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Starting from Ca(NO3)2–H3PO4–methanol precursor mixtures and using carbon nanofibers (CNFs) as templates,
we have successfully coated nano-scale hydroxyapatite (HAp) layers on macroscopic silica fiber (diameter ca. 5 mm)
surfaces. Under controlled experimental conditions, CNFs can be formed on silica fiber with variable yield, layer thick-
ness, and diameters, and thus can be further used as different templates for HAp coating. XRD, FE-SEM, and cross-sec-
tional TEM experimental results provided clear evidence that CNFs can act as effective templates for uniform nano-scale
HAp coating on silica fiber. It turned out that heat-treatment at 923K for 5 h is sufficient for complete removal of the
CNFs templates and crystallization of the resulting nano-scale HAp. It was shown that the resulting HAp layer thickness
was ca. 2–4mm, the average crystallite size was ca. 20–40 nm, and the specific surface area was ca. 50–65m2 g�1. In
addition, it was clearly demonstrated that the average layer thickness and amount of HAp was controlled by the layer
thickness of CNFs. Therefore, the coating mode of HAp could be reliably controlled through the selection of different
kinds of CNFs templates.

Hydroxyapatite (HAp), which is well known as the main
mineral component of bones and teeth, has been extensively
studied and applied in a variety of fields due to its excellent
bioactivity, biocompatibility, osteoconductivity, ion-exchange
ability, adsorption capacity, and catalytic ability.1–12 In recent
years, significant research efforts have been devoted to the de-
velopment of HAp coating on other substrates so as to improve
its potential for practical applications. Various techniques,
such as electrophoretic deposition,13 hot isostatic pressing,14

biomimetic processes,15 plasma spraying,16 and alternate soak-
ing processes17 have been employed to produce an HAp layer
on the substrate. Electrophoretic deposition (EPD) is an attrac-
tive method for HAp synthesis, however, it is difficult to con-
trol the applied voltages and deposition time needed to obtain
uniform HAp. Hot isostatic pressing (HIP) of HAp coating
onto the substrate needs to be carried out under considerably
high temperature and pressure. Biomimetic processing for
HAp coating can be realized by immersing the substrate
into simulated body fluid (SBF) solution for a very long time.
Plasma spraying allows large amounts of HAp coating on the
substrate, but the long-term stability of these coatings is still a
challenging problem. Furthermore, this procedure needs to be
performed under very high pressure. Alternate soaking pro-
cesses can also bring about mass HAp coating on the substrate
after many soaking cycles. Up to now, uniform HAp coating
on any substrate is still a challenging issue.

Recently, we have demonstrated that carbon nanofibers
(CNFs) are promising and effective templates for the forma-
tion of nano-scale materials.18,19 Notably, CNFs can be easily
synthesized under mild reaction conditions by the decomposi-

tion of hydrocarbons over metal catalysts such as nickel, co-
balt, iron, and their alloys.20 Also, the structure of CNFs can
be tuned by changing the synthesis parameters (such as reac-
tion temperature, carbon source, and metal catalyst used). In
addition, CNFs can be easily removed by oxidation or hydro-
genation due to their high reactivity with O2, CO2, and H2.
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These merits make them suitable for acting as promising tem-
plates for the synthesis of new tubular materials.

In a very recent communication,22 we reported a facile
method to uniformly coat silica fiber with nano-scale fibrous
LaMnO3 by using CNFs as templates. It seemed that the uni-
form formation of CNFs on silica fiber is a prerequisite for the
subsequent uniform formation of LaMnO3 but this hypothesis
needs more experimental evidence to support it. Furthermore,
how the CNFs performed as effective templates for the forma-
tion of LaMnO3 on silica fiber still is not fully understood.
In this paper, we extend this promising template method to
the fabrication of nano-scale HAp on silica fiber. Structural
characterization of both CNF-coated silica fiber and HAp-coat-
ed silica fiber is described in detail. Particular attention is
given to the influence of different kinds of CNF templates
on HAp coating via the template route. It is expected that such
nano-scale HAp with direct macroscopic shapes hold promise
as highly functionalized materials. Despite the above obvious
potential, to the best of our knowledge, this is the first report
on the coating of nano-scale HAp on macroscopic silica
fiber through a single methanol solution of Ca(NO3)2–H3PO4.
Compared with other applied techniques used for HAp
coating, the CNF template method is a facile and effective
process.
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Experimental

Materials. Ni(NO3)2�6H2O, Ca(NO3)2�4H2O, H3PO4, ace-
tone, and methanol were used as received without further purifica-
tion. Silica fiber (Tosoh, Japan, diameter ca. 5mm) was adopted as
a substrate to synthesize CNF templates. Commercial HAp (HAP-
100) and commercial Tricalcium Phosphate (�-TCP) (Taihei
Sangyo, Japan) were selected for comparative study.

