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iO, is a wide band gap semiconductor
extensively used in pigments, sen-
sors, electrodes, photocatalysts, and
so on.' * In particular, the photoexcitation of
electron—hole pairs in TiO, may effectively
sensitize or catalyze a light-induced redox
process.>® Nevertheless, the currently avail-
able TiO, photocatalysts generally suffer from
a low surface area and a large band gap
energy (3.2 eV), which significantly deteriorate
the photocatalytic efficiency and effective
range of a wavelength spectrum.”® As an
alternative, a hybrid of TiO, and graphitic
carbon has gained tremendous research
interest.”~'* Ideal TiO,/graphitic carbon
hybrids reinforced with electroconductive
and mechanically strong carbon nanotubes
(CNTs) or a graphene backbone may pos-
sess an extremely large TiO,/carbon inter-
face that can facilitate electron—hole sep-
aration. Moreover, such interfacial hot spots
may introduce a new carbon energy level in
the TiO, band gap and thereby effectively
lower the band gap energy.”>'® Despite
these conceptual advantages, currently avail-
able TiO,/carbon hybrid fabrication methods
require a high-temperature gas phase
process,'” harsh surface functionalization,'® or
an adhesive interlayer at the chemically inert
graphitic carbon surface,'®* which can se-
verely degrade the material properties of graph-
itic carbon materials as well as the effective
charge transfer at the TiO,/carbon interface.
Biomineralization is a natural synthetic route
frequently employed by living organisms to
create complex mineral architectures?' =2 It
generally attains a high-yield mineral deposi-
tion in a cost-effective, energy-efficient, and
environmentally benign manner, which sur-
passes any other artificial methods of mineral
deposition.>*~2® Moreover, the evolution of
biomineral morphology can be precisely
controlled over a broad range of length
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ABSTRACT We report an efficient and envi-
ronmentally benign biomimetic mineralization of
Ti0, at the graphitic carbon surface, which suc-
cessfully created an ideal TiO,/carbon hybrid
structure without any harsh surface treatment
or interfacial adhesive layer. The N-doped sites at
carbon nanotubes (CNTs) successfully nucleated
the high-yield biomimetic deposition of a uni-

formly thick Ti0, nanoshell in neutral pH aqueous

media at ambient pressure and temperature and generated N-doped CNT (NCNT)/TiO, core/

shell nanowires. Unlike previously known organic biomineralization templates, such as

proteins or peptides, the electroconductive and high-temperature-stable NCNT backbone

enabled high-temperature thermal treatment and corresponding crystal structure transfor-

mation of Ti0, nanoshells into the anatase or rutile phase for optimized material properties.

The direct contact of the NCNT surface and Ti0, nanoshell without any adhesive interlayer

introduced a new carbon energy level in the Ti0, band gap and thereby effectively lowered the

band gap energy. Consequently, the created core/shell nanowires showed a greatly enhanced

visible light photocatalysis. Other interesting synergistic properties such as stimuli-responsive

wettabilites were also demonstrated.

KEYWORDS: biomineralization - carbon nanotubes - doping - TiO, -

photocatalysis

scales from nanometer to macroscopic scale
to create a sophisticated hierarchical structure
with remarkable three-dimensional confor-
mality. Such enormous advantages have sti-
mulated intensive research efforts to mimic
biomineralization as an efficient method of
mineral deposition.?”?® Previous research has
revealed that nitrogen (N)-containing organic
molecules, including synthetic polymers as
well as natural peptides, or proteins, can nucle-
ate biomineralization.?>*° Meanwhile, the low
mechanical and thermal stability of those
organic templates inherently limits the
ultimate properties, including the thermal
stability, of a biomineralized structure3'>2
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Because thermal calcination or other high-tempera-
ture processes are frequently involved in the formation
of a dense mineral structure with desired crystal
morphology, the low thermal stability inherently bot-
tlenecks the ultimate use of biomineralization for
functional material fabrication.

