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Lamellar carbon nanosheets function as templates for two-dimensional

deposition of tubular titanate
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A novel composite composed of tubular titanate—two dimension-
ally deposited carbon nanosheets was prepared with carbon
nanosheets as templates through intercalation and hydrothermal
treatment; this nanotube-based composite and its calcined pro-
ducts exhibit both excellent adsorptivity and high photocatalytic
activity toward organic molecules.

Size-quantization, morphology, and crystal phases play
important roles in photocatalytic performance of titania.'™
Recently, much effort has been devoted to the synthesis of
titanate nanotubes (TNT) having the unique one-dimensional
morphology of nanosized open porosity.** Such nanostruc-
tured materials have potential applications in solar cells,
lithium batteries, photocatalysis, sensing, ion exchange, and
so forth. It has also been reported that nanotube-derived TiO,
nanorods (TINR) have higher photocatalytic activity than the
usual TiO, nanoparticles.®

Composing TNT with carbon substrates can render excep-
tional functionalities to TNT by enhancing adsorbing affinity
toward organic molecules (e.g. dye molecules on dye-sensitized
solar cells, organic pollutants in water).”® Carbon nanosheets
such as graphene layers of one atom thickness and those from
stacking of several graphene layers are hopeful candidates for
preparing counterparts with TNT, because of their good
affinity toward organic molecules through specific n—n
interactions and so forth,” chemical stability,'"® and light
transparency.!! We have proposed a method to compose
carbon nanosheets with oxide nanoparticles'>'* in which
graphite oxide (GO), an oxidized product of graphite, is
applied as a precursor and its interlayer is functioned
by soft-chemical intercalation, following which its oxygen-
containing layers are transformed into carbon nanosheets
through thermal pyrolysis. Approaches obtaining graphene
layers from GO have attracted a great deal of interest recently
from fields which anticipate fascinating electrical/thermal
conductivity and mechanical hardness of graphene layer or
carbon nanosheets.'*!'> Here, we report that lamellar carbon
nanosheets of GO can function as templates on which
one-dimensional TNT or TNR deposit two dimensionally.
The carbon nanosheet-TNT and carbon nanosheet-TNR
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composites with the unique stacking structure can have
potential application in photocatalysis, sensing, photovoltaic
device, and so forth.

The methodology to obtain carbon nanosheet-TNT and
carbon nanosheet-TNR composites is depicted in Fig. 1.
Firstly, organic Ti species were intercalated into the layers of
GO to form a Ti species-pillared GO material (GOTi). Here,
GO used was synthesized from natural graphite by Hummers
and Offeman’s method,'® with a chemical formula of
CgOy44H, 4 by elemental analysis. The XRD pattern of GO
revealed a sharp (001) peak at 20 = 11.60°, indicative of a
good layer regularity with repeating interlayer distance of
0.76 nm. Intercalation was carried out at 338 K for 3 h in
alcoholic phase using titanium tetraisopropoxide (TTIP,
0.1 M) as the titanium source, which led to the expansion of
the interlayer distance of GO to 1.3-1.4 nm. After centrifuga-
tion, washing with ethanol, and drying at room temperature,
the obtained precipitate was subjected to hydrothermal treat-
ment in 10 M NaOH solution at 423 K for 24 h to obtain the
carbon nanosheet-TNT composite (C-TNT). The hydro-
thermal process is similar to that described by Kasuga et al.'”
The hydrothermal product was washed with 0.1 M HCI
aqueous solution and deionized water. Finally, the carbon
nanosheet-TNR composite (C-TNR) was obtained by further
calcination of C-TNT at 823-1023 K under vacuum. The
samples were characterized by powder X-ray diffraction
(XRD), transmission electron microscopy (TEM), field-
emission scanning electron microscopy (FE-SEM), thermo-
gravimetric (TG)/differential thermal apparatus (DTA), and
N, adsorption at 77 K.

Fig. 2(a) shows the FE-SEM image of GOTi from which
one can observe a stacking structure of platelets without
observing aggregates of nanoparticles. Fig. 2(b) shows the
TEM npicture of a transparent platelet, whose thickness is
estimated as thin as 5 nm from the curved edges in which
large numbers of carbon fringes can be observed (HRTEM
image of Fig. 2(b)). Selected area diffraction (SAD) measure-
ment presents a hexagonal single crystal pattern with bright
diffraction spots. The inter-plane separations of the spots
(0.246 and 0.143 nm) can be indexed by the in-plane (/4k0)
lattices of GO,'" indicating that the platelet is carbon
(GO)-derived. Further EDX analysis (see ‘right-up’ inset of
Fig. 2(b)) reveals also titanium (4.24 mol%) and oxygen
(4.96 mol%) components besides carbon (85.9 mol%) inside
the platelet. Accordingly, microscopic observations confirm
that the Ti species—pillared GO structure is the ordered
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Fig. 1 Schematic diagram for the formation of C-TNT and C-TNR composites.

(b)
¥y

500 nm
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Fig. 2 (a) FE-SEM and (b) TEM images of GOTi. The HRTEM
image in (b) shows the thickness of the platelet to be 5 nm. The ‘right-
up’ and ‘right-down’ insets in (b) are the EDX analysis result and SAD
pattern, respectively. (¢) FE-SEM and (d) TEM images of C-TNT.
The inset of (d) is the HRTEM image of a single nanotube.

stacking of GO layers in between which Ti species are
intercalated.

