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Facile and controllable synthesis of carbon-
encapsulating carbonate apatite nanowires from

biomass containing calcium compounds such as
CaC,0,4 and CaCO;

Namjo Jeong, * Seong Ok Han,” Heeyeon Kim,” Kyo-sik Hwang,” SeungCheol
Yang,” Kahee Kim‘ and Sung-kook Hong"

We report the synthesis of carbon-encapsulating carbonate apatite nanowires through a vapor-
solid growth by heat-treatment of biomass comprising calcium compounds such as CaC,0,4 or
CaCOj; at 900°C using both PH; and C,H, as the reactants. The thermal decomposition of
CaC,04 or CaCOj; to CaO with increasing temperature (CaC,0, — CaCO;3; +CO — CaO +CO,)
is the key to achieving the growth of such core-shell nanowires. First, vapor-phase reactions
between the gaseous calcium species generated from the derived CaO and gaseous molecules
derived from thermal reactions of the reactants (PH; and C,H,) lead to the oriented growth of
core-shell nanowires along the [001] plane.
decomposition of CaCO; may be primarily responsible for the incorporation of carbonate ions

Second, the CO, generated during the

into apatite structure. Nanowire growth with knots along growth direction reveals that our
approach is very controllable. Additional demonstrations using kenaf fibers further verify that

other types of biomass too are usable.

1. Introduction

Apatite is a very important bio-ceramic for biomedical
applications such as biomedical implants, bone regeneration,
hard tissue engineering, and drug delivery because it is a major
constituent of bones and teeth.! Recently, nano-designed apatite
structures have drawn keen attention because of their unique
properties, which differ from those of their bulk counterparts.’
One-dimensional (1D) apatite nanostructures such as nanorods,
nanotubes, and nanowires are the focus of such studies because
their high aspect ratio and unique morphology may help
improve bioactivity and mechanical properties of apatite.’> Of
particular interest is the interplay that exists between bone cells
and nanoscale features, suggesting that these morphologies can
provide a favorable environment that enables effective bone
cell differentiation and growth.®’ In addition to the geometric
design, it is also important to functionalize the apatite
nanostructures with reinforcing materials such as carbon
nanofibers, carbon nanotubes, and graphene because they
provide biocompatibility and nanotopographical incentives.®’
We have shown in a recent publication that vertically
aligned and carbon-encapsulating apatite nanowires are very
attractive structures providing excellent bony fusion and
nanoscale reinforcement.'” Synthesis of the core-shell
nanowires was successfully achieved from glass substrate
containing CaO. In this paper, we show that our concept can be
extended to substrates including other calcium compounds such
as CaC,0, and CaCOj;. Also, we discuss in detail the effect of
these calcium compounds on the growth mechanism of such
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carbon-encapsulating apatite nanowires. For this, we used
woody biomass containing CaC,04 and egg-shell including
CaCO;j as starting materials.

Biomass, which is one of the most economical, eco-
friendly, and sustainable sources,!! includes various constituent
elements such as Ca, Mg, Na, K, P, and S.12 of particular
importance are the calcium compounds such as CaC,0, and
CaCOs; it contains.'® Some studies have provided a tantalizing
glimpse of the fabrication of new apatite nanostructures using
biomass.!*'®  Furthermore, biomass could be used for
fabrication of 1D carbonaceous nanomaterials such as carbon
nano-anemones, carbon nanohorn-carbon nanotube hybrids,
and cone-shaped graphitic whiskers.'®'® Therefore, the search
for unique carbon-apatite hybrid nanostructures from such
promising renewable sources is a very fascinating and
significant challenge that can provide new opportunities for
fundamental research and technological development in
materials science and nanobiotechnology.

Our work focus on the structural changes on transformation
of CaC,0,4 or CaCOj; into CaO during carbonization of biomass
to understand the primary responsibility for the generation of
the gaseous calcium species that are essential for the vapor-
solid (VS) growth of the apatite nanowires. Also, we
investigate the effect of CO, derived during the decomposition
process of the calcium compounds on the formation of
carbonate apatite structure. Some experiments on the effect of
synthesis conditions on nanowire growth showed that nanowire
growth on the surface of substrates was precipitated when such
calcium compounds were decomposed into CaO. Interestingly,

J. Name., 2013, 00, 1-3 | 1



RSC Advances

as-synthesized apatite crystals grew along the [001] plane, and
the controlled nanowire growth with knots along the nanowire
growth was possible, which reveals that the chemical reactions
responsible for nanowire growth were very controllable.
Additionally, we extended this concept to a similar synthesis
using different type of woody biomass, thereby verifying that
this technique can be used as a general strategy for the
fabrication of such hybrid nanostructures that could be used in
potential applications.'”** Here, we denote the apatite-carbon
core-shell nanowires as apatite@carbon nanowires.