Preparation of CNFs Templates. CNF templates were
synthesized by the decomposition of methane over NiO/silica
fiber catalyst. First, NiO/silica fiber catalyst (ca. 1wt% as NiO)
was prepared by impregnating silica fiber (ca. 0.2 g) with 0.3M
Ni(NO3)2 acetone solution at room temperature. Excess solution
was removed by vacuum filtration. Afterwards, the resulting im-
pregnated sample was calcined in air at 573K for 1 h to obtain
the NiO/silica fiber catalyst. Finally, the decomposition of meth-
ane (flow rate = 20mLmin�1) was performed over the catalyst
from 773 to 873K for 2 h with a conventional gas-flow system
at atmosphere pressure. Prior reduction of the catalyst under hy-
drogen was not necessary, because the nickel oxide form is easily
reduced in the reaction by methane.

HAp Coating on Silica Fiber Using CNFs as Templates. A
typical synthetic procedure is as follows: CNF templates were first
placed into a suction filtration unit. Then, a precursor solution
consisting of 2.0M Ca(NO3)2 and 1.2M H3PO4 in methanol
(the ratio of Ca/P is 1.67) was dropped into the CNF templates.
Excess solution was removed by vacuum filtration. After that,
the resulting samples were dried in air at 393K (30min) and then
at 573K (30min). Finally, the templates were removed by calci-
nation in air at given temperatures for 5 h to obtain the desired
samples.

Characterizations. Field emission scanning electron micros-
copy (FE-SEM) measurements were carried out using a JSM-
7400F (JEOL) instrument. Energy dispersive spectroscopy (EDS)
experiments were done using a JSM-6360 LA (JEOL) scanning
electron microscope coupled with a JED-2300 (JEOL) EDS unit.
Quantitative analysis was performed by ZAF method. Transmis-
sion electron microscopy (TEM) was conducted on an H-800
(HITACHI) or a JEM-2000 FX (JEOL) instrument operated at
200 kV. Before analysis, samples were put into ethanol and subse-
quently sonicated for 3min. A few drops of the resulting suspen-
sion were then placed on perforated carbon film on a copper grid.
Cross-sectional specimens for TEM measurements were obtained
as follows: samples were first embedded in epoxy resin after poly-
merization of the matrix by heating at 333K for 48 h, the samples
were then cut in ca. 80 nm thick sections on an ultramicrotome.
X-ray diffraction (XRD) measurements were recorded on a RINT
Ultima + (Rigaku) diffractometer with CuK� radiation (tube
voltage: 40 kV, tube current: 20mA). The diffraction line widths
were obtained after subtraction of the instrumental width deter-
mined by the linewidth of a silicon powder sample, and crystallite
sizes were calculated from the width of the (002) line using the
Scherrer equation. Raman spectra of solid-state samples were
measured with an NRS-1000 (JASCO) FT-Raman spectrometer.
Temperature-programmed oxidation (TPO) experiments were car-
ried out via a home-made instrument, connected to an M-QA100S
(ANELNA) quadrupole mass spectrometer for online gas detec-
tion. The m=z ratios of 18 (H2O), 28 (CO), 32 (O2), and 44 (CO2)
were monitored. The temperature was programmed from 303 to
1073K at a heating rate of 10Kmin�1. Thermogravimetry and
differential thermal analysis (TG-DTA) were carried out on a
Thermo Plus TG 8120 (Rigaku) instrument at a heating rate of

10Kmin�1 and a temperature region from room temperature to
1073K. Elemental analyses were performed by the center for In-
strumental Analysis at Hokkaido University. Brunauer–Emmett–
Teller (BET) specific surface areas were estimated by using an
AUTOSORB-3 (YUASA IONICS) sorption analyzer after degass-
ing at 473K for 2 h.

