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iOx shell in single-walled carbon
nanotube/fullerodendron coaxial nanowires:
increasing the photocatalytic evolution of H2 from
water under irradiation with visible light†

K. Kurniawan,a T. Tajima, *a Y. Kubo,a H. Miyake, b W. Kurashige,c Y. Negishi c

and Y. Takaguchi *a

A custom-tailored single-walled carbon nanotube (SWCNT) photocatalyst with an electron-extracting TiOx

shell, i.e., a SWCNT/fullerodendron/TiOx coaxial nanowire, has been fabricated. Due to the presence of the

TiOx shell, the SWCNT/fullerodendron/TiOx coaxial nanowire shows an enhanced photocatalytic activity

(F ¼ 0.47) for the evolution of hydrogen from water under irradiation with visible light (l ¼ 450 nm).
The interfaces between metal oxides and organic compounds
play an important role in the eld of organic electronics, which
include organic light-emitting devices (OLEDs),1,2 organic
photovoltaic cells (OPVs),1,3 dye-sensitized solar cells (DSSCs),1c

and transistors.4 To improve the device performance, these
interfaces can oen be modied by insertion of a functional
interfacial layer. For example, transparent titanium oxides
(TiOx) exhibit electronic levels that match the LUMOs of the C60-
derivatives used in OPVs well, which renders TiOx a promising
candidate for electron-transport materials.5,6 Waldauf and co-
workers have prepared OPVs with an ITO/TiOx/RR-
P3HT:PCBM/PEDOT:PSS/Au structure using coating tech-
niques, and demonstrated that these OPVs exhibit improved ll
factors (FF).5 Kuwabara et al. have reported efficient inverted
BHJ solar cells that contain TiOx as the electron-extraction
layer,6 which resulted in an improved short-circuit photocur-
rent (Jsc), open-circuit voltage (Voc), FF, and power-conversion
efficiency (h).

Meanwhile, coaxial nanowires with a donor–acceptor heter-
ojunction have shown great potential for applications in inno-
vative photofunctional materials. Resent theoretical7 and
experimental8 studies have indicated that coaxial nanowire
structures could potentially improve the carrier collection and
overall efficiency relative to bulk semiconductors of the same
materials. We have reported the fabrication and efficient photo-
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induced electron-transfer processes of single-walled carbon
nanotube (SWCNT)/anthryl dendron9,10 and SWCNT/
fullerodendron supramolecular nanocomposites,9,11 wherein
a coaxial nanowire structure provides a donor–acceptor heter-
ojunction between the SWCNT-core and the C60-based full-
erodendrons. We have also shown that SWCNT/fullerodendron
(F ¼ 0.28) and SWCNT/fullerodendron/SiO2 (F ¼ 0.31) coaxial
nanohybrid materials can be used as effective photosensitizers
for the catalytic evolution of H2 from water under irradiation
with visible light (l¼ 450 nm).12 Moreover, we have reported the
direct incorporation of a co-catalyst into the shell of SWCNT/
fullerodendron supramolecular nano-composites.13 Upon
chirality-selective photo-excitation using monochromatic light
(l ¼ 680 nm), which is suitable for the E22 absorption of (8,3)
SWCNTs, we observed the rst example for the evolution of H2

(F ¼ 0.015) photosensitized by SWCNTs.14 However, further
improvements of the quantum yield of the SWCNT photo-
catalyst are necessary in order to further develop this
technology.

These results prompt us to explore a new coaxial photosen-
sitizer with a TiOx shell as an electron-extraction layer that
covers a photo-functional SWCNTs/C60 interface. Here we
describe the fabrication of SWCNT/fullerodendron/TiOx coaxial
nano-hybrids that can be used for the effective photo-catalytical
evolution of H2, which shows the highest AQYs (F¼ 0.47) under
irradiation with visible light (l ¼ 450 nm).