Here we present a straightforward fabrication of
highly functional CNT/TiO, core/shell nanowires via
biomimetic TiO, mineralization, which can be readily
nucleated from the N-doped sites at CNTs.>*3° Highly
aligned vertical N-doped CNTs (NCNTSs) were grown by
plasma-enhanced chemical vapor deposition (PECVD)
in an N environment.*¢~3° The substitutional doping of
electron-rich N effectively and permanently elevated
the electrical conductivity as well as the surface wetta-
bility of CNTs.***! Furthermore, N-doped sites success-
fully nucleated the biomimetic mineralization of a
uniform nanoscale thick TiO, shell at the surface of
NCNTs without any surface modification or adhesive
interlayer. Taking advantage of the thermal stability of
the NCNT backbone,**** high-temperature annealing
above 1000 °C could be conducted to transform the
crystal structures of a low-crystalline as-mineralized
TiO, layer into an anatase or a rutile phase without
any damage to the nanowire morphology. Such idea-
lized nanohybrids synergistically combining versatile
TiO, and a graphitic carbon backbone without any
interface modification demonstrated numerous inter-
esting properties, including greatly enhanced visible
light photocatalysis and stimuli-responsive wettability.

RESULTS AND DISCUSSION

Our biomimetic route to core/shell nanowires is
schematically illustrated in Figure 1a. The mineraliza-
tion was performed by a simple immersion of vertical
NCNTs in a pH-controlled TiO, mineralization precursor
solution for 2 h. The N-doped sites at the graphitic side
walls of CNTs were exploited as the nucleation sites of
the TiO, mineralization. Our PECVD growth generated
two types of N-doping at the CNT surface: pyridinic N
(Np) and quaternary N (Ng). Both types are believed to
nucleate mineralization. For a uniform coverage of the
TiO, nanoshell, a dense and uniform distribution of the
nucleating sites as well as efficient nucleation mecha-
nism was crucial. The distribution of N element along
the CNTs could be confirmed by electron energy-loss
spectroscopy (EELS). The atomic scale element map-
ping was supported by aberration-corrected high-
resolution transmission electron microscopy (HR-TEM)
imaging (Figure 1b—d; Supporting Information, Figure
S1). Owing to the dense, evenly distributed N-doping
sites, the biomimetic mineralization yielded highly
uniform coverage of a ~5 nm thick TiO, nanoshell
over the entire length of the vertical CNTs (Figure 1e,f;
Supporting Information, Figure S2). The uniform en-
capsulation of the semiconducting TiO, nanoshell
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Figure 1. (a) Schematicillustration of biomimetic NCNT/TiO,
core/shell nanowire fabrication. Red, blue, and yellow colors
indicate TiO, precursor, pyridinic N (Np), and quaternary N
(Ng), respectively. N-doping sites act as nucleation sites.
(b) ADF-STEM image of NCNT. EELS mapping shows (c) Cand
(d) N elements along NCNT. (e) TEM and (f) SEM images of
NCNT/TiO; core/shell nanowires. The inset shows the lattice
distance of the anatase phase. (g) NCNT/TiO, core/shell (top)
and bare NCNT(bottom) heteronanowires.

around a metallic NCNT was confirmed by the electrical
conductivity measurements employing conductive
atomic force microscopy (C-AFM; Supporting Informa-
tion, Figure S3). While the NCNT showed a typical
ohmic behavior, the core/shell nanowires exhibited
the semiconducting behavior of a TiO, nanoshell.
After the biomimetic mineralization, the slow evap-
oration of the aqueous residue caused the collapse and
aggregation of the core/shell nanowires. To maintain
the individually separated vertical morphology,** we
performed rapid vacuum drying at an ambient tem-
perature. The rapid evaporation of the aqueous reside
and subsequent calcinations at 500 °C generated
highly aligned NCNT/anatase TiO, core/shell nano-
wires with a height of ~30 um (Figure 1e inset and
Figure 1f). Interestingly, the vertical NCNT growth had
the potential to continue even after the TiO, miner-
alization. Our PECVD growth conditions provided a bot-
tom growth, with the remaining Fe catalyst as the bottom
substrate. When the NCNT growth conditions (C;H,
(5 sccm), NH3 (40 sccm), and H, (60 sccm) at 750 °C)
were imposed after the TiO, mineralization, the subse-
quent bottom growth of the NCNTs from the remaining
catalysts created heterostructured nanowires where only
the top parts were encapsulated by the TiO, shell
(Figure 1e; Supporting Information, Figure S2e). We note
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Figure 2. (a) Biomimetic TiO, mineralization of pristine, oxygenated, and N-doped CNTs. We note that all samples were
prepared from commercial multiwalled CNTs for this control experiment. TEM images and water contact angles of (b) pristine
CNTs (left), oxygenated CNTs (middle), and N-doped CNTs (right). TEM images of biomimetically TiO, mineralized (c) pristine
CNTs (left), oxygenated CNTs (middle), and N-doped CNTs (right). (d) FT-Raman spectra of pristine, oxygenated, and N-doped

