-light photoactive becaue of its intrinsic limitation
of light absorption in the UV region.'>**~***'~%> Notably, one
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important structure feature for TNT is its high cation-exchange
capacity.***** The residual sodium ions in TNT is not only
able to stabilize the tubular framework structure'>***>5> but also
provides the possibility of tuning the optical property by
introducing different transition metal jons into the matrix of
nanotubular TNT framework %55 As a result, the light
absorption of TNT could be extended to the visible light region
and, therefore, the photoactivity of TNT could also be finely
tuned by doping different metal ions.

In addition, a literature survey leads us to find that the utiliza-
tion of nanotubular TNT as photocatalyst for selective organic
synthesis has not been reported so far. Besides the “non-
selective” degradation of organic pollutants, synthesis of fine
chemicals by photocatalytic selective redox process has shown
the promising potential in the field of heterogeneous photo-
catalysis.”>**™ By means of controlling the reaction conditions
coupled with the choice of proper semiconductor photo-
catalysts, the high selectivity is able to be achieved for
photocatalytic selective redox reactions. For example, it has
been shown recently that graphene-TiO, nanocomposites can
be used as visible-light-driven photocatalyst toward selective
oxidation of alcohols to aldehydes,”* a key transformation for
fine chemicals because carbonyl compounds such as aldehyde
and ketone derivatives are widely utilized in the fragrance,
confectionary, and pharmaceutical industries.**~°

Herein, we report the modification of light absorption
property of nanotubular TNT by a simple cation-exchange
process with transition metal ions,*** including Fe*, Co®™,
Ni**, Cu®, and Mn*', and their application as a visible-light
photocatalyst in selective oxidation of alcohols using molecular
oxygen as oxidant under ambient conditions. The introduction
of transition metal ions is able to transform TNT into a visible-
light-active photocatalyst. In addition, the doping of transition
metal ions can improve the photocatalytic activity of TNT
under the irradiation of UV light because of the improved
lifetime of photogenerated electron—hole pairs. Our work
demonstrates that the optical property of TNT can be tuned
by doping metal ions, which extends its light absorption range
to the visible light region. The introduction of metal ions
into nanotubular framework of TNT is able to enhance its
photocatalytic activity toward selective oxidation of alcohols
under both the UV light and visible-light irradiation. One-
dimensional nanotubular TNT-based materials has a promising
potential as a visible-light-driven photocatalyst for selective
transformation using molecular oxygen as benign oxidant under
ambient conditions.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Titanate Nanotube (TNT) and Metal-lon-
Doped TNT. The chemicals of NaOH, ethanol, ammonia solution,
and metal-ions precursor of M(CH;COO), (M = Fe, Co, Ni, Cu, and
Mn) were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Anatase titania nanosized powder (10 nm in size)
was supplied from Alfa Aesar Co., Ltd. (Tianjin, China). All of the
chemicals are analytic grades and used as received without further
purification. Deionized water used in the synthesis was from local
sources.

For the synthesis of TNT, anatase titania powder (0.5 g), and an
aqueous solution of concentrated NaOH (10 M, 40 mL) were mixed
and kept stirring to form a homogeneous suspension, which was then
transferred into a Teflon-lined autoclave and hydrothermally treated
at 140 ° C for 12 h in an oven. After the reaction, the precipitate
was separated by filtration and washed with deionized water until a pH
value near 8 was reached. It should be mentioned that It is crucial for
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the post-treatment of washing process with the control pH 8, which
can help retain the intact tubular framework structure for further
calcination at high temperature."® The precipitate was then dispersed
in anhydrous ethanol with the assist of ultrasonication. After a second
filtration and washing step by ethanol, the sample was dried in a
vacuum oven at 80 °C overnight. The sample is finally calcined at
400 °C for 6 h in air, which is denoted as TNT.

The synthesis of metal-ion-doped TNT is by an ion-exchange
reaction of TNT with an aqueous ammonia solution with Fe**, Co*",
Ni**, Cu®*, and Mn*", respectively, because of the stability of TNT in a
basic solution and the stabilization of these substituting ions by
complexation with ammonia.">**** In a typical process, the metal-ion
precursors of M(CH;COO), (M = Fe, Co, Ni, Cu, and Mn) were
dissolved in water to form the corresponding M>* solution (3 mM)
followed by adding diluted ammonia solution (25%) drop by drop to
form clear solutions at room temperature. Then, the TNT nanotubes
(0.5 g) were dispersed evenly in the respective metal-ion solutions
(50 mL) and stirred with speed of 100 rpm for 20 h at room temp-
erature in order to allow a sufficient ion-exchange process. After that,
the products were carefully washed with diluted ammonia (25%) and
deionized water several times with the control pH 8, and to avoid
physical adsorption of the substituting ions on the surface of the
TNT nanotubes. The as-obtained samples are denoted as TNT-Fe,
TNT-Co, TNT-Ni, TNT-Cu, and TNT-Mn, respectively.