2. Experimental

2.1 Materials

Woody biomasses containing CaC,0,, such as henequén fibers
(Agave fourcroydes) with an average diameter of 150 pm and
kenaf fibers (Hibiscus cannabinus) with an average diameter of
80-1000 pm, were prepared as starting materials. Henequén
fibers were supplied by DESFITYSA (Desfibradora Yucateca,
S.A.) of Mérida Yucatan, México. The average density was
about 1.45 g/cm®. Kenaf fibers were supplied from Bangladesh
and have the average density of 1.13 g/cm’. Before heat
treatment, the fibers were washed with distilled water for 30
min at room temperature and then dried at 100 °C for 1 day. For
thermogravimetric analysis (TGA), CaC,04,xH,O was
purchased from Aldrich. The used chicken egg-shell sample
was washed several times with deionized water to remove
additional residues and impurities from its surface, and then
dried at 110 °C for 1 day.

2.2 Synthesis of apatite@carbon nanowires

For synthesis of the apatite@carbon nanowires, the starting
materials containing henequén fibers, kenaf fibers, and egg-
shell were put in a quartz boat, which was then placed in the
center of a quartz reactor. The reactor was rapidly heated at a
rate of 45°C/min to the desired temperature, which was
controlled between 550 and 900°C, and then held at the raised
temperature for 1 h. During the heat treatment, Ar was supplied
as the carrier gas at a flow rate of 1000 cc/min. For growth of
apatite@carbon nanowires, the concentration of PH; (99.999%)
was maintained at 0.01% in Ar, and the concentration of C,H,
(99.9%) was controlled between 1 and 5% in Ar. After the
growth process, the reactor was cooled to room temperature in
Ar only.

2.3 Characterization

The morphology of the apatite core-carbon heterostructures was
observed using scanning electron microscopy (SEM: HITACHI
S-4700, operated at 10-15 keV) and transmission electron
microscopy (TEM: Tecnai F30 Super-twin, operated at 200
keV). To confirm the composition of the core-shell nanowires,
energy dispersive X-ray spectroscopy (EDX: Genesis EDAX)
analysis was carried out along with scanning TEM (STEM)
using a 1l-nm beam diameter. Raman spectroscopy was
performed using a JY LabRam HR Raman microscope fitted
with a liquid-nitrogen-cooled CCD detector. The Raman
spectra were recorded using a backscattering geometry and
were obtained under ambient conditions using the 514.5-nm
line of an Ar-ion laser. The power level was controlled at 5 mW
using a focus spot that was 1 um in size and lasted for 30 s. The
X-ray photoelectron spectroscopy (XPS) was performed using
an AXIS-NOVA system (Kratos Inc.) with an X-ray source that
emitted monochromatic Al-Ka radiation. The area analyzed
was 1 mm x 2 mm, and the base pressure was 7.0 x 107 Pa.
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The TGA was performed in air using a SDT 2960 Simultaneous
DTA-TGA system. The temperature was raised to 1000°C at a
rate of 15°C/min, and the Ar carrier gas was supplied at a flow
rate of 50 ml/min. The weight of the test samples used for the
TGA was approximately 10 mg. Infrared (IR) spectroscopy was
recorded using the attenuated total reflection method over the
range of 600-4000 cm™ (HYPERION3000).

Gas chromatograph-mass spectroscopy (GC-MS) analysis
was conducted using a 6890 series GC system from Agilent
Technologies and a 5973 Network Mass-Selective Detector
from Agilent Technologies. The operating parameters were as
follows: (a) The columns were 30 m x 320 um X 0.25 pum
19091J-423 columns for a nitrogen phosphorus detector (NPD,
Agilent); (b) The initial temperature of the oven was set to
40°C, which was maintained for 4 min, and the temperature
was increased to a final temperature of 200-300°C at the rate of
20°C/min, which was maintained for 6 min; (c¢) Rubidium
beads were used for the NPD; (d) The detector temperature was
set to 325°C; (e) The gas conditions for the NPD were Ar at 5
mL/min, air at 60 mL/min, and H, at 3 mL/min; (f) The
injection volume was 600 pL, and auto injection was performed
at a temperature of 250°C; (g) The run time was 18 min. The
detection range for the mass spectrometer was 0—300 M/z, and
its scan speed was set at 5.62 s”'. A gas mixture of 0.01% PH;
and 1% C,H, in Ar was supplied for the GC-MS analysis.

3. Results and discussion

3.1. Structural characterization

The henequén fibers used had smooth surfaces before the heat
treatment (Fig. 1(a)). When only Ar was supplied during the
heat treatment, a corrugated structure was found along the
entire length of the resultant carbon fibers (Fig. 1(b)). The
surfaces of the carbon fibers appeared slightly rough, but no
remarkable nanostructures were observed. The representative
EDX spectrum showed that some additional components such
as Ca, Na, Mg, and K were included in the carbon fiber (inset
of Fig. 1(b)). When a gas mixture of both PH; and C,H, was
supplied during the heat treatment, on the other hand, the
surfaces of the carbon fibers were completely covered with
uniform nanowires (Fig. 1(c)) that grew up to 5 pm in length
(inset of Fig. 1(c)).

A TEM image and the selected area diffraction (SAED)
pattern revealed that the measured {002}, {211}, {130}, and
{222} families of reflections agree well with those of the
hexagonal apatite structure (Fig. 1(d) and (e)).>' Remarkably, a
high-resolution TEM (HRTEM) image showed that the
nanowire was composed of defective graphitic layers with
thicknesses below 2 nm and a 20-nm-diameter apatite nanowire
oriented along the (002) plane (Fig. S1(a)). Furthermore, from
the fast Fourier transform (FFT) image, the lattice spacings of
the core were calculated to be 3.4, 3.1, and 2.3 A, which can be
assigned to the (002), (210), and (212) planes of hexagonal
apatite, respectively (inset of Fig. 2(c)). The EDX spectrum
clearly showed the expected Ca, P, O, and C components (Fig.
S1(b)).

No Raman excitation peak was observed from the raw
henequén fiber (Fig. S2(a)). The Raman spectra of sample heat-
treated in Ar only had two prominent bands: D and G bands at
1350 and 1590 cm™, respectively. The characteristics of these
bands were similar to those of amorphous carbon.”? The Raman
spectrum of the sample that was heat-treated under a gas
mixture of both PH; and C,H, revealed a very weak peak at
approximately 960 cm™ (PO4> (v1)); this peak is a main peak in
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the Raman spectra of a typical apatite structure (Fig. S2(b)).**
The slight enhancement in the intensity ratio of the D to G
bands may reflect the effect of the graphitic layers surrounding
apatite nanowire (Fig. S2(c)).

Intensity (a.u.)

Fig. 1 (a) SEM image and photograph (inset) of raw henequén
fibers. (b) SEM image and EDX spectrum (inset) of carbon
fiber obtained after the heat treatment of henequén fibers at
900°C in Ar only. (¢c) SEM image of nanowire-covered carbon
fibers. Inset shows a high-magnification image. (d) HRTEM
image showing a nanowire composed of defective graphitic
layers and apatite crystal. Inset shows the corresponding FFT
image. (e) EDX spectrum of the nanowires. The synthesis was
performed for 1 h in a gas mixture of Ar + 0.01% PH; + 1%
C2H2.

XPS analysis is of great importance in the determination of
the surface composition and chemical state of the products. Fig.
2(a) shows the XPS survey spectra of samples obtained after 1
h of heat treatment at 900°C with an Ar only or Ar + PH;/Ar +
C,H, atmosphere. When Ar only was supplied, Ca, O, and C
were observed as the main components, but P was absent in the
products. The high intensity of the Ca and O peaks reveals that
a large number of calcium compounds are present as compared
to carbon fiber. On the other hand, when a gas mixture (Ar +
PH;/Ar + C,H,) was supplied, peaks corresponding to P were
observed in the spectrum. Also, the C peak intensity
significantly increased. These changes confirm the formation of
carbon-sheathed apatite nanowires on the surface of carbon
fibers.