Results and Discussion

Characterization of CNFs Templates. The typical mor-
phology of the pure silica fiber is straight with a relatively
smooth surface, with a diameter of ca. 5mm (insets of Fig. 1a).
Figures 1a–1f show the FE-SEM images of CNFs formed
by methane decomposition over NiO/silica fiber catalyst at
different synthesis temperatures for 2 h. After decomposition
of methane, the value of carbon deposition was calculated:
Carbon deposition (%) = 100�Wdeposited carbon=WNi, where
Wdeposited carbon is the weight of carbon deposited on the silica
fiber, and WNi is the weight of Ni on the fiber. The CNFs
synthesized at 773, 823, and 873K were designated as CNFs-
773, CNFs-823, and CNFs-873, respectively. For the obtained
CNFs, it was found that the carbon deposition increased with
the synthesis temperature, and the corresponding values were
calculated to be 6360%, 12980%, and 23160% for CNFs-
773, CNFs-823, and CNFs-873, respectively (Table 1). These
values are comparative to a value of Ni on SiO2 (Kieselgel).

23

As can be seen from the FE-SEM images (Figs. 1a, 1c, and
1e), the CNF layer completely and uniformly covered the sur-
face of the fiber. The average layer thickness of the obtained
CNFs could be calculated based on FE-SEM analysis, and
the corresponding value was ca. 3mm for CNFs-773, 5mm
for CNFs-823, and 7mm for CNFs-873 (Table 1). According
to the FE-SEM images in Figs. 1b, 1d, and 1f, it was shown
that CNFs were entangled and their diameters varied from
20 to 50, 30 to 80, and 40 to 90 nm for CNFs-773, CNFs-
823, and CNFs-873, respectively. This means that the layer
thickness and diameter of CNFs can be controlled by the syn-
thesis temperature. A typical cross-sectional TEM image of
CNFs-823 (Fig. 1g) confirmed that CNFs were grown on the
outer surface of silica fiber, and the CNF layer thickness was
in the range of 5–6mm, which agrees well with the FE-SEM
results. It should be pointed out that the absence of silica fiber
inside the CNFs layer (white hole) in the cross cross-sectional
TEM images was due to the breakage of physically hard fiber
through cutting by an ultramicrotome. Black rods in the white
hole are broken silica fiber pieces. In addition, the TEM image
of CNFs-823 illustrates that the diameters of CNFs were dis-
tributed from 30 to 80 nm (Fig. 1h), consistent with the FE-
SEM result (Fig. 1d). From the insets of Fig. 1h, it was con-
firmed that a nickel metal particle was present at the tip of
the CNFs, indicating that CNF growth follows common tip-
growing mode. The specific surface areas of the obtained
CNFs ranged from 80 to 90m2 g�1 (Table 1).

TG curves of the obtained CNFs indicated only one weight
loss stage for each case (Fig. S1, Supporting Information), and
the half combustion temperatures were ca. 850, 880, and 890K
for CNFs-773, CNFs-823, and CNFs-873, respectively, which
are common combustion temperature ranges for CNFs.

XRD measurements reveal that the predominant peak re-
sponsible for the diffraction of the graphite (002) plane was
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pretty clear for all the obtained CNFs (Fig. S2, Supporting
Information), indicating that the CNFs were highly graphi-
tized. It was found that the interplanar distance d(002) values
of the CNFs were 0.340, 0.338, and 0.337 nm for CNFs-773,
CNFs-823, and CNFs-873, respectively, which are slightly
higher than that of the ideal graphite (0.335 nm).

Moreover, based on the representative Raman spectra char-
acterization (Fig. S3, Supporting Information), the ratio of the
intensity of D band to G band (ID=IG) was calculated to be 1.83
for CNFs-773, 1.77 for CNFs-823, and 1.47 for CNFs-873.
Similar ID=IG values were reported by Takenaka et al.23 These
results indicate that the CNFs grown on silica fiber have
similar properties to CNFs produced by the decomposition of
methane on NiO/silica.

Based on the above results, we can conclude that different
kinds of CNFs can be formed by controlling the synthesis
temperature during the decomposition of methane on NiO/
silica fiber. In the present study, CNFs-823 was selected as

the typical template for further investigation of HAp coating,
and eventually CNFs-773 and CNFs-873 were also used to in-
vestigate the influence of different kinds of templates on the
subsequent HAp coating.