CNTs. (e) Elemental analyses (atom %) calculated by EDX.

that the sharp and flat bottom ends of the TiO, shell
signify that the previous biomimetic mineralization had
been completed down to the bottom ends of the vertical
NCNTs.

The efficient nucleating role of N-doped sites was
investigated by the control experiments with undoped
CNTs, acid-treated oxygenated CNTs, and N-doped
CNTs, as presented in Figure 2. We note that all samples
for these control experiments were prepared from com-
mercially available multiwalled CNTs by post-thermal
treatments. The detailed preparation procedures
for oxygenated CNTs and N-doped CNTs are provided
in the Experimental Section. While pristine, undoped
CNTs have low-energy surfaces generally inappropri-
ate for surface functionalization, oxygenated CNTs
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have high-energy surfaces with reactive oxygen-
containing surface functionalities such as carboxylic
acids and hydroxyl groups. Nonetheless, the same
biomimetic mineralization conditions yielded a barely
or only a partially mineralized morphology, as revealed
by HR-TEM and energy dispersive X-ray spectroscopy
(EDX) (Figure 2a,b). The distinct contrast in mineralized
morphologies with N-doped CNTs (Figure 2c) provides
strong evidence that N-doped sites play a nucleating
role in biomimetic mineralization.

Unlike other thin film deposition methods that
usually require a high-temperature or chemically harsh
conditions, biomineralization is known to occur in
environmentally benign mild conditions with a neutral
pH and ambient pressure and temperature, where living
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Figure 3. TEMimages of biomimetic TiO, mineralization of NCNTs at various pH values of (a) 9, (b) 8.5, and (c) 1.5, respectively.
(d) pH variation during the titration of buffer solution prepared from 28% ammonia solution with 1 M HCI. (e) Proposed
mechanism for biomimetic TiO, mineralization on NCNTSs.
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Figure 4. XPS spectra of NCNTs before and after biomimetic TiO, mineralization. (a) Variation of N peaks for Np and Nq before
mineralization (top) and after 30 min (middle) and 2 h (bottom) of reaction, respectively. (b) C peaks for Cy and C;s before
mineralization (top) and after 2 h of reaction (bottom), respectively. (c) Ti peak for Ti,p after 2 h of reaction.
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organisms can survive. The influence of the pH upon the
biomimetic mineralization of CNTs was exploited under
conditions of ambient pressure and temperature, as
shown in Figure 3. We prepared a mineralization solu-
tion from the 1:1 (v/v) mixtures of an aqueous buffered
solution (NH; solution was titrated with 1 M of HCl)
with a controlled pH (from 1.5 to 14) and a solution
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Figure 5. (a) XRD patterns of NCNT/TiO, core/shell nano-
wires annealed at 100, 500, and 1000 °C. SEM images of
NCNT/TiO, core/shell nanowires after (b) 500 °C calcination
and subsequent (c) 1000 °C calcination.
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containing 50 wt % of titanium(lV) bis(@mmonium
lactato)dihydroxide. The HR-TEM images in Figure 3a—d
show that the TiO, mineralization was successful only
at a pH level of 8.5, which is consistent with a weak
base condition for natural biomineralization.** In
contrast, the samples mineralized at a slightly high-
er or lower pH level revealed a barely mineralized
morphology.