In the detailed XPS spectrum obtained from samples
without nanowire growth, the C (1s) peak was deconvoluted
into four components (Fig. 2(b)).>* The main contribution
occurred at 284.2 eV, which corresponds to the sp>-hybridized
graphite-like carbon atom. The sp’-hybridized carbon atom,
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which is related to disordered carbon and structural defects in
graphite sheet, was assigned at 285.6 eV. The carbon atom
related to the C-O species was assigned at 286.5 eV.
Remarkably, the component assigned to the carboxyl C=O
species or carbonate was recorded at a high binding energy of
289.7 eV. These results indicate the presence of CaCOj; in the
samples.”
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Fig. 2 (a) The XPS survey spectrum of samples obtained after 1
h of heat treatment at 900°C with an Ar only or Ar + PH3/Ar +
C,H, atmosphere, and the detailed scans of (b) C (1s), (c) Ca
(2p), (d) P (2p), and (e) O (1s).
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The core-level binding energy (BE) positions of Ca (2p,),),
Ca (2p;p), and O (1s) were at 350.7, 347.2, 133.0, and 531.0
eV, respectively (Fig. 2(c)—(e)). The doublet separation energy
of Ca (2p) was approximately 3.5 eV. After the nanowire
synthesis, the intensity of peak corresponding to C=C increased
significantly, which indicates the formation of graphitic layers
on the surface of carbon fibers. Furthermore, P (2p) was
observed at the core-level BE positions of 133.0 eV, which is
consistent with that of the phosphate ion.”® The core-level BE
positions of Ca (2p;,), Ca (2p;,), and O (ls) was similar to
those of the samples without the nanowires. This strongly
supports that the apatite structure was formed on the surface of
carbon fibers.”” Furthermore, the weak carbonate peak in C (1s)
was noticeable, which indicates the following: decomposition
of CaCO; to CaO and CO,, and the subsequent incorporation of
the carbonate ion into the apatite structure during nanowire
synthesis.

The IR spectrum of the sample that was heat-treated under a
gas mixture of both PH; and C,H, was shown in Fig. S3. The
pattern of the absorption peaks is typical for carbonate calcium
phosphate.?®* The characteristic bands of phosphate groups
were observed at about 960 and 1030 cm™. The Presence of
carbonate ions was identified at about 873, 880, 1413, 1458,
and 1550 cm™, which revealed that carbonate ions were
substituted into apatite crystals. Additionally, the peaks
measured at about 1370 and 1586 cm™ indicates the D- and G-
bands of graphitic layers encapsulating apatite nanowires.

3.2. Growth mechanism

As shown in Fig. 3, the possible mechanism for the formation
of carbonate apatite@carbon nanowires can be briefly
summarized as follows: nucleation of carbonate apatite crystals,
VS growth of carbonate apatite nanowires, and surface
graphitization on the radial surfaces of the apatite nanowires.

First, apatite crystals are nucleated on the surface of the
carbonized biomass. TGA performed in Ar revealed that the
CaC,0, crystals decompose between 400 and 525°C according
to the chemical formula CaC,0,4 (s) — CaCO; (s) + CO (g).
Between 660 and 880°C, CaCO; decomposes into CaO (s) and
CO, (g) (Fig. $4).*° In Fig. S5, gas analysis clearly revealed
that P, can be derived from the thermal pyrolysis of PH; at the
set temperature of 900°C. It is also possible that P, may react
with oxygen in the reactor, resulting in the formation of
phosphorus oxides such as P,Oyq (g).31 Furthermore, a bioactive
substrate containing CaO and P40,y can provide a favorable
environment for the formation of calcium phosphate (xCaO (s)
+ yP,04 (g) = Ca,(PO,), (s)), resulting in a transformation to
apatite crystal.” This supports our hypothesis for the initial
formation of nanoscale apatite crystals.

