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HNTs-Templated Preparation of Carbon Nanorods by
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Abstract: A novel method to prepare carbon nanorods through hydrothermal nanocasting method was presented
using halloysite nanotubes (HNTs) as the template and polyvinyl alcohol (PVA) as the carbon source. This method
involved in three steps, i.e. nanocasting PVA in HNTs, carbonization and etching removal of template. A series of
characterization, such as XRD, FT-IR, SEM, TEM, Raman, XPS, SAED and N, adsorption-desorption were used
to detect the formation and structure of the as-prepared carbon nanorods (CNRs). The CNRs with a 1D rod-like

structure were of high specific surface area (408 m?-¢™) and possessed typical mesoporous characterization.
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0 Introduction

Carbon nanorods have attracted great interest
from past few decades owing to their promising physical
and chemical properties. The carbon nanorods are
expected to have similar chemical properties of carbon
nanotubes, which might find potential applications
such as catalyst carriers'", electrodes® and composites.
To date, various methods have been demonstrated for
the synthesis of carbon nanorods, which include the

arc discharge method™, the chemical vapor deposition®,
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the template methods!, the electron beam-induced
route™, the reduction of carbon bisulfide® and the
catalytic copyrolysis method®.

Recently, the templated synthesis via the nano-
replication route appears to be a versatile method to
build nanomaterials with high surface area and special
porous nanostructure. Tang et al.'” reported a modified
nanocasting method to synthesize manganese oxide by
SBA-15 template. The mixed oxide with a higher
surface area exhibited a highest activity with 90%

benzene conversion at 250 °C under a high space
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velocity. Barrera et al." synthesized nanostructured
carbons by a nanocasting method, using a very
(SBA-15) as template

and sucrose as carbon source. The final material

ordered mesoporous material

consists of an ordered arrangement of parallel carbon
nanorods bonded with some carbon nanowires (CMK-3
type), formed in the mesopores and micropores of the
Inorganic matrix.

Among other nanotemplates, halloysite nanotubes
(HNTSs) as naturally available aluminosilicate clay with
ca. 15 nm in lumen diameter and 600~1500 nm in
length, can become a promising candidate for nano-
confined template because of its well-defined hollow
tubular structure, abundance in nature as a raw
material, and the increasing demand for the
environment-friendly products!™™. So far, it has been
used for encapsulation and sustained-release of
different chemical agents, such as proteins, drugs,
antiseptics, antimicrobial agents, and corrosion inhibi-
tors for metal protection™'. Mu et al.”™ fabricated
silver/halloysite nanotube/Fe;04 (Ag/HNT/Fe;0,) nano-
composites by selective modification of the lumen of
halloysite nanotubes with silver nanorods and the
external wall with Fe;O4 nanoparticles, which exhibited
an excellent catalytic activity and recyclability for the
reduction of 4-nitrophenol to 4-aminophenol by NaBH,.
Abdullayev et al.”"! synthesized silver nanorods inside
the lumen of the halloysite by thermal decomposition
of the silver acetate, which was loaded into halloysite
from an aqueous solution by vacuum cycling.

Herein, we present a templated hydrothermal
technique to prepare carbon nanorods (CNRs) employ-
ing halloysite nanotubes (HNTs) as template and
polyvinyl alcohol (PVA) as carbon source. The forma-

tion and structure of as-prepared CNRs was deter-

mined by a series of characterizations.
1 Experimental

1.1 Synthesis of carbon nanorods
Before using, HNTs (200~500 nm in length and
15~25 nm in pore diameter, purchased from Golden

Sun Ceramics Co., Ltd. in China ) were calcined at

550 °C for 6 h in air, denoted HNT-550. 1.5 g of the

calcined HNTs was dried at 100 °C for at least 24 h
in a drying oven. According to the mpya/mpng, of 2:1,
HNTs powder were added into 15% PVA aqueous
solution and stirred for 2 h. Then, the mixture solution
was transferred into an autoclave and put into an oven
to keep hydrothermal treatment at 180 °C for 18 h.
After ending, the product was filtered and washed,
denoted PVA-nanocasted HNTs. Subsequently, the
above obtained product was carbonized at 700 °C for 3
h under N, atmosphere in a tube furnace, denoted C-
nanocasted HNTs. Finally, the C-nanocasted HNTSs
were etched by 40% HF solution to remove the HNTs
template completely. The insoluble solid was obtained,
denoted CNRs.
1.2 Characterization