2.2. Characterization. The phase composition of the samples was
determined by the powder X-ray diffraction (XRD) on a Bruker D8
Advance X-ray diffractometer at 40 kV and 40 mA with Ni-filtered Cu
Ka radiation. The optical properties were analyzed by the UV—vis
diffuse reflectance spectroscopy (DRS) using a UV—vis spectropho-
tometer (Cary-500, Varian Co.), in which BaSO, was used as the
internal standard. The nitrogen adsorption—desorption isotherm was
carried out using a Micromeritic-:ASAP2020 equipment. The photo-
luminescence (PL) spectra were obtained using an Edinburgh
Analytical Instrument PLS920 system. Transmission electron micros-
copy (TEM) images were obtained using a JEOL model JEM 2010 EX
instrument at the accelerating voltage of 200 kV. The X-ray photo-
electron spectra (XPS) analysis was performed on a Thermo Scientific
ESCA Lab250 spectrometer using monochromatic Al Ko radiation
under vacuum at 2 X 107° Pa, a hemispherical ananlyzer and sample stage
with multiaxial adjustability to obtain the composition on the surface
of catalysts. All binding energies were calibrated by the C 1s peak of
the surface adventitious carbon at 284.6 eV.

Electron spin resonance (ESR) signal of the radicals spin-trapped by
5,5-dimethyl-l-pyrroline-N-oxide (DMPO) was recorded on a Bruker
EPR A300 spectrometer. The sample (S mg) was dispersed in the
solvent benzotrifluoride (BTF, 0.5 mL). Then, 25 uL DMPO/benzyl
alcohol solution (1:10, v/v) was added and oscillated to achieve the
well-blending suspension. The settings for the ESR spectrometer were
as follows: center field = 3507 G, microwave frequency = 9.84 GHz
and power = 6.36 mW.

Photoelectrochemical measurements were performed in a home-
made three electrode quartz cells with a PAR VMP3Multi Potentiotat
apparatus. Pt plate was used as counter and Ag/AgCl electrode used as
reference electrodes, while the working electrode was prepared on
fluoride-tin oxide (FTO) conductor glass. The sample powder (10 mg)
was ultrasonicated in 1 mL of anhydrous ethanol to disperse it evenly to
get slurry. The slurry was spreading onto FTO glass whose side part
was previously protected using Scotch tape. The working electrode
was dried overnight under ambient conditions. A copper wire was
connected to the side part of the working electrode using a conductive
tape. Uncoated parts of the electrode were isolated with epoxy resin.
The electrolyte was 0.2 M aqueous Na,SO, solution (pH 6.8) without
additive. The photoelectrochemical impedance spectroscopy experi-
ments were taken on a CHI660D workstation.

2.3. Photocatalytic Activity. The photocatalytic selective
oxidation of various alcohols was performed as the following.*>*"~°
Typically, a mixture of alcohol (0.1 mmol) and 8 mg catalyst was
dissolved in the solvent of benzotrifluoride (BTF) (1.5 mL), which
was saturated with pure molecular oxygen from gas cyclinder. The
choice of solvent BTF is because of its inertness to oxidation and high
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Figure 1. UV—vis diffuse reflectance spectra (DRS) of (a) undoped titanate nanotube (TNT) and various metal-ion-doped TNT, and (b) the plot of

transformed Kubelka—Munk function versus the energy of light.

solubility for molecular oxygen.”’ > The above mixture was trans-
ferred into a 10 mL Pyrex §lass bottle filled with molecular oxygen at a
pressure of 0.1 MPa,”>*” ™ and stirred for half an hour to make the
catalyst blend evenly in the solution. For photocatalytic reaction under
visible light irradiation, the suspensions were irradiated by a 300 W Xe
arc lamp (PLS-SXE 300, Beijing Perfectlight Co. Ltd.) with a UV-CUT
filter to cut off light of wavelength <420 nm. For photocatalytic
reaction under UV light irradiation, the suspensions were irradiated by
the same 300 W Xe arc lamp with a UV band-pass filter (365 +
15 nm). After the reaction, the mixture was centrifuged at 12,000 rmp
for 20 min to completely remove the catalyst particles. The remaining
solution was analyzed with an Aglient Gas Chromatograph (GC-7820,
with Capillary FFAP analysis column). The assignment of products
was confirmed by a Hewlett-Packard Gas Chromatograph/Mass
Spectrometry (HP-5973GC/MS). Conversion of alcohol, yield of
aldehyde and selectivity for aldehyde were defined as the follows®” >’