Second, once the apatite is completely crystallized, growth
should occur along a particular crystal plane in the axial
direction. Biological additives can play a key role in the initial
nucleation and oriented crystallization of apatite.*® Gas analysis
clearly revealed that the supply of both PH; and C,H, at 900°C
can generate a variety of gaseous molecules such as aromatic
hydrocarbon molecules (g), H, (g), phosphine radicals (g), P,
(g), and heterocyclic phosphorus compounds such as CsHsP (g).
Therefore, it is feasible that the CsHsP (g) may precipitate the
nucleation of apatite and lead to the growth of apatite crystals
oriented along the [001] plane. Then, oriented apatite crystals
start growing along the axial direction. For nanowire growth,
calcium- and phosphorus-containing gaseous species should
coexist in the reactor. On the other hand, when the reactor
temperature rapidly increases to 900°C, the henequén fibers are
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carbonized into amorphous carbon fibers. During this process,
the decomposition of CaCOj; (s) into CaO (s) generates CO,
(g), and calcium-containing gaseous species can be produced
from CaO (s). Previous studies have found that the gaseous
species that can be generated from CaO (s) include Ca (g), CaO
(g), O, (g), and O (g), which are formed by sublimation and
dissociation, and Ca (g), H, (g), CaOH (g), and Ca(OH), (g),
which are formed during heating in H, (g).***° Therefore, we
speculate that the specific vapor-phase reactions occurring
between these gaseous species, particularly between P, (g),
Ca(OH), (g), O (g), and CO, (g), lead to the VS growth of the
apatite nanowire.*® The TGA and IR results clearly revealed the
presence of carbonate component in the apatite nanowires. The
formation of carbonate is due to the adsorption of CO, derived
during the decomposition of CaCO; into CaO (Fig. 3).

He

CH, PH;

He Ar

Py \ H,
. CHeP Py
1
S

Fig. 3 Schematic representation of the growth mechanism for a
carbonate apatite@carbon nanowire from woody biomass
containing CaC,0, crystals.

Finally, the surface graphitization should occur
simultaneously along the entire radial surface of the apatite
nanowires, which have relatively stable interfacial energies.
From typical synthetic routes for substrate-based carbon
nanotubes, it is acceptable for the interfaces between the
nanoscale apatite crystals and the surfaces of the carbon fibers
to act as defect sites for the initial formation of graphitic
layers.’” However, the continuous formation of cylindrical
graphitic layers is unlikely to be induced through a catalyst-

This journal is © The Royal Society of Chemistry 2012
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movement-dependent growth mechanism such as the vapor-
liquid-solid growth mechanism. A catalyst-movement-growth
mechanism is unlikely not only because the crystalline apatite
structures remain in a solid state at the considered temperature
but also because they have low carbon solubility and poor
catalytic activity. Our gas analysis revealed the presence of
aromatic hydrocarbon molecules that are thermally cyclized
from C,H, at the set temperature (Fig. S5).3 Hence, we can
hypothesize that these graphitic fragments may be precisely
arranged along the radial surface of the carbonate apatite
crystals, resulting in continuous formation of the graphitic
layers.*

3.3. Effect of synthesis conditions on nanowire growth

(b)

@
O naMg P K|
1] i vy VA PR |

intensity (a.u.)

Intensity (a.u.)

-
o
[
5

4

Fig. 4 SEM images of products heat treated at 900°C with gas
mixtures of (a) Ar + 0.01% PHj;, (c) Ar + 1 % C,H,, (e) Ar +
0.01% PH; + 1 % C,H,, and (g) Ar + 0.01% PH; + 5% C,H,.
(b) and (d) show the EDX spectrum corresponding to (a) and
(c), respectively. (f) and (h) show the TEM images
corresponding to (e) and (g), respectively. The insets show the
high-magnification images.

We performed two tests to obtain a clearer understanding of the
growth mechanism. First, we controlled the synthesis
temperature while both PH; and C,H, were supplied. At 550°C,
nanoparticle formation was observed on the surfaces of the
resultant carbon fibers (Fig. S6(a)). The STEM image and its
EDX spectrum revealed that the nanoparticles had Ca and P as
their primary components (Fig. S6(b) and (c)). The amorphous
cores of the nanoparticles were easily vaporized by the short
exposure to the electron beam during TEM observations (Fig.
S6(d)), resulting in the formation of amorphous hollow carbon
nanoparticles (Fig. S6(e)). At the set temperature, the calcium
compounds included in the carbon fibers are present as stable
CaCOj; (Fig. S4). The decomposition of PH; into phosphorus
and hydrogen begins at approximately 375°C and is completed
at  593°C,*°  while cyclization of C,H, into aromatic
hydrocarbon molecules starts at 650°C (Fig. $5).*® This implies

This journal is © The Royal Society of Chemistry 2012
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the absence of CsHsP (g) molecules that were found to be
important for the nucleation and oriented growth of apatite
crystals, supporting our results.