The surface chemistry of the NCNTs before and after
TiO, mineralization was investigated by means of X-ray
photoelectron spectroscopy (XPS; Figure 4). The Ny,
peak of the raw NCNTs was deconvoluted into the
peaks of Np (398 eV) and Nq (400.8 eV). The Np peak
became remarkably weakened during the first 30 min
of mineralization. After 2 h, the entire N, peak became
undetectable. Similar behavior was observed for the Cy
peak, while the C;s peak preserved its high intensity.
This selective weakening of the N-involved peaks
provides further evidence for the nucleating role of
N-doped sites. Based on the obvious nucleating role of
N-doped sites, a reaction mechanism is suggested for the
biomimetic TiO, mineralization at NCNT surfaces.*5*”
As shown in Figure 3e, the TiO, mineralization occurs
via the two stages of (i) nucleation and (ii) condensation.
In the nucleation stage, the doped N is protonated
and subsequently attracts and concentrates negatively
charged TiO, precursors via electrostatic interaction and
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Figure 6. (a) Stimuli-responsive wetting behaviors of vertical NCNT/TiO, core/shell nanowire forests by UV radiation (top) and
electrical potential (bottom). (b) UV—vis diffuse reflectance absorption spectra of the TiO,, NCNT, and NCNT/TiO, core/shell
nanowires. (c) Variation of absorption spectra of MB solution under visible light (1 = 420 nm) irradiation in the presence of
NCNT/TiO, nanowires. (d) Visible light-induced MB degradation in the presence of TiO, (black) and NCNT/TiO, nanowires
(red). Inset photograph compares the color of MB solution (10 ppm) after 3 h of visible light irradiation in the presence of

NCNT/TiO, nanowires and P-25 commercial TiO, photocatalyst.
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Figure 7. (a) N, adsorption—desorption isotherm (squares,
adsorption; triangles, desorption) and (b) Branauer—
Emmet—Teller surface area plot of NCNT/TiO, nanowires. (c)
Table showing the surface area, pore volume, and pore size of
pure TiO; (P-25), NCNT, and NCNT/TiO, nanowires, respectively.

hydrogen bonding. After sufficient concentration of the
precursors, nucleophilic substitution of Ti—O and a sub-
sequent condensation occur. In this regard, the N-doped
sites play two major roles, as adsorption sites and
nucleating centers. Meanwhile, as shown in the X-ray
diffraction (XRD) pattern of Figure 5a, the as-mineralized
TiO, shell had poor crystallinity. The thermally stable CNT
backbone allows high-temperature annealing, even
above 1000 °C, which is generally prohibited for biomin-
erals nucleated from organic templates such as peptides
and proteins. While the thermal annealing at 500 °C
formed a black anatase phase, the subsequent annealing
at 1000 °C induced a more stable brown rutile phase,
securing the core/shell nanowire morphology (Figure 5).

Dense and vertical NCNT/TiO, core/shell nanowires
demonstrated versatile functionalities that synergisti-
cally combined the semiconducting TiO, and the large
surface area metallic NCNT backbone, as presented in
Figure 6. At first, the surface energy of the vertical core/
shell nanowires was tunable by external stimuli, such
as ultraviolet (UV) irradiation or electric potential.*®4°
The variation of surface energy could be visualized
with measurements of the water contact angle. The
initial contact angle at the surface of the vertical
core/shell nanowire forest was 77° + 1°. After the UV
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irradiation, the contact angle was significantly reduced to
32° 4 1° as a result of the reconstruction of the surface
hydroxyl groups at the TiO, shell (Figure 6a, top image).
The reconstruction of the surface hydroxyl groups is
known to be driven by photoexcited electron—hole pairs.
Reinforcement of the electroconductive NCNT core also
enables the surface energy to be modified by electric
potential, which had been hardly observed in the less
electroconductive pure TiO,-based materials (Supporting
Information, Figure S4). As shown in Figure 63, a potential
of 10 V diminished the contact angle by 12°.