Fig. 2(c) shows the FE-SEM image of C-TNT obtained by
hydrothermal treatment of GOTi. An assembly of delami-
nated carbon nanosheets with their surfaces covered by large
quantities of tubular materials can clearly be observed. The
tubular materials never aggregate together but lie randomly on
the surface of carbon plates with tubular axes parallel to the
carbon nanosheets. The packed structure of carbon na-
nosheets becomes looser in comparison with that in GOTi
(Fig. 2(a)) due to the growth of tubular materials between
carbon nanosheets. The TEM image (Fig. 2(d)) clearly
evidences the two-dimensional (2D) deposition and overlap-
ping of hollow tubes with an external diameter of 6-9 nm
along a flat and a curved carbon sheet surface. The HRTEM
image (inset of Fig. 2(d)) confirms that the hollow tubular
materials have asymmetric layer numbers of walls and an
interlayer distance of 0.76 nm which can be attributed to
d200y of hydrogen trititanate.>'® Therefore, during hydrother-
mal treatment in concentrated alkali solution by which the
intercalated Ti species in GOTi are transformed into titanate
nanotubes, carbon nanosheets function as templates for 2D
deposition of the one-dimensional nanotubes. The external

diameter of the titanate nanotubes is slightly smaller as
compared to the reported pure titanate nanotubes,'®'* which
can be attributed to the suppressed growth of nanotubes in the
confined space in between carbon nanosheets.

It is known that titanate nanotubes can be transformed to
titania nanorods with high photoefficiency by thermal
pyrolysis.®* Fig. 3 shows the TEM images of a calcined
product of C-TNT at 823 K under vacuum. It can be seen
that hollow titanate nanotubes are turned into rod-like parti-
cles of 49 nm with the 2D deposition structure over the
surface of carbon nanosheets unchanged. A typical HRTEM
image (bottom right inset of Fig. 3) demonstrates that the
nanorods are single-crystalline and the lattice fringe with a
spacing of about 0.35 nm corresponds to the (101) crystal
plane of anatase. XRD results confirm that the crystalline size
of anatase increases with the increase of calcination tempera-
ture. Furthermore, HRTEM observation of the curved trian-
gle-like carbon sheets (top right inset of Fig. 3) confirms the
thicknesses of carbon nanosheets in C-TNR composites
to be 2-4 nm, which is much greater than that of GO layers
(~0.59 nm in dry phase!), indicating that carbon nanosheets
in C-TNR are the result of stacking of several graphene layers
from the decomposition of GO.

N, adsorption results demonstrate that GOTi is highly
porous (Table 1) due to the Ti species-pillared structure. By
hydrothermal treatment and further calcination, the Spgt
values greatly decrease and the Ti content (from TG measure-
ment) increases due to oxygen release from carbon and by
transformation of TNT to TNR. As one example of functions
for the obtained C-TNT and C-TNR, their properties of

Fig. 3 TEM image of C-TNR obtained by calcination of C-TNT at
823 K. The top and bottom right insets are the HRTEM images of the
curved edge of C nanosheets and a single nanorod, respectively.
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Table 1 Values of BET specific surface area (Sggt), Ti content (wr; in
TiO, wt%), MO adsorption (Wy0), and initial photodegradation rate
constant of MO (ry. mo)

1

Sper/m® g wr (Wt%) Wao/mg ' 1o, mo/h™!
GOTi 405 26 — —
C-TNT 235 39 23 0.0038
C-TNR? 215 52 34 0.0191
ST-01 310 100 0 0.0032

“ Obtained after calcination at 1023 K.

*C/Cy
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Fig. 4 Time courses of MO adsorption and the subsequent photo-
degradation at 303 K on (a) C-TNT, (b) C-TNR calcined at 1023 K,
and (c) ST-01. Sterilizing light (6 x 15 W) was switched on for the set-
up of photodegradation (light range) after adding 5 mg sample in 5 ml
MO solution (initial concentration Cy = 50 ppm) for 24 h (dark range)
to allow adsorption equilibrium (inset). MO concentration C was
determined by the absorbance at 450 nm.

adsorption and photocatalytic degradation toward methyl
orange (MO) were examined as compared to a commercial
high-activity anatase-type titania (ST-01). As shown in Fig. 4,
in contrast to ST-01 whose MO concentration is not changed
in the dark state, the MO concentration of the composites
C-TNT and C-TNR falls suddenly and almost reaches adsorp-
tion equilibrium after 9 h (the inset), indicative of an enhanced
adsorption toward MO due to the incorporation of carbon
nanosheets. Both C-TNT and C-TNR show photocatalytic
activity under light irradiation ('Light’ range). Especially,
C-TNR even exhibits a faster photodegradation rate as com-
pared to ST-01, irrespective of half the amount of titanium
oxide, which brings about a sharper decline of MO concentra-
tion under light irradiation. As shown in Table 1, the Ti
amount-reduced rate constant of C-TNR is enhanced by up
to 6 times in comparison with that of ST-01. Therefore, the
carbon nanosheet composite with the above unique structure

incorporates not only an improved adsorptivity but also an
enhanced photocatalytic activity due to the synergy effect of
adsorption and photocatalysis.

In conclusion, we report the function of lamellar carbon
nanosheets as templates for 2D deposition of tubular titanate.
The assembly material consisting of one-dimensional TNT- or
TNR-deposited carbon nanosheets exhibits an excellent ad-
sorptivity and an extraordinary photocatalytic activity by
incorporation of the carbon component. With their unique
morphology and structure, these materials are expected to
achieve high performance not only for photocatalytic applica-
tion but hopefully for applications in sensing, photovoltaic
device, and so forth.
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