conversion (%) = [(Cy — Calcohol)/Col X 100 (1)
yield (%) = Cadehyde/ Co X 100 )
selectivity(%) = [Caldehyde/(co = Calcohol)] X 100 3)

where C, is the initial concentration of alcohol, Cycohe1 and Cjgehyde are
the concentration of the substrate alcohol and the corresponding
aldehyde, respectively, at a certain time after the photocatalytic
reaction.”” %

3. RESULTS AND DISCUSSION

Figure S1 (Supporting Information) shows the typical sample
photographs of pristine undoped titanate nanotube (TNT) and
metal-ion-doped TNT. It can be seen that the introduction of
metal ion into the matrix of TNT can lead to the color change
of as-obtained samples, particularly for TNT-Cu, TNT-Co, and
TNT-Ni. The optical property measurement of these samples,
using the UV—vis diffuse reflectance spectra (DRS) as shown in
Figure 1a, further evidence that the property of light absorption
of TNT can be finely tuned by the introduction of different
metal ions. In particular, the incorporation of metal ions into
the framework of TNT is able to extend its light absorption to
the visible-light region. Thus, metal-ion-doped TNT can be
photoexcited by the irradiation of visible light and would
presumably exhibit the visible light photocatalytic performance
of TNT for target reactions. A plot obtained via the trans-
formation based on the Kubelka—Munk function versus the
energy of light is shown in Figure 1b, by which the roughly
estimated band gap values are 3.43, 3.36, 3.32, 3.36, 3.18, and
3.28 eV corresponding to TNT, TNT-Cu, TNT-Co, TNT-Nj,
TNT-Fe, and TNT-Mn, respectively. This indicates a band gap
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narrowing of metal-ions doped TNT as compared to undoped
TNT, which could be attributed to the formation of impurity
energy levels of doped metal ions between the valence band
and conduction band of TNT.

To confirm that the nanotubular framework structure is
retained intact for metal-ion-doped TNT as compared with
undoped TNT, we performed the powder X-ray diffraction
(XRD) analysis.'>*®* As displayed in Figure 2, the diffraction
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Figure 2. XRD patterns of undoped TNT and various metal-ion-
doped TNT.

peaks at 20 values of 10.7, 24.5, 29.2, and 48.5° can be indexed
to (200), (110), (211), and (020) crystal planes of TNT phase,
respectively.">*”*> These main diffraction peaks are typical
of layered titanates, especially the strong broad one around
26 = 10.7°, being attributed to the interlayer distance.*** All of
the characteristic crystalline phase peaks of TNT have been
maintained with regard to metal-ions doped TNT including
TNT-Cu, TNT-Co, TNT-Ni, TNT-Fe, and TNT-Mn, clearly
suggesting that the nanotubular structure of TNT is not
collapsed.'>*¥*97#>5% The transmission electron microscopy
(TEM) analysis of these samples is in faithful agreement with
the XRD results. That is, the nanotubular structure of TNT is
maintained intact after the doping of metal ions into the matrix
of TNT, as reflected by the TEM images in Figure 3. The
average inner diameter of undoped and metal-ions doped TNT
is ca. 5 nm, and the length is in the range of 80—500 nm.
The measured specific Brunauer—Emmett—Teller (BET)
surface areas as shown in Figure S2 in the Supporting Inforamtion
are ca. 379, 377, 380, 381, 378, and 381 m*/g, corresponding to
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Figure 3. Typical TEM images of (a) undoped TNT, and various
metal-ion-doped (b) TNT-Cu, (c) TNT-Co, (d) TNT-Nj, (e) TNT-
Fe, and (f) TNT-Mn.