Our core/shell nanowires also demonstrated photo-
catalysis, whose efficiency was greatly enhanced by
the nanoscale hybrid structure. As mentioned above, a
direct interface of TiO, and CNTs without an adhesive
interlayer can generate a new energy level in the
middle of the TiO, band gap and thereby facilitate the
electron transfer to CNTs under the photoexcitation.”®>2
The residual hole may then react with, and decompose,
the chemicals that are adsorbed at the TiO, surface. The
UV—uvis diffuse reflection spectra (DRS) shown in Figure 6b
confirm the generation of a new energy level. Compared
with the pure TiO,, there was an obvious red shift of
~120 nm in the absorption edge of the NCNT/TiO,
nanowires. The generation of a carbon band caused the
narrowing of the band gap and the corresponding red
shift>®> The enhanced photocatalysis under visible light
irradiation (4 = 420 nm) was characterized by the photo-
catalytic degradation of a 10 ppm methylene blue (MB)
and p-nitrophenol (PNP) solution in the presence of
commercial TiO, (P-25) and NCNT/TiO, core/shell nano-
wires (Supporting Information, Figures S5—57).>* As evi-
dent in the color contrast after 3 h (Figure 6d inset), the
photocatalysis of the NCNT/TiO, core/shell nanowires
surpassed that of the widely used commercial TiO,
catalyst. The decay of the UV absorbance intensity showed
that the MB was almost completely degraded after 4 h in
the presence of the core/shell nanowires, whereas ~70%
of the MB remained in the presence of the P-25 commer-
cial catalyst (Figure 6¢c and d). The remarkably enhanced
photocatalysis was attributed to not only the band gap
narrowing but also the large surface area of the core/shell
nanowires in the aspects of charge transportation
and adsorption. Figure 7 summarizes the Branauer—
Emmet—Teller surface area, pore volume, and pore size
of P-25, the NCNTs, and the NCNT/TiO, core/shell
nanowires. The core/shell nanowires obviously had
more than three times the surface area of pure TiO,.

CONCLUSION

A process that mimics natural biomineralization
could be used to readily synthesize versatile core/shell
nanowires consisting of TiO, nanoshells uniformly
wrapped around NCNT cores, without any adhesive
interlayer. N-doped sites on the NCNT attracted Ti
precursors and promoted their condensation to form
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a highly uniform TiO, nanoshell with excellent coverage.
Unlike other biomineralization nucleating templates
such as protein or peptides, the electroconductive
and thermally stable NCNT backbone enabled high-
temperature treatment that optimized the correspond-
ing crystal structure and properties of TiO, nanoshells.
As representative examples of synergistic properties of

EXPERIMENTAL SECTION

Vertical NCNT Growth by PECVD. A 2 nm thick Fe catalyst film was
deposited on a silicon substrate by means of e-beam evapora-
tion. The substrate was heated to 750 °C in a gas flow mixture of
H, and NH3 (chamber pressure: 0.4 Torr). The NH3 content was
fixed at 40 vol % (H,: 60 sccm, NHs: 40 sccm). The thermal
annealing (usually for less than 3 min) transformed the Fe film
into agglomerated Fe nanoparticles. The chamber pressure was
increased to 4.5 Torr, and dc plasma was activated with an anode
dc voltage of 470 V relative to the grounded substrate. Slow
streaming of an acetylene source gas at a flow rate of 5 sccm for
3 min produced dense vertical NCNTs from the catalyst particles.*’
At these conditions, we obtained 4.1 at. % nitrogen-doped CNT
(carbon: 94 at. %, oxygen: 1.4%, iron: 0.5 at. % from XPS results).

Preparation of Oxygenated CNTs from Commercial Multiwalled CNTs.
Multiwalled CNTs with a purity of 95% were purchased from
Hanwha Nanotech. The 2 g of CNTs was sonicated in a 1:3
(125 mL/375 mL) mixture of HNO;s (extra pure, Junsei) and
H,S04 (95—97%, Merck) for 10 h to generate oxygen functional
groups; they were subsequently thermally treated at 400 °C for
40 min in air to remove any amorphous carbon species.>>>®

Preparation of N-Doped CNTs from Commercial Multiwalled CNTs. For
N-doping of commercial multiwalled CNTs, the oxygenated CNTs
were thermally treated at 1100 °C for 4 h under a gas flow of Ar
(40 sccm) and NH; (60 sccm).”