HAp Coating on Silica Fiber with and without CNF
Template. HAp coating on silica fiber with and without
CNF template was first checked by FE-SEM measurements.
Figure 2a shows the FE-SEM image of the obtained HAp coat-
ing using CNFs-823 as templates and calcinated at 923K for
5 h. It is apparent that using CNFs-823 as templates can readily
promote large amounts of uniform HAp on silica fiber. The
average HAp layer thickness was calculated to be ca. 3mm,
and the weight gain of HAp on the fiber (i.e. the weight of ob-
tained HAp divided by the weight of the original silica fiber)
was calculated to be ca. 44%. For comparison, pure silica fiber
was also submitted to the same experiment. We observed that
only traces of HAp were present on pure silica (Fig. 2b), and
the weight gain of HAp was calculated to be only ca. 10%.

Table 1. Physical Properties of CNFs and HAps on Silica Fiber

CNFs HApb)

Carbon Carbon Average Diameters Specific Amount Average Crystallite Specific
Samplesa) deposition deposition layer /nm surface of coated layer sizesf)/nm surface

on silica based on Ni thickness areas HApe) thickness areas
fiber/%c) /%d) /mm /m2 g�1 /% /mm /m2 g�1

CNFs-773 50 6360 3 20–50 87 33 2 22 58
CNFs-823 102 12980 5 30–80 84 44 3 25 61
CNFs-873 180 23160 7 40–90 80 78 4 31 53

a) The CNFs synthesized at 773, 823, and 873K are denoted as CNFs-773, CNFs-823, and CNFs-873, respectively. b) HAp was pro-
duced by a calcination at 923K. c) Carbon deposition (%) = 100�Wdeposited carbon=Wsilica fiber, where Wdeposited carbon is the weight of
carbon deposited on the silica fiber, andWsilica fiber is the weight of silica fiber. d) Carbon deposition (%) = 100�Wdeposited carbon=WNi,
where Wdeposited carbon is the weight of carbon deposited on the silica fiber, andWNi is the weight of Ni on the silica fiber. e) Amount of
coated HAp (%) = 100�Wcoated HAp=Wsilica fiber, where Wcoated HAp is the weight of coated HAp on the silica fiber, and Wsilica fiber is
the weight of the silica fiber. f) Crystallite sizes were estimated from the width of the (002) line using the Scherrer equation.
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1 µm
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Fig. 1. (a, b) FE-SEM images of CNFs synthesized at 773K, inset shows FE-SEM image of pure silica fiber, (c, d) CNFs synthe-
sized at 823K, (e, f) CNFs synthesized at 873K, (g) Cross-sectional TEM image of CNFs synthesized at 823K, the absence of
silica fiber inside the CNF layer (white hole) in the cross cross-sectional TEM images was due to the breakage of physically hard
silica fiber through cutting by an ultramicrotome. Black rods in the white hole are broken silica fiber pieces. (h) TEM images of
CNFs synthesized at 823K.

382 Bull. Chem. Soc. Jpn. Vol. 81, No. 3 (2008) Hydroxyapatite Coating on Silica Fiber



The above results indicate that CNFs are indispensable for
coating HAp on silica fiber. In addition, to get more detailed
information, coating of HAp was also evident from the
cross-sectional TEM measurements. The cross-sectional
TEM image in Fig. S4 (Supporting Information) confirmed
that HAp layer thickness varied from 2.5 to 3.5mm, which
was almost at the same level as calculated from FE-SEM re-
sults (Fig. 2a). The cross-sectional TEM image also shows that
the shapes of HAp layers were similar to those of CNF layers
on silica fiber (Fig. 1g). This strongly suggested that CNFs-
823 worked as templates in HAp synthesis. Thus, we can con-
clude that CNFs-823 is a promising and effective template for
coating HAp on silica fiber.

In order to be sure of the phase composition, the obtained
HAp coating was further characterized by XRD measurements
(Fig. 3b). For comparison, the XRD patterns of commercial
HAp, �-TCP, and pure silica fiber calcinated at 923K for
5 h were also recorded. Broad peaks of silica fiber were ob-
served at 2� ¼ 22:2�. It can be seen that XRD patterns show
diffraction peaks in good agreement with the commercial
HAp. In addition, the average crystallite size of HAp was

estimated by Scherrer equation analyzing the half-band widths
of the diffraction peaks at 2� ¼ 25:8� due to the HAp (002)
plane, and the value was calculated to be 25 nm. The above
XRD results again strongly confirmed that CNFs-823 is an
effective template for coating nano-scale HAp on silica fiber.

Analysis of the Heating Process for HAp Coating on
CNFs-823 Templates. It is well accepted that temperature
control during the synthesis process is very important to the
properties of the resulting HAp materials coating the sub-
strate.3 Thus, HAp coating on CNFs-823 templates and its
thermal stability were studied by TG-DTA measurements.
Figure S5 shows the TG-DTA curves of the precursor meth-
anol solution (Ca/P ratio of 1.67) penetrated into a CNFs-
823 template before calcination (only dried in air at 393K
for 30min before TG-DTA measurements). TG curves show
four main weight losses in the temperatures ranges of 310–
360, 600–650, 700–820, and 980–1000K. Accordingly, there
appeared four endothermic or exothermic peaks in the DTA
curves. The first endothermic peak corresponding to the first
weight loss (ca. 9%) should be assigned to the evaporation
of absorbed and chemisorbed water.24 The second exothermic
peak corresponding to the second weight loss (ca. 7%) prob-
ably originated from the reaction of CNFs-823 templates with
nitrates. Since we can obtain proof in Fig. S6 (Supporting In-
formation), it was shown that during the TPO process of HAp
coating on CNFs-823 templates, NO (30), CO2 (44), and CO
(28) were observed in the product mixture in the 600–650K
region. Thus, it can be confirmed that these products came
from the reaction of CNFs-823 templates with nitrates, while
the strong and main broad exothermic peak in Fig. S5 corre-
sponding to the third weight loss (ca. 23%) resulted from the
removal of CNFs-823 during the calcination process. Based
on the TG-DTA experiments, it can be concluded that the pres-
ence of Ca(NO3)2 and H3PO4 can facilitate the combustion of
CNFs-823 templates, and the starting temperature of CNFs-
823 combustion was decreased from ca. 760 to 670K. In addi-
tion, the weak and small endothermic peak in Fig. S5 corre-
sponding to the last weight loss (ca. 3%) is probably due to
partial decomposition of the resulting HAp into �-TCP.25,26

Through TG-DTA analysis, we can reach the conclusion that
the optimal calcination temperature region for HAp formation
via template method is approximately from 820 to 980K, be-
cause in this temperature region, CNFs-823 can be fully re-
moved by calcination in air and the resulting HAp was rela-
tively thermally stable on silica fiber.

Role of CNFs for the Homogeneous Coating of HAp on
Silica Fiber. During the impregnation stage, the precursor so-
lution can rapidly diffuse into the whole layer of CNF on silica
fiber by capillary force. In this period, CNFs act as a ‘‘sponge,’’
it can supply some ‘‘reservation’’ room for the precursor solu-
tion, and the solution remains in the space during the following
filtration process. Furthermore, we believe the surface of CNF
was oxidized by nitrate to form functional groups (such as
–COOH and –C=O). Such functional groups can serve as
anchoring sites for Ca2þ ions, followed by the incorporation
of PO4

3� ions to form amorphous calcium phosphate deriva-
tives which can be transformed to the desired HAp during
the calcination. Further detailed investigation is underway in
our laboratory.

(a)

1 µm 1 µm

(b)