undoped TNT, doped TNT-Cu, TNT-Co, TNT-Ni, TNT-Fe,
and TNT-Mn, respectively. In addition, they also have the similar
total pore volumes and pore size distribution, as shown in Figure
S2 in the Supporting Information. Therefore, the joint data of
BET, XRD and TEM suggest that the doping of metal-ions plays
a negligible effect on the nanotubular microstructure of TNT.
The X-ray photoelectron spectra (XPS) analysis in Figure S3 in
the Supporting Information shows that, as expected, the valence
state of doped metal ions on the surface of all of the samples is
+2.5'7% In particular, the peaks located at ca. 932.5 and 952.2 eV
are attributed to Cu®’. The peaks located at ca. 780.4 and
7963 €V are attributed to Co**. The peaks located at ca. 855.4
and 872.6 eV are attributed to Ni**. The peaks located at ca. 709.2
and 722.8 eV are attributed to Fe**. The peaks located at ca. 640.6
and 652.3 eV are attributed to Fe**. On the basis of the quantifi-
cation of XPS data, the doping contents of Cu**, Co**, Ni**, Fe*,
and Mn*" in the samples of metal-ion-doped TNT are calculated
to be about 0.50, 0.51, 0.49, 0.50, and 0.49 mol %, respectively.

Tables 1 and 2 display the photocatalytic activity of selective
oxidation of various alcohols, including benzylic alcohols and
allylic alcohols, over the samples of undoped TNT and metal-
ions doped TNT after the visible-light irradiation of 4 and 10 h,
respectively, at room temperature and atmospheric pressure.
It can be seen that all of the metal-ions doped TNTs exhibit
visible light photoactivity toward selective oxidation of alcohols
to aldehydes with high selectivity, ca. 90—100%. In contrast, the
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undoped TNT shows very poor visible light photoactivity, as
reflected by the very low conversion of alcohols, which is
reasonable because the intrinsic limitation of visible light
absorption for the undoped TNT."**~*3175% Increasing the
irradiation time is able to enhance the conversion of alcohols
over the photocatalyst of metal-ions doped TNT; however,
the selectivity to corresponding aldehydes will be decreased
moderately, as shown in Table 2. This observation is
understandable in view of deep oxidation of target product of
aldehydes after the longer reaction time. For example, regarding
selective oxidation of benzyl alcohol over the photocatalyst of
TNT-Mn, the conversion is ca. 13% along with ca. 100%
selectivity to benzaldehyde after the visible light irradiation of
4 h. After the longer irradiation time of 10 h, the conversion is
increased to 24% along with 98% selectivity. Blank experiments
in the absence of catalysts and/or light show that no conversion
of alcohols is observed, hence confirming the reaction is really
driven by a photocatalytic process. Controlled experiment in
the presence of nitrogen atmosphere shows trace conversion of
alcohols, proving that molecular oxygen is the primary oxidant
that selectively oxofunctionalizes substrate alcohols to corre-
sponding aldehydes. In addition, it should be mentioned that
the UV light photoactivity of TNT can also be improved
significantly due to the doping of metal ions, as evidenced by
Tables S1 and S2 in the Supporting Information. Therefore, the
introduction of metal ions into the nanotubular framework of
TNT is not only able to transform the only UV-light-active
undoped TNT photocatalyst into the visible-light-active one
but also markedly enhance the photoactivity of TNT under
UV-light irradiation.

To understand why the doping of metal ions into the frame-
work of TNT is able to improve its photocatalytic performance
significantly, we have performed the photoelectrochemical
experiments with regard to all of the samples, which can be
used to reflect the lifetime of electron—hole pairs for photo-
catalysts upon light irradiation.””*® Figure 4 shows the
photocurrent transient response for the samples of undoped
TNT and various metal-ion-doped TNT electrodes, under both
UV light and visible-light irradiation, respectively. It can be seen
that the doping of metal-ions into the tubular framework of
TNT is able to remarkably enhance the photocurrent density
upon both visible light and UV-light irradiation. These suggest
that the lifetime of photogenerated electron—hole pairs can be
markedly improved due to the doping of various metal ions,
which well-account for the much higher photocatalytic activity
of metal-ion-doped TNT than undoped TNT toward oxidation
of alcohols to corresponding aldehydes. This prolonged lifetime
of photogenerated charge carriers can also be confirmed by the
photoluminescence (PL) spectra. As shown in Figure S, the PL
intensity obtained over metal-ions doped TNT is much wearker
than that of undoped TNT, suggesting the longer lifetime
of photogenerated electron—hole pairs. In addition, we have
also done the photoelectrochemical impedance spectra, which
is shown in Figure S4 in the Supporting Information. It is
observed that, for metal-ions doped TNT, the semicircle in the
plot becomes shorter, indicating a decrease in the solid state
interface layer resistance and the charge transfer resistance on
the surface.>® Therefore, the PL spectra and photoelectrochem-
ical analysis together demonstrate that the doping of metal ions
is able to inhibit the recombination of photogenerated
electron—hole pairs upon UV and visible-light irradiation. In
addition, as mentioned above, the doping of metal ions plays a
negligible effect on the surface area and pore volume of TNT,
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Table 1. Selective Oxidation of a Range of Alcohols over the TNT and Metal-Ion-Doped TNT Photocatalysts under the
Irradiation of Visible Light for 4 h

Conv.* Sel.? Conv.*  Sel.?
Catalyst Substrate Product Substrate  Product
(%) (%) (%) (%)

TNT 1.0 100 11 99
TNT-Cu CH,OH CHO 6.8 100 CHOH CHO 8.7 98
TNT-Co 75 100 8.5 98
TNT-Ni 8.2 100 8.7 98
TNT-Fe 49 100 9.9 98
TNT-Mn 13.0 100 CH, CH, 10.9 99

TNT 12 98 1.0 98
TNT-Cu GHaOoH CHO 8.1 98 CH,0H  CHO 76 98
TNT-Co 8.0 99 7.1 97
TNT-Ni 6.9 98 8.0 97
TNT-Fe ‘ T 8.2 97 6.9 97
TNT-Mn OCH, OCH; 10.2 98 NO, NO, 9.7 97

TNT 0.6 97 1.1 92
TNT-Cu CH,0H CHO 45 97 CH,0H  CHO 79 94
TNT-Co 47 96 7.9 93
TNT-Ni 46 96 8.2 92
TNT-Fe 5.0 97 7.6 93
TNT-Mn Cl 1 5.7 96 F B 11.2 92

TNT 0.7 91 0.3 90
TNT-Cu on 5.5 93 3.6 91
TNT-Co = oo 49 93 — PN 9o 35 93
TNT-Ni 51 92 = >= 40 93
TNT-Fe 6.2 93 4.0 92
TNT-Mn 5.0 92 44 93

“the standard deviation is <29%.

Table 2. Selective Oxidation of a Range of Alcohols over the TNT and Metal-Ion-Doped TNT Photocatalysts under the
Irradiation of Visible Light for 10 h

Conv.® Sel.? Conv.®  Sel.?
Catalyst Substrate Product Substrate  Product

(%) (%) (%) (%)

TNT 1.5 99 1.6 98
TNT-Cu CH,OH CHO 13.0 99 CH,OH CHO 160 98
TNT-Co 15.0 99 16.0 98
TNT-Ni 16.0 99 16.0 98
TNT-Fe 10.0 99 18.0 98
TNT-Mn 24.0 98 CH, CH, 20.0 98
TNT 1.7 98 1.3 97

CH,0H : :

TNT-Cu 2 GHO 160 98 CH,0H CHO  15.0 97
TNT-Co 16.0 98 14.0 97
TNT-Ni 14.0 98 16.0 97
TNT-Fe ‘ 17.0 97 14.0 97
TNT-Mn OCHj, OCHjz 20.0 98 NO, NO, 20.0 97
TNT 0.9 9 1.5 91
TNT-Cu CH.OH CHO 9.0 9 CH,0H CHO 150 91
TNT-Co 8.0 9 16.0 91
TNT-Ni 8.0 96 16.0 91
TNT-Fe 10.0 96 15.0 91
TNT-Mn cl Al 10.0 96 F B 20.0 89
TNT 1.0 88 0.7 86
TNT-Cu o 9.0 89 7.0 87
TNT-Co = oo 80 88 > O~ o 170 86
TNT-Ni 9.0 89 = 5, 87
TNT-Fe 11.0 88 8.0 86
TNT-Mn 9.0 92 8.0 86

“The standard deviation is <2%.
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Figure S. Photoluminescence (PL) spectra of undoped TNT and
metal-ion-doped TNT.

which is in agreement with the adsorption data for undoped
TNT and metal-ion-doped TNT toward alcohols in the dark
as shown in Figure SS in the Supporting Information. Thus,
these two factors, i.e., surface area and pore volume, are not the
primary reasons leading to the significant photoactivity
difference between the undoped TNT and metal-ion-doped
TNT toward selective oxidation of alcohols.