Biomimetic Ti0, Mineralization of NCNTs. Prior to mineralization,
all the CNTs (the vertical NCNTs, the pristine CNTs (as received),
the oxygenated CNTs, and the N-doped CNTs) were dipped in
ethanol for 1 min to enhance wettability. The TiO, mineraliza-
tion was performed by placing the CNTs for 2 h in a 1:1 (v/v)
mixture of aqueous buffered solution (3 mL of 28% ammonia
solution (Junsei) titrated with 1 M HCI (Sigma-Aldrich)) with a pH
range of 1.5 to 14 and a 3 mL of solution containing 50 wt % of
titanium(IV) bis(@mmonium lactato)dihydroxide (Aldrich). The
pH of the aqueous buffered solution was changed by addition
of 1 M HCl into the 28% ammonia solution. The excess physi-
sorbed TiO, was rinsed away 10 times with water.

Calcination and Crystallization of NCNT/TiO, Core/Shell Nanowires.
The TiO, mineralized NCNTs were annealed at 100 °C for
30 min in a high vacuum. To obtain a high crystalline anatase
phase, we annealed the NCNT/TiO, nanowires at 500 °C for 2 h
in air. A further 2 h of heat treatment was applied at 1000 °Cin a
high vacuum to obtain the rutile phase.

Characterization. The EELS mapping and spectra of the NCNTs
were characterized with corrected scanning TEM (JEOL JEM-
ARM200F, Japan). The morphologies of all the CNTs, before and
after mineralization, were characterized with the aid of field-emis-
sion scanning electron microscopy (Hitachi S-4800 SEM, Japan) and
HR-TEM (JEOL JEM-2100F). TEM EDX and multipurpose XPS
(Thermo VG Scientific, Sigma Probe) were used for the chemical
analysis of CNTs, before and after the TiO, mineralization. A Rigaku
D/MAX-2500 diffractometer with Cu Kot irradiation (1 = 1.5418 A)
was used for the XRD measurements. The Raman spectra were
recorded on a Bruker FT-Raman spectrometer (RFS 100/S) with an
excitation wavelength of 1064 nm and a laser power of 20 mW.
A topography image and the current response at a bias of applied
voltage were investigated by using C-AFM (SPA 400, Seiko) with a
Pt-coated AFM tip (EFM tips, Nanosensors). UV—vis DRS were
recorded with a UV—vis spectrometer equipped with a SA-13.1
diffuse reflector (Scinco S-4100, Korea).>®
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core/shell nanowires, stimuli-responsive surface wetting
and enhanced photocatalysis have been demonstrated.
This idealized versatile TiO,/graphitic carbon hybrid
nanostructure inspired from an energy-efficient envir-
onmentally benign natural process would be useful for
various artificial applications, including sensors, cata-
lysts, and energy storage and conversion.

Measurement of Water Contact Angle. Variations in the water
contact angles of the vertical NCNT/TiO, core—shell nanowire
forest, before and after UV irradiation or the application of
electric potential, were measured with a contact angle analyzer
in a static mode (Phoenix 150, SEO). The UV-responsive wetting
variation was observed in samples exposed to UV light
(wavelength: 254 nm; power: 25 W cm~2 and XX-15S; UVP Inc.)
for 10 min at room temperature. For the application of electric
potential, samples were transferred to an ITO substrate by
means of HF immersion. The subsequent change in surface
wetting behavior was observed with a dc voltage of 10 V.

Photocatalysis Measurement. MB solution (10 ppm) and
p-nitrophenol solution (10 ppm) were prepared in water, and
3.5 mL of the solution was transferred to quartz cuvettes. Samples
(with dimensions of 0.8 cm x 0.8 cm) were placed in the cuvettes
filled with the MB solution or p-nitrophenol solution. The samples
were keptin the dark for 1 h to check the adsorption of dye on the
surface of the catalyst. The cuvettes were then exposed to UV
light (254 nm, 25 W cm~2, and XX-155; UVP Inc) at room
temperature. In the case of visible light photocatalysis, the
cuvettes were irradiated by a Xe lamp (Newport Co. Ltd., model
66984) equipped with a 420 nm cutoff filter at a power of 450 W as
a visible light source. The decrease in absorbance of one of the
characteristic peaks of MB and p-nitrophenol was measured after
various reaction times using UV—vis absorbance spectroscopy
(Varian Cary5000 UV—vis—NIR spectrophotometer).
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