Fig. 2. (a) FE-SEM image of HAp coating on silica fiber
using CNFs-823 as templates, (b) FE-SEM image of HAp
coating on silica fiber without template.
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Fig. 3. XRD patterns of (a) pure silica fiber, (b) nano-scale
HAp coating on silica fiber using CNFs-823 as templates
calcinated at 923K, (c) nano-scale HAp coating on silica
fiber using CNFs-823 as templates calcinated at 1073K,
(d) nano-scale HAp coating on silica fiber using CNFs-
823 as templates calcinated at 1273K, (e) commercial
HAp, and (f) commercial �-TCP.
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Phase Composition and Morphology of the Obtained
HAp on Silica Fiber at Different Calcination Temperatures
Using CNFs-823 as Templates. Figure 3 shows the XRD
patterns of the obtained nano-scale HAp on silica fiber ob-
tained at different calcination temperatures using CNFs-823
as templates. The calcination time was kept at 5 h and the cal-
cination temperatures were 923, 1073, and 1273K. These tem-
peratures were determined so as to confirm the phase identifi-
cation of each sample, and to confirm the optimal calcination
temperature based on the TG-DTA results. As can be seen
from Fig. 3, the XRD patterns of the HAp on silica fiber ob-
tained at different calcination temperatures (Figs. 3b–3d) cor-
respond to the characteristic peaks of the commercial HAp
(Fig. 3e), but some difference was observed. As for the XRD
patterns of the sample calcinated at 923K (Fig. 3b), the spec-
trum possessed typical HAp peaks which exactly matched
with those of the commercial HAp. This is confirmation of
the formation of crystalline phase HAp. As the calcination
temperature was increased to 1073K (Fig. 3c), we can see that
the crystallinity of HAp was slightly improved. However, the
main phase of HAp coexisted with some other minor impurity
phases such as �-TCP and CaO, which resulted from the par-
tial HAp decomposition on silica fiber. When the calcination
temperature was further increased up to 1273K (Fig. 3d),
the peaks of HAp became relatively weaker, while the well-
defined and sharp peaks corresponding to �-TCP were obvi-
ously detected, indicating that the resulting HAp decomposed
further at higher temperatures. However, it is worth mention-
ing that biphasic calcium phosphate ceramics comprising a
mixture of HAp and �-TCP are considered better than single
phase of HAp or �-TCP for utilization in areas such as bone
reconstruction and dental materials.3,26,27 As evidenced by
XRD and TG-DTA measurements, it was shown that the cal-
cination process at 923K for 5 h would be favorable for coat-
ing nano-scale HAp on silica fiber when using CNFs-823 as
templates. Energy dispersive spectroscopy (EDS) measure-
ments of the obtained HAp coating on silica fiber showed a
Ca/P ratio of 1.78, which provides strong proof of both the
presence of HAp and its high purity. EDS results also indicated
that Ni atoms (ca. 0.5wt% as Ni), originating from the pre-
pared catalyst, were still present in obtained HAp coating
samples. In addition, elemental analysis did not detect the
presence of carbon for the obtained HAp coating on silica
fiber, indicating the complete removal of CNFs-823 templates
after calcination in air.

Information about the morphology of nano-scale HAp
coating on silica fiber obtained at different calcination temper-
atures for 5 h can be derived from the FE-SEM images
(Fig. 4). Figures 4a and 4b correspond to the FE-SEM images
of the obtained HAp coating calcinated at 923K for 5 h. Clear-
ly, HAp coating in this process possessed a uniform and ultra-
fine microstructure. From the FE-SEM images of HAp coating
calcinated at 1073K for 5 h (Figs. 4c and 4d), we can observe
that the morphology of HAp was almost unchanged and the
coating of HAp was also uniform. In the case of HAp coating
on calcinated at 1273K for 5 h (Figs. 4e and 4f), the obviously
different morphology and crystallite size were observed. The
above FE-SEM images suggest that the morphology and crys-
tallite size of nano-scale HAp could be controlled by changing

the calcination temperature.
In order to assess the textural properties of the obtained

nano-scale HAp coating on silica fiber obtained at different
calcination temperatures, the N2 adsorption–desorption iso-
therms at 77K were further determined. The specific surface
areas of nano-scale HAp can be calculated as follows: SHAp ¼
fðSHAp+silica fiber �WHAp+silica fiberÞ � ðSsilica fiber �Wsilica fiberÞg=
WHAp, where SHAp is the specific surface areas of HAp,
SHAp+silica fiber is the specific surface area of HAp plus silica
fiber,WHAp is the weight of HAp andWHAp+silica fiber is the total
weight of the obtained HAp plus silica fiber. In addition, the
corresponding average crystallite size of each sample was es-
timated by Scherrer equation. It was shown that the specific
surface areas of the obtained samples calcinated at 923, 1073,
and 1273K were 61, 29, and 10m2 g�1, respectively. And the
corresponding average crystallite sizes were 25, 28, and 69 nm,
respectively. Clearly, the specific surface areas of the obtained
nano-scale HAp remarkably decreased with the increase of cal-
cination temperature. On the contrary, the corresponding aver-
age crystallite size increased with the calcination temperature.

Influence of Different Kinds of CNF Templates on HAp
Coating. Since the CNFs synthesized at different tempera-

(a) (b)

(c) (d)

(e) (f)

1 µµm1 µm

1 µm 1 µm

1 µm 1 µm

Fig. 4. FE-SEM images of nano-scale HAp coating on sili-
ca fiber using CNFs-823 as templates at different calcina-
tion temperatures for 5 h. (a) 923K (low magnification),
(b) 923K (high magnification), (c) 1073K (low magnifica-
tion), (d) 1073K (high magnification), (e) 1273K (low
magnification), and (f) 1273K (high magnification).
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tures possess similar morphologies, except for the remarkable
yield difference, layer thickness difference, and diameter dif-
ference, it is very interesting to determine how these different
CNFs can affect the subsequent coating. Figure 5 shows the
FE-SEM images of HAp coating calcinated at 923K for 5 h
using CNFs-773 and CNFs-873 as templates. It is important
to note that both templates can also fabricate nano-scale
HAp on silica fiber. HAp coating in these two cases possessed
morphologies similar to those obtained by using CNFs-823
templates. It was found that average HAp layer thicknesses
were ca. 2 and 4mm when using CNFs-773 and CNFs-873
as templates, respectively. And the corresponding amount
of coated HAp was 33% and 78% for each case. Apparently,
HAp quantity can be controlled by the amount of CNFs
(Table 1).

HAp coating on silica fiber using CNFs-773 and CNFs-873
templates was further characterized by XRD measurements
and is presented in Fig. S7 (Supporting Information). It should
be noted that the XRD patterns of all samples show diffraction
peaks consistent with the commercial HAp, and the average
crystallite size of resulting HAp calculated by Scherrer equa-
tion was 22 and 31 nm. In addition, the specific surface areas
of the resulting HAp were 58m2 g�1 when using CNFs-773
as templates and 53m2 g�1 when using CNFs-873 as tem-
plates. These results indicate the coating of nano-scale HAp
on silica fiber.

Conclusion

We report the first successful coating of nano-scale HAp on
macroscopic silica fiber by using CNFs as templates and Ca-
(NO3)2–H3PO4–methanol as precursor mixtures. CNFs are in-
ert, low-cost, and widely available materials, whose structure
can be easily controlled by tuning experimental conditions.
XRD, FE-SEM, and cross-sectional TEM experimental results
confirmed that CNFs can act as effective templates for mass

and uniform nano-scale HAp coating. It was found that heat-
treatment at 923K for 5 h is suitable for the complete removal
of the CNFs templates and the crystallization of the resulting
nano-scale HAp. It is worthwhile to emphasize that the aver-
age layer thickness of HAp was determined by the layer thick-
ness of CNFs. As a result, the properties of HAp could be
reliably controlled through the selection of different kinds of
CNFs templates. Moreover, this simple and promising tem-
plate method can be readily extended to the synthesis of a va-
riety of nano-scale materials with controllable morphologies,
crystallite size, and yield.
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Supporting Information

TG curves of (a) CNFs-773, (b) CNFs-823K, and (c) CNFs-
873 (Fig. S1), XRD patterns of (a) pure silica fiber, (b) CNFs-
773, (c) CNFs-823K, and (d) CNFs-873 (Fig. S2), Raman spectra
of (a) CNFs-773, (b) CNFs-823K, and (c) CNFs-873 (Fig. S3),
Cross-sectional TEM images of HAp coating on silica fiber using
CNFs-823 as templates (Fig. S4), TG-DTA curves of Ca–P pre-
cursor solution penetrated CNFs-823 templates before calcination
with a Ca/P ratio of 1.67 (Fig. S5), TPO profile of HAp coating
on CNFs-823 templates (Fig. S6), and XRD patterns of (a) pure
silica fiber, (b) HAp coating on silica fiber with CNFs-773 tem-
plates, (c) HAp coating on silica fiber using CNFs-823 as tem-
plates, (d) HAp coating on silica fiber using CNFs-873 as tem-
plates, and (e) commercial HAp. (Fig. S7). This material is avail-
able free of charge on the web at http://www.csj.jp/journals/bcsj/.
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