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ABSTRACT: Titania confined inside carbon nanotubes
(CNTs) was synthesized using a restrained hydrolysis method.
Raman spectra and magnetic measurements using a SQUID
magnetometer suggested the formation of remarkable oxygen
vacancies over the encapsulated TiO, in comparison with
nanoparticles dispersed on the outer surface of CNTs,
extending the photoresponse of TiO, from the UV to the
visible-light region. The CNT-confined TiO, exhibited
improved visible-light activity in the degradation of methy-
lene blue (MB) relative to the outside titania and com-
mercial P25, which is attributed to the modification of the
electronic structure of TiO, induced by the unique con-
finement inside CNTs. These results provide further in-
sight into the effect of confinement within CNTs, and the
composites are expected to be promising for applications
in visible-light photocatalysis.

Ti02 has long been a promising candidate for photocatalysis
applications because of its photostability, natural abundance,
and nontoxicity.' Because of its limitation to UV-light response,
extensive efforts to modify the electronic band structures of
TiO, for visible-light harvesting are being conducted, including
metal/nonmetal doping, coupling with secondary semiconduc-
tors, and photosensitization with dyes.” > Among these, com-
posites of TiO, supported by nanoscale carbonaceous materials
have drawn much attention in recent years,®”® by virtue of their
ability to extend the light-response range and other distinctive
features such as facile charge separation and increased adsorption
of pollutants. In comparison with other nanocarbon materials,
carbon nanotubes (CNTs) are distinguished in that they possess
tubular morphologies with graphene layers.” It has been reported
that the well-defined nanochannels of CNT's with unique elec-
tronic tuning properties can provide an intriguing confine-
ment environment.'® Significantly enhanced catalytic activities
have been observed over CNT-confined catalysts as a result
of tuning the proIperties of active species via confine-
ment inside CNTs.""~'* However, few studies of the applica-
tions of TiO, encapsulated within CNTs in photocatalysis have
been reported."> To date, it is still a great challenge to disperse
TiO, nanoparticles uniformly inside CNTs because of rapid
hydrolysis of the titanium precursors. Here we developed an
efficient method for synthesizing TiO, encapsulated within
CNTs by restrained hydrolysis of the titanium precursor. The
as-prepared CNT-confined TiO, composites showed high
visible-light photoactivity resulting from the modification of
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electronic properties of TiO, particles induced by the unique
confinement inside CNTs.

Titania nanoparticles were introduced into the CNT channels
with titanium isopropoxide as the precursor under a N, atmosphere
using the capillary force of the tubes, by which the sample denoted
as TC-in was obtained [section SI1 in the Supporting Information
(SI)]. For comparison, particles with the same composition were
dispersed on the outer surface of CNTs, affording the sample
denoted as TC-out. Transmission electron microscopy (TEM)
investigations revealed that most of the particles were neatly
aligned in the channels for the TC-in sample and that almost
all of the particles were located outside CNTs in TC-out
(Figure 1a,b and Figure S1 in the SI). Particles with d spacing
of 3.52 A, corresponding to the [101] lattice fringe of anatase
TiO,, were observed in TC-in and TC-out, indicating that the
titania nanoparticles were in an anatase phase. Size distribu-
tion diagrams showed that over 85% of the TiO, particles in
both TC-in and TC-out had sizes in the range 3—8 nm. The
scanning electron microscopy (SEM) image in Figure lc
shows that in reference TiO, particles (prepared using the
same process but without CNTs; see section SI1) were fairly
homogeneous with a much narrower particle size distribution
(7—12 nm) relative to commercial P25, which had sizes in the
range 15—32 nm (Figure 1d). This implies that uniform TiO,
nanoparticles were successfully obtained by the restrained
hydrolysis method.

X-ray diffraction (XRD) patterns of TC-in and TC-out are
displayed in Figure 2a,b. The diffraction peaks corresponding to
anatase TiO, [004], [200], [211], [204], [220], and [215] planes
(JCPDS no. 21-1272, marked with triangles) were detected along
with the characteristic features of CNTs. In addition, the most
intense peak from anatase TiO, [101] overlapped with that of
CNT [002]. No diffraction peaks from the rutile phase were
observed. This demonstrates that the titania nanoparticles in
both TC-in and TC-out existed in an anatase state, in agreement
with the TEM results. Figure 2c shows the XRD pattern of
reference TiO,, and all of the peaks matched the standard spectra
of anatase TiO, well. Commercial P25 (Figure 2d) possessed
peaks from both anatase and rutile phases (marked with dia-
monds), as recognized previously.lé The particle sizes of refer-
ence TiO, and P25 were 10.5 and 22.0 nm, respectively, as
calculated using the Scherrer equation on the basis of the anatase
[200] peak. In comparison with reference TiO, and P25, the
peaks of TiO, supported on CNTs either inside or outside the
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Figure 1. (a3, b) TEM and (c, d) SEM images and size distributions
of TiO, nanoparticles in (a) TC-in, (b) TC-out, (c) reference TiO,,
and (d) P25.
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Figure 2. XRD patterns of (a) TC-in, (b) TC-out, (c) reference TiO,,
and (d) P25.

channels were greatly broadened. The average crystal size of
TiO, in TC-in was ~4.6 nm, which is close to that of TC-out
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Figure 3. Raman spectra of (a) TC-in, (b) TC-out, (c) reference TiO,,
and (d) P25.

(5.3 nm). These results agree well with the microscopy observa-
tions in Figure 1.

In the Raman spectra, both TC-in and TC-out exhibited three
bands in the high-frequency region corresponding to the char-
acteristic CNT D, G, and D' modes.'” Below 1000 cm ™}, a sharp
peak at ~150 cm ™' and a broad one at ~630 cm ™' were also
detected (Figure 3a,b). These bands can be assigned to the
Eg(1) and E4(2) modes of the Ti(IV)—O bond vibration in
anatase TiO,,'® as manifested by the similar Raman bands in
reference TiO, (Figure 3c). The Raman peaks of P25 (Figure 3d)
were very close to those of reference TiO,, indicating that the
surface of P25 was in an anatase state.'”

The Ey(1) feature of the Ti—O band was studied in detail
(Figure 3 inset). Although the particle sizes of reference TiO,
(10.5 nm) and P25 (22.0 nm) were quite different, their Ti—O
vibrations exhibited almost same v;_¢ frequency, implying that
a particle size dependence of the Raman shift is ruled out in the
current case, in agreement with the results of earlier reports.”**'
However, the E (1) mode of Ti—O in the spectrum of TC-in
(153 cm™ ") was upshifted by 4 cm ™" relative to that of TiO,
on the outer surface of CNTs (149 cm™ '), which is similar
to the phenomenon reported previously for Fe,O; confined
within CNTs.** We ascribe the upshift of the vr;_ Eg(1) mode
to the unique interaction between the TiO, nanoparticles and
the CNT inner walls. It is known that because of the deviation
from planarity, the s-electron density of CNTs is not evenly
distributed, with the interior surface being relatively electron-
deficient in comparison with the outer surface.”>** Thus, TiO,
particles interact with the interior walls differently than with the
exterior walls. Within the CNTs, attracting the anionic oxygen in
TiO, can partially compensate for the loss of electron density,
leading to distortion of the TiO, crystal lattice and the formation
of nonstoichiometric oxygen vacancies in the asymmetric TiO,.
Such oxygen vacancies in titania crystals has been suggested to be
responsible for the Vryrv)_ o shifts toward high frequency.”>*¢

Since there are unpaired electrons in the structure of the
oxygen vacancies in the TiO, crystal,””*® we investigated the
titania by superconducting quantum interference device (SQUID)
measurements in order to gain further insight into the electronic
structure of titania confined inside CNTs. Figure 4 illustrates the
specific-mass magnetization (M) of the samples as a function of
the applied magnetic field measured up to £50 kOe at S K. The
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Figure 4. Magnetization curves for TC-in, TC-out, reference TiO,, and
P25 measured under external magnetic fields (H) from —50 to S0kOe at
T = 5 K. The temperature-dependent magnetizations measured under a
constant magnetic field of 1 kOe from 5 to 50 K are shown in the inset.
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Figure 5. (a) MB degradation curves vs irradiation time under visible-

light irradiation (4 = 420 nm). (b) Average reaction rate constants k for
photodegradation of MB over TC-in, TC-out, reference TiO,, and P2S.