Gas analysis showed that a variety of gaseous molecules
that were derived at 900°C can also be generated at 750°C (Fig.
S5). Therefore, the formation of nanowires composed of
crystalline apatite cores and carbon layers may be possible at
750°C (Fig. S7(a)). However, the nanowires generated at 750°C
appear short and wavy (Fig. S7(b)). Unlike those synthesized at
900°C, they were easily damaged during TEM observation
(arrows in Fig. S7(c)). These differences may be due to the
unstable structural change of the included CaCO; as the
temperature increases (Fig. S4). At 900°C, the complete
transformation of CaCOj; into CaO not only provides a stable
site for the nucleation of nanoscale seeds for nanowire growth
but also leads to the constant production of calcium-containing
gaseous molecules. At 750°C, on the other hand, CaCO; does
not completely decompose to CaO. This implies that the
concentration of the derived -calcium-containing gaseous
molecules in the reactor is relatively low and continues to
change, resulting in the formation of tiny and nonuniform
nanowires. This difference may explain why the nanowires
were not straight and uniform at 750 °C.

Fig. 5 SEM and TEM images of nanowires taken at C,H, cut-
off times of (a) 3, (b) 5, and (c¢) 10 min.

Next, we controlled the supply of reactant gases. When only
Ar and PH; was supplied during the heat treatment, the
formation of 100-nm-diameter calcium phosphate nanoparticles
was observed on the surface of the carbon fibers (Fig. 4(a) and
(b)). After supplying only Ar and C,H,, the nanoparticles with
diameter of approximately 20nm were formed on the surface of
the carbon fibers (Fig. 4(c)). There are no 1D nanostructures in
the resultant products. The EDX spectrum clearly shows that
the nanoparticles were inorganic components such as CaO and
MgO (Fig. 4(d)). When both PH; and C,H, were supplied
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together, on the other hand, a dense coverage of uniform
nanowires was observed on the carbon fiber surfaces (Fig.
4(e)). The shell thickness of the nanowires was estimated at
approximately 2 nm (Fig. 4(f)). These different results strongly
indicate that the CsHsP (g) molecules play a key role in the
nanowire formation (Fig. S5). Furthermore, when the supplied
amount of C,H, was increased, the diameter of the nanowires
increased significantly (Fig. 4(g)) because of the increase in the
graphitic layer thickness, not because of the apatite cores (Fig.
4(h)). This demonstrates that the surface graphitization is
promoted through the enormous accumulation of aromatic
hydrocarbon molecules (Fig. S5).

3.4. Controlled growth

Fig. 6 Nanowires with two knots formed along the axial growth
direction. (a) Low- and (b) high-magnification SEM images. (c)
A TEM image of a nanowire obtained by “on” and “off”
control of PH3 and C,H,. HRTEM images taken at the (d) root,
(e) stem, (f) first knot, (g) neck, and (h) head of the second
knot. The white and black arrows in (f) indicate the graphitic
shells observed in the first knot and stem from the mismatch of
the growth axes, respectively.

To highlight that our approach is very controllable, we consider
the growth of core-shell nanowires with knots along the growth
direction. After the 50 min of growth using both PH; and C,H,,
the C,H, supply was cut off for a short duration. Subsequently,
C,H, was re-supplied for 10 min after the PH; supply was also
cut off. Finally, the reactor was cooled down to room
temperature in an Ar atmosphere. As a result, we fabricated
nanowires with an enlarged top portion (Fig. 5). The diameter
of the nanowires smoothly increased along the neck region. The
average diameter of the head was approximately 30 nm and that
of the stem was approximately 15 nm. The length of the head
was about 50, 100, and 150 nm when the C,H, supply was cut
off for 3, 5, and 10 min, respectively (Fig. 5(a)—(c)). Fig. S8(a)
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shows the TEM image of nanowires observed at the C,H, cut-
off time for 5 min (yellow arrows). The corresponding HRTEM
image reveals that the nanowire was completely covered with
graphitic layers (Fig. S8(b)), which was confirmed by a virtual
image that highlights the graphitic layers in an area selected by
a red square in Fig. S8(b) (Fig. S8(c)). In the crystallographic
data of both the head and the stem, the lattice spacings of the
core had structures that were calculated to be 3.4, 2.8, 3.9, and
4.7 A, which can be assigned to the (002), (112), (111), and
(110) planes of hexagonal apatite (Fig. S8(d) and (e)).