The molecular structure of the fullerodendron used in the
present study is shown in Fig. 1. SWCNT/fullerodendron/TiOx

nano-hybrids were fabricated by a polycondensation reaction of
titanium tetra isopropoxide (TTIP)15 using SWCNT/
fullerodendron supramolecular nano-composites (Fig. 1) as
catalytic scaffolds according to previous reports on SWCNT/
fullerodendron/SiO2 nano-hybrids.12 In a typical run, an
aqueous solution of SWCNT/fullerodendron nanocomposites
RSC Adv., 2017, 7, 31767–31770 | 31767
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Fig. 1 Schematic illustration of the fabrication of SWCNT/full-
erodendron/TiOx coaxial hybrid nano-wires.
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(250 mL: the content of SWCNT is 0.025 mg, 2.0 mmol as a C
atom) was diluted with water (750 mL). The pH was adjusted to
pH 3 with HCl (1.0 N, 2.8 mL). Aer the stirring for 1 h, an EtOH
solution of titanium tetra isopropoxide (3.51 mM, 20 mL, 7.4 �
10�8 mol) was added to the solution at 0 �C and stirred for 48 h
to obtain a dispersion of SWCNT/fullerodendron/TiOx coaxial
nanohybrids.

The morphology of the SWCNT/fullerodendron/TiOx nano-
hybrids was examined by scanning electron microscopy
(SEM). The SEM images exhibited SWCNT/fullerodendron/TiOx

nanowires that are similar to SWCNT/fullerodendron/SiO2

nanowires (Fig. 2).12 This structural observation is consistent
with the results of transmission electron microscopy (TEM;
Fig. S1†) and atomic force microscopy (AFM) measurements
(Fig. S2†). The TEM analysis indicated that a uniformly thick
shell composed of nano-sized TiOx covered the SWCNT/
fullerodendron nano-wire. The height proles in the AFM
analysis revealed that the thickness of SWCNT/fullerodendron/
Fig. 2 SEM image of SWCNT/fullerodendron/TiOx coaxial nano-
hybrids.

31768 | RSC Adv., 2017, 7, 31767–31770
TiOx coaxial nano-hybrids (�15 nm) is higher than that of the
SWCNT/fullerodendron supramolecular nano-composite (2–3
nm).13 Based on these results, the thickness of the TiOx layer
was estimated to be 6–7 nm. These observations are consistent
with the SWCNT/fullerodendron/TiOx coaxial nano-hybrid
structure, the SWCNT-core surrounded by the full-
erodendrons, coated by the outer TiOx shell.

A Raman spectrum of the SWCNT/fullerodendron/TiOx

coaxial nano-hybrids showed typical scattering of the disorder-
induced mode (D) and the tangential displacement mode
(TDM; also called the G band), which were observed at 1339 and
1610 cm�1, respectively (Fig. S3†). The very small intensity of the
D-band indicates that the SWCNTs within the composites did
not sustain any substantial damage. Broad peaks at 610 and 425
cm�1 were ascribed to TiOx. To obtain a better understanding of
the fullerodendron/TiOx junction, FT-IR spectroscopic
measurements of the SWCNT/fullerodendron/TiOx nano-hybrid
were conducted (Fig. S4†). The IR spectra of the SWCNT/full-
erodendron/TiOx nano-hybrids exhibit the C]O stretching
modes at 1725 cm�1, which is shied toward higher frequencies
than those of the SWCNT/fullerodendron supramolecular nano-
composites (1680 cm�1). This result indicates the formation of
Ti–OCOR bonds16 at the termini of the fullerodendrons. The
sharp absorption band observed at 635 cm�1 was ascribed to
the Ti–O–Ti moieties, while the strong absorption band at 1055
cm�1 was attributed to the Ti–O–C stretching mode. Based on
these observations, we concluded that the TiOx layer is attached
onto the surface of the SWCNT/fullerodendron supramolecular
nano-composites without signicant damage to the SWCNTs.