The electron spin resonance (ESR) analysis can render further
evidence to support the fact that the doping of metal ions is able
to promote the separation of photogenerated electron—hole
pairs under both UV light and visible light irradiation. It has been
well-known that, in photocatalytic process, molecular oxygen is
an excellent electron acceptor regardless of nonselective photo-
catalytic degradation or selective photocatalytic transformation
reaction.’ Therefore, in principle, the so-called superoxide
radical species (O,”) should be detected in the reaction
system.”>>’ ™% If the lifetime of charge carriers, ie., photo-
generated electron—hole pairs, is lengthened for metal-ions
doped TNT in comparison with the undoped TNT, the higher
intensity of O, should be observed by the ESR analysis. Figure 6
shows the ESR spectra of O,” trapped by S5,5-dimethyl-l-
pyrroline-N-oxide (DMPO) for all of the samples under visible-
light irradiation. It is obvious that the O, radical species can be
observed for all of metal-ion-doped TNT whereas no apparent
O, " radical species are detected for the undoped TNT. This is in
agreement with their optical absorption property and photo-
activity as discussed above. In other words, because the undoped
TNT does not have light absorption in the visible-light region, it
is not able to effectively produce the electron—hole pairs upon
visible-light irradiation. On the contrary, after the doping of
metal ions, the light absorption range of TNT is extended to the
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visible light region, thereby causing the visible light photoactivity
for metal-ion-doped TNT. See Figure S6 in the Supporting
Information shows the ESR spectra of O, trapped by DMPO
for the undoped TNT and metal-ion-doped TNT under UV
light irradiation. As can be seen, for all of the samples including
undoped TNT and metal-ion-doped TNT, the O, ™ radical species
can be observed and their intensity is much stronger than that
under visible light irradiation. This is in accordance with the
higher photoactivity under the UV light irradiation than that
under under the visible light irradiation. A tentative mechanism
for photocatalytic selective oxidation of alcohols to correspond-
ing aldehydes over metal-ion-doped TNT can be proposed as
the following, which is schematically displayed in Figure 7.
Upon the visible-light irradiation, the doped metal ions as
impurity energy levels can promote the visible light absorption
and the generation of the photoexcited electron—hole pairs
over the surface of metal-ion-doped TNT. The adsorbed
alcohol on the metal-ion-doped TNT surface can be oxidized
by the positive hole to give rise to alcohol radical cation,””®
which reacts with molecular oxygen or superoxide radicals to
produce the target product, corresponding aldehyde.

On the basis of above results, it can be concluded that the
lifetime of photogenerated charge carriers is the most important
factor that determines the overall photoactivity performance of
the undoped TNT and metal-ions doped TNT upon UV light or
visible-light irradiation toward selective oxidation of alcohols.
Doping of metal ions into the framework of TNT is able to
enhance the lifetime of photogenerated electron—hole pairs,
thereby leading to the improved photoactivity of metal-ions
doped TNT as compared to that of the undoped TNT. In
addition, in view of the tunable optical property of TNT by facile
substitution of a wide range of transition-metal ions via ion-
exchange with sodium ions and proton ions in TNT,****° there
would be a wide, promising potential to further optimize the
photocatalytic performance of TNT and transform it into a
visible-light active photocatalyst toward selective redox reactions.

4. CONCLUDING REMARKS

In summary, one-dimensional titanate nanotube (TNT) doped
with various metal ions (Cu*, Co*", Ni**, Fe?*, and Mn?*) has
been synthesized by an ion-exchange method in an aqueous
phase. The optical properties of TNT are finely tuned by
incorporating different kinds of metal ions. In particular, the
incorporation of metal ions into the matrix of TNT is able to
extend its light absorption to the visible-light region, thus making
TNT exhibit the visible-light photoactivity toward selective
oxidation of alcohols. These metal-ion-doped TNT samples
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Figure 6. ESR spectra of superoxide radical adducts trapped by DMPO for the samples of undoped TNT and various metal-ion-doped TNT under

visible light irradiation.

Alcohols Aldehydes

Figure 7. Proposed tentative mechanism for photocatalytic selective
oxidation of alcohols to corresponding aldehydes over the metal-ion-
doped TNT photocatalyst.
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exhibit markedly enhanced catalytic performance toward
selective oxidation of a range of benzylic and allylic alcohols as
compared to the undoped TNT under both the irradiation of
both UV light and visible light. This enhancement of
photoactivity is primarily ascribed to the prolonged lifetime of
photogenerated charge carriers for metal-ion-doped TNT in
comparison with that of undoped TNT. Our work clearly
demonstrates the tunable optical property of TNT by doping
metal ions and, significantly, opens a new doorway of one-
dimensional nanotubular TNT and other semiconductor nano-
tubes as a new type of visible-light-driven photocatalyst in
selective transformation under ambient conditions.
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