d nanowires

Fig. 7 (a) The growth axes of two stems completely consistent
with that of the knot. (b) The growth axis of the upstream stem
is consistent with that of a knot; however, the opposite stem
was mismatched. (c¢) The growth axes of two stems completely
dislocated from the knot.

The SEM images show nanowires synthesized with twice
the variation of the supplied amount of C,H, (Fig. 6(a) and (b)).

This journal is © The Royal Society of Chemistry 2012
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The synthesis time was 60 min. After 20 min of nanowire
growth in the presence of both C,H, and PHj3, the C,H, supply
was stopped for 5 min. This process was repeated once more,
and then the PH; supply was shut off. Finally, only C,H, was
re-supplied for 10 min, and the temperature of the reactor was
cooled to room temperature. During all processes, Ar was
supplied as the carrier gas. Two knots formed along the axial
growth direction of the nanowires (Fig. 6(c)). This result was
identified from TEM analysis (Fig. 6(d)—(h)). The growth
direction and lattice structure did not change throughout the
nanowire. The surface of the nanowire was completely covered
with graphitic shells except at its root, which seemed to be
pulled out (white circle in Fig. 6(d)). It could be inferred from
the above results (Fig. 5) that the sheathing of the first knot by
graphitic shells was accomplished during the second “on” stage
of C,H,. Fig. 6(f) shows the agreement in growth direction as
well as the dislocation in the growth axes of the two stems
connected to the first knot. The growth of nanowire was
orientated along the (001) lattice plane, with an estimated
lattice spacing of 3.44 A.

We speculate that the mismatch in the growth axes of knot
and stem of a nanowire is because of the differences between
the lateral growth rate of the knot and the formation rate of the
graphitic shells on the radial surface of the knot during the
growth process (Fig. 7). As mentioned earlier, the formation of
graphitic layers suppresses the lateral growth of the apatite core
by preventing gaseous sources from being absorbed into the
radial surface of the apatite core. Therefore, when only the
C,H, supply was stopped, only the lateral growth of the apatite
core was allowed (Fig. 5).

Fig. 8 Photographs of kenaf fibers (a) before and (b) after
synthesis for 1 h at 900°C. SEM images of the products
obtained after heat treatments with a gas mixture of (c) Ar +
0.01% PH; + 1 % C,H,. (d) A TEM image of the as-
synthesized nanowire. The inset shows the corresponding FFT
image. The lattice spacings of the core were calculated to be 3.4
and 2.2 A, which can be assigned to the (002) and (310) planes
of hexagonal apatite. (e) The scanning TEM image and its
corresponding elemental mapping images for (f) C, (g) Ca, (h)
P, and (i) O.

If the lateral growth rate stays the same over the entire
radial surface of the nanowires, the growth axis of the knots
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would coincide with that of stem as shown in Fig. 7(a). On the
other hand, Fig. 7(b) shows that the second stem grew with a
growth axis dissimilar to that of the first knot. This implies that
when C,H, was re-supplied after stopping of knot formation,
the formation rate of the graphitic layers depended on the
position of the radial surface of the knot. Furthermore, Fig. 7(c)
reveals that the growth axes of the two stems are completely
dislocated from that of the knot, which indicates an imbalance
between the lateral growth rate of the core and the formation
rate of the graphitic layers on the core’s surface during the
change in the reactant supply. Interestingly, it is noteworthy
that the growth of all knots and stems of the nanowires was
oriented in the [001] direction along the nanowire growth.