The TiOx layer of the SWCNT/fullerodendron/TiOx nano-
hybrids shows high optical transparency in the visible and
near infrared (NIR) region. Fig. 3a and S5† show the absorption
spectra of the SWCNT/fullerodendron supramolecular nano-
composites and the SWCNT/fullerodendron/TiOx coaxial
nano-hybrids. The absorption of the SWCNT/fullerodendron/
TiOx coaxial nano-hybrids is smaller than that of the SWCNT/
fullerodendron composites, as the concentration of the
SWCNT/fullerodendron/TiOx coaxial nano-hybrids was lowered
during the sol–gel condensation process. However, the
absorption and/or scattering due to the TiOx layer on the shell
should be negligible on account of the nano-sized thickness of
the TiOx layer. The coaxial nanowire structure with isolated
SWCNTs was conrmed by three-dimensional photo-
luminescence (PL) intensity mapping in D2O (Fig. 3b), which
allowed assigning four intense peaks with reasonable certainty
to the (9,4), (8,6), (7,6), and (8,4) SWCNTs. It should be noted
that the coaxial structure is maintained, i.e., the formation of
bundles and/or aggregation of the SWCNTs aer the formation
of the SWCNT/fullerodendron/TiOx coaxial nano-hybrids was
not observed.

To probe the benecial aspects of the incorporation of the
transparent electron-extraction layer into an SWCNT/
fullerodendron coaxial photosensitizer, we explored the pho-
tocatalytic evolution of H2 from water using a system based on
the SWCNT/fullerodendron/TiOx supramolecular nano-
composites coupled with colloidal poly(vinylpyrrolidone)–plat-
inum (PVP–Pt).17 Typically, 150 mL of an aqueous solution,
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Vis-NIR spectra of SWCNT/fullerodendron supramolecular
nano-composites and SWCNT/fullerodendron/TiOx coaxial nano-
hybrids. (b) Three-dimensional fluorescence spectra of SWCNT/full-
erodendron/TiOx coaxial nano-hybrids.

Fig. 4 Time dependence of the evolution of H2 from water using
SWCNT/fullerodendron (:) or SWCNT/fullerodendron/TiOx (A).
Conditions: [MV2+]0 ¼ 359 mmol, [BNAH]0 ¼ 180 mmol, [Tris–HCl
buffer]0 ¼ 5 mM (pH ¼ 7.5), [PVP–Pt]0 ¼ 512 mmol, V ¼ 150 mL;
vigorous stirring at 25 �C under exposure to light (l > 422 nm) from
a 300 W Xe arc lamp.
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consisting of SWCNT/fullerodendron/TiOx nano-composites (1
mL), Tris–HCl buffer (3.5 mL in H2O, pH ¼ 7.5, 5 mM), methyl
viologen dichloride (MV; 92.4 mg, 359 mmol), 1-benzyl-1,4-
dihydronicotinamide (BNAH; 38.6 mg, 180 mmol), and
a colloidal solution of PVP–Pt (15 mL in H2O; 512 mmol of Pt),
was vigorously stirred at 25 �C while being exposed to light (l >
422 nm) from a 300 W Xe arc lamp. Aer the designated period,
the gas phase above the solution was analyzed by gas chroma-
tography. Fig. 4 shows the plots of the total amount of H2

produced as a function of time using either SWCNT/full-
erodendron/TiOx coaxial nano-hybrids (A) or SWCNT/
fullerodendron composites (:). The generation of H2 (4.0
mmol h�1) proceeded steadily and an induction period or
decreasing activity was not observed during 6 h of irradiation.

Although the SWCNT/fullerodendron supramolecular nano-
composites also worked as a photosensitizer for the evolution of
H2, the reaction rate of the H2 generation (1.9 mmol h�1; Fig. 3)
is lower than that of SWCNT/fullerodendron/TiOx nano-hybrids
(4.0 mmol h�1). Given that the absorbance of the SWCNT/full-
erodendron/TiOx nano-hybrids is lower than that of the
SWCNT/fullerodendron supramolecular nano-composites, the
photocatalytic activity of the SWCNT/fullerodendron/TiOx

nano-hybrids must be higher than that of the SWCNT/
fullerodendron supramolecular nano-composites. In order to
compare the efficiency of the photocatalytic evolution of H2

between the SWCNT/fullerodendron supramolecular nano-
composite and the SWCNT/fullerodendron/TiOx nano-hybrid
photocatalysts, we evaluated their quantum yields by using
monochromic light (l ¼ 450 � 2 nm), which revealed apparent
This journal is © The Royal Society of Chemistry 2017
quantum yields (AQYs) for the evolution of H2 (2 � number of
molecules of H2 generated/number of photons absorbed) of
0.47 (SWCNT/fullerodendron/TiOx) and 0.12 (SWCNT/
fullerodendron). By changing the reaction time of sol–gel
condensation, it seems that we can control the thickness of TiOx