contribution from blank CNTs is negligible under the same
conditions (see section SI2). Both TC-in and TC-out exhibited
apparently paramagnetic behavior, and the M values at 50 kOe and
5 Kwere estimated as 0.9 and 0.35 emu/g, respectively; the M values
of reference TiO, and commercial P25 were much smaller (<0.1
emu/g at S0 kOe, 5 K). The Figure 4 inset shows that the M values
of TC-in and TC-out were larger than those of reference TiO, and
P2S from 5 to 50 K. This implies a quite large amount of unpaired
electrons in the titania of TC-in and TC-out, which possibly arise
from oxygen vacancies.”® Notably, the M value of TC-in was 2.57
times that of TC-out, indicating that the formation of oxygen
vacancies is likely facilitated for the titania confined inside CNT's
in comparison with the outside ones. It is known that the emergence
of oxygen vacancies results in reduced TiO, (TiO,_, ie, Ti*
species).”® The CNT-confined environment is reported to be
inclined to retain reduced oxidation states for transition-metal oxides
because of the electronic interaction of the confined metal oxides
with the inner surface of CNTs."> Thus, the CNT-confined titania
particles can more easily form lower-oxidation-state species such as
Ti** with oxygen vacancies in comparison with exterior particles,
which is consistent with the Raman results.

The photocatalytic activities of TC-in and TC-out were
evaluated using the photodegradation of methylene blue (MB)
under visible-light irradiation (4 = 420 nm) as a probe reaction,
and the results are shown in Figure S. The value of (C/C,), the
instantaneous concentration of MB during the photodegradation
normalized to the initial concentration C,, was proportional to

the normalized maximum absorbance (A/A,), which was mea-
sured at 4 = 664 nm at regular time intervals (see section SI3).
It can be seen that ~70 and ~60% of the initial dye was decom-
posed by TC-in and TC-out, respectively, after 15 min (Figure S a).
After 90 min of irradiation, only 2.2 and 4.9% of the initial dye
remained in the solution for TC-in and TC-out. In contrast, nearly
62 and 65% of the initial dye still remained after 90 min for reference
TiO, and P2S. In addition, blank CNT's showed little photocatalytic
activity. The kinetics of the degradation reaction were fitted to a
pseudo-first-order rate law at low dye concentration using the
equation In(C,/C) = kt, where k is the apparent rate constant and
t is the irradiation time.”® From Figure Sb, one can see that the
average values of k for TC-in and TC-out were 0.0585 and 0.0448
min , respectively, which were ~10 times those of bare TiO,
(reference TiO,, k = 0.0059 min~'; P25, k = 0.0045 min ).
Furthermore, we note that the activity of TC-in was 31% higher than
that of TC-out, although diffusion of MB molecules in and out of the
CNT channels might hinder the reaction to some degree in
comparison with that on the freely accessible outer CNT surface.
It has been reported that oxygen vacancies or Ti®* could extend the
photoresponse of TiO, from the UV to the visible-light region.**~**
Profiting from the confinement environment within CNTs, the
formation of Ti** or oxygen vacancies is facilitated in titania
encapsulated inside CNTs, as evidenced by the Raman and
magnetization measurements. Thus, TC-in exhibits a higher activity
in the photodegradation of MB than TC-out, reference TiO,, and
P25 under visible-light irradiation.

In summary, the CNT-confined TiO, catalyst demonstrated
significant advancement over titania on the outer surface of
CNTs, reference TiO,, and commercial P25 in the photo-
degradation of MB under visible-light irradiation. Raman spectra
and magnetic measurements supported the hypothesis that it
is Ti’" or oxygen vacancies generated from the modified
electronic structure of TiO, via the confinement inside CNTs
that accounts for the extension of the photocatalytic activity
from the UV to the visible-light region. The present study
provides a facile and economical approach for tuning the band
gap of TiO, and developing highly active photocatalysts to
expand their applications to environmental remediation and solar
energy utilization.
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