3.5. Concept expansion

Additional experiment was performed to establish that our
approach is very reliable. Kenaf plants are widely known for
their contribution to the global and regional environment
because of their significant rate of CO, accumulation and their
high calcium content.*' Fig. 8 shows the results obtained from
kenaf fibers through the same synthesis processes as that
performed for the henequén fibers. Nanowires with similar
structures were formed on the surface of carbonized kenaf
fibers (Fig. 8(a)-(d)). An HRTEM image revealed that the
apatite nanowire core oriented along the (002) plane was
sheathed in carbon layers (Fig. 8(e) and its inset). The TEM
elementary distribution map results confirm the core-shell
configuration of the nanowires (Fig. 8(f)—(i)). These results
confirm that CaC,0, contained in woody biomass can be very
useful in fabricating carbon-functionalized apatite
nanostructures.

Fig. 9 Photographs of egg-shell (a) before and after synthesis
for 1 h at 900°C. SEM images of the products obtained after
heat treatments with a gas mixture of (b-d) Ar + 0.01% PH; + 1
% C,H,.

The growth  mechanism revealed that thermal
decomposition of CaCO; to CaO and CO, is essential for the
growth of carbonate apatite@carbon nanowires. To verify this
concept, we employed egg-shell that consists of mostly
inorganic calcite (ca. 96%).*> Recent studies have shown that
the major component of the thermal-treated egg-shell was
Ca0,” and an egg-shell waste could be used for apatite
formation.*” In this work, we applied the same synthesis
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process to egg-shell sample. Fig. 9(a) showed photographs of
egg-shell before and after the synthesis process. After
synthesizing, the color of egg-shell surface changed to black.
Low-magnification SEM image showed a typical mammillae
structure of egg-shell (Fig. 9(b)).** High-magnification SEM
image revealed that whole surface of egg-shell was covered
with thin and straight nanowires (Fig. 9(c) and (d)).

(a) . . . ¥ Hexagonal apatite
® Cao

* CaCO;

Ar+PH,

Ar *

Intensity (a.u.)

*

Pure eggshell

20 30 40 50 60 70
20 (")
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Fig. 10 (a) XRD and (b) Raman spectra of the samples prepared
before and after 1 h of heat treatment at 900°C with an Ar only,
Ar + PHs/Ar, or Ar + PHs/Ar + C,H, atmosphere.

From XRD graphs (Fig. 10(a)), it was clear that the major
component of raw egg-shell was CaCO;. After the heat-
treatment at 900°C for 1 h in Ar, the CaCO; phase was
transformed into CaO phase. No peak related to CaCO; was
observed in the XRD graph. When PH; gas was added into the
reactor during the heat-treatment, the formation of apatite with
hexagonal structure was additionally identified, but the
existence of nanowires was not observed on the heat-treated
egg-shell surface. When both PH; and C,H, gases was
spontaneously supplied into the reactor, on the other hand, the
formation of hexagonal apatite structure was remarkable. Fig.
9(d) confirmed that the structure was nanowires with high-yield
growth. The Raman spectra supported these results strongly.
Furthermore, the characteristics of D- and G- bands of samples
obtained after the synthesis process revealed clearly that the
nanowires have graphitic structure (Fig. 10(b)).

The EDX spectrum clearly showed the expected Ca, P, O,
and C components (Fig. S9). These results indicated that the

8 | J. Name., 2012, 00, 1-3

suggested growth mechanism can be generally applied to the
synthesis processes of unique nanostructures from raw
materials that contain calcium compounds such as CaC,0,,
CaCO;3, and CaO.

Conclusions

The VS growth of carbonate apatite@carbon nanowires was
achieved through the heat treatment of woody biomass at
900°C under a gas mixture of PH; and C,H,. The results clearly
showed that structural changes resulting from the conversion of
the CaC,0,4 or CaCO; contained in the biomass to CaO as the
temperature increased played an important role in the apatite
core growth in the hybrid nanowires. In particular, it is
noteworthy that the nucleation and oriented growth of the
apatite nanowires was directed by CsHsP (g) molecules, and
that the incorporation of carbonate ions into the apatite
structure was attributed to CO, generation during the
decomposition of CaCO; into CaO. The effects of synthesis
conditions on the nanowire formation confirmed that the
growth mechanism is comparably controllable by changing the
temperature or reactants. Similar results were obtained using
kenaf fibers and egg-shell. This shows that our approach is very
reliable and can be adopted as a general strategy for synthesis
of such core-shell nanowires. We anticipate that our concept of
using biomass will be developed into an easy method for
fabricating new types of nanomaterials in large quantities at
low costs and will be a promising avenue for a wide range of
potential applications.
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