layer on the SWCNT/fullerodendron supramolecular nano-
composites as judged by the SEM images (Fig. S6†). The pho-
tocatalytic activity of SWCNT/fullerodendron/TiOx nano-hybrids
is affected by the reaction time of sol–gel condensation. The
reaction rate of the H2 generation were 0.1 mmol h�1 (for 1 day
condensation), 4.0 mmol h�1 (for 2 day condensation), and 0.1
mmol h�1 (for 3 day condensation), respectively. The SWCNT/
fullerodendron/TiOx nano-hybrids maintained its photo-
catalytic activity for at least 12 h. However, the H2 production
rate gradually decreases along with irradiation. The result can
be attributed to the decrease of BNAH (sacricial electron
donor) concentration. It is notable that 81% of H2-evolving
activity was remained for the second use of a spray-coated lm
of SWCNT/fullerodendron/TiOx on a FTO plate aer the 6 hour
H2 evolution reaction upon illumination followed by the rinsing
and drying.

An energy-level diagram of the conduction (C1 and C2) and
valence bands (V1 and V2) of (7,6) SWCNT,18 which is one of the
most commonly encountered types of CNTs in HiPco, together
with the LUMO levels of C60,19 MV2+,20 BNAH,21 and the energy
level of Pt and TiOx is shown in Fig. 5. A distinctive advantage of
the coaxial architecture is that the carrier separation occurs in
the shorter radial direction as opposed to the longer axial
direction. Moreover, the energy-level diagram indicates that the
electron-extraction layer of TiOx not only decelerates the elec-
tron back-transfer, but also accelerates the electron forward-
transfer from the conduction band of TiOx to the LUMO of
MV2+, thus leading to an efficient electron-transfer pathway.
RSC Adv., 2017, 7, 31767–31770 | 31769
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Fig. 5 Energy-level diagram of the SWCNT/fullerodendron/TiOx

coaxial photocatalyst system.
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A bespoke SWCNT photocatalyst with an electron-extracting
TiOx shell was fabricated. On account of the presence of the
TiOx shell, the SWCNT/fullerodendron/TiOx coaxial nanowire
exhibits a high activity in the catalytic evolution of H2 from
water under irradiation with visible light, because the electron-
extracting TiOx layer accelerates the electron forward-transfer
under concomitant deceleration of the undesirable electron
back-transfer. Even though various kinds of organic and inor-
ganic coaxial nanowires have been developed so far, coaxial
nanowire photocatalysts consisting of (p-type semiconductor)/
(n-type semiconductor)/(electron-extraction layer) are still in
the early stages of development, mostly due to their relatively
complicated fabrication procedures. Further studies on the
applications of such SWCNT photocatalysts with coaxial nano-
wire structures are currently in progress, and will be reported in
due course.
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W. Kowalsky, T. Riedl and A. Kahn, Adv. Mater., 2012, 24,
5408; (b) K. Zilberberg, J. Meyer and T. Riedl, J. Mater.
Chem. C, 2013, 1, 4796; (c) E. L. Ratcliff, B. Zacher and
N. R. Armsrong, J. Phys. Chem. Lett., 2011, 2, 1337.

2 (a) S. Tokito, K. Noda and Y. Taga, J. Phys. D: Appl. Phys.,
1996, 29, 2750; (b) H. Kanno, R. J. Holmes, Y. Sun, S. Kena-
Cohen and S. R. Forrest, Adv. Mater., 2006, 18, 339; (c)
K. J. Reynold, J. A. Barker, N. C. Greenham, R. H. Friend
and G. L. Frey, J. Appl. Phys., 2002, 92, 7556; (d) C.-W. Chu,
C.-W. Chen, S.-H. Li, E. H. E. Wu and Y. Yang, Appl. Phys.
Lett., 2005, 86, 253503; (e) H. You, Y. Dai, Z. Zhang and
D. Ma, J. Appl. Phys., 2007, 101, 026105; J. Meyer,
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