XRD patterns were obtained with D8 Advance X-
ray diffraction in 26 range of 5°~70° with operation
condition at 40 kV and 30 mA (Cu Ka, A=0.154 nm).
TEM images were recorded by Tecnai 12 transmission
electron microscope. SEM images were recorded by S-
4800 Scanning Electron Microscope (15 kV). XPS was
recorded by ESCALAB 250Xi X-ray photoelectron
spectrometer. Raman spectra were acquired on a
Labram-1B (Dilor, France) confocal microscopy Raman
spectrometer with a 532 nm wavelength incident laser
light. N, adsorption-desorption isotherms were deter-
mined by using Sorptomatic 1990 Thermo Finningen

instrument.
2 Results and discussion

As shown in XRD patterns (Fig.1), the typical
characteristic peaks of the calcined HNTs (Fig.1b) in
26 range of =10°~23° have hardly disappeared, only
existing the peak of quartz phase at 26.8°. This suggests
that the crystal structure of the nanotube wall of HNTs
was destroyed due to happening dehydration™. Comp-
ared to pure PVA and HNTs, the PVA-nanocasted
HNTs (Fig.1d) have the main characteristic peaks at
12°, 19° and 26.6°, which contain the main feature
peaks of pure HNTs and PVA. However, the feature
peak at 12° should be assumed to the shift of the
feature peak of pure PVA at 13°, hinting that it is

likely to exist an interaction between PVA molecular
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and the surface active group of HNTs in the PVA-
nanocasted HNTs®.. After carbonized at high tempera-
ture, the C-nanocasted HNTs are of the similar
characteristic peaks with the calcined HNTs (Fig.le).
As shown in Fig.lf, the as-prepared CNRs have the
feature peaks at 25.5° and 44°, which can be
(002) and (101) diffraction

planes corresponding to the hexagonal graphite phase
[24]

respectively indexed to

The two broadened peaks suggest the possible
presence of an amorphous carbon phase within the as-
prepared CNRs. No impurity in the as-prepared CNRs
is observed in the XRD pattern.
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Fig.1  XRD patterns of HNTs (a), HNTs-550 (b), PVA (c),
PV A-nanocasted HNTs (d), C-nanocasted HNTs (e)

and as-prepared CNRs (f)

Fig.2 shows the FT-IR spectra of HNTs, PVA,
PVA-nanocasted HNTs, C-nanocasted HNTs and as-
prepared CNRs. As for the HNTs (Fig.2a), the peaks
at 3 705 and 3 621 ¢cm™ are assigned to the stretching
vibrations of Al-OH groups at the surface of HNTs.
The peaks at 1 650 and 1 092 c¢cm™ are associated
with the O-H bending vibration of water and the in-
plane stretching vibrations of Si-O™!, respectively. As
shown in Fig.2b, PVA has the characteristic peaks at
2 943 and 2 907 ecm™', which should be ascribed to
the C-H(CH,) asymmetric and symmetric stretching,
respectively. Furthermore, there also are the peak at
1 437 em™ associated with the C-H(CH,) deformation
vibration and the broad peak at 3 316 ¢cm™ assigned
to -OH stretching vibration™. Compared to pure HNTs
and PVA, the PVA-nanocasted HNTs contain the

main characteristic peaks of HNTs with PVA (Fig.2c).
After carbonization at high temperature, the spectrum
of the C-nanocasted HNTs have lost most of the
characteristic peaks of pure HNTs and PVA, and only
(Fig.2d). No

organic group originated from PVA is observed,

remain the feature peaks of Si-O groups

indicating that the nanocasting PVA molecular was
completely graphitized. The as-prepared CNRs possess
the characteristic peaks at 1 161 and 1 222 ¢m™
associated with the C-O stretching vibration, and the
peak at 1 564 c¢cm™ assigned to the C=C stretching
vibration™?., Tt indicates that the as-prepared CNRs

materials have been successfully achieved by this

method.
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Fig.2 FT-IR spectra of HNTs (a), PVA (b), PVA-
nanocasted HNTs (c), C-nanocasted HNTs (d)
and as-prepared CNRs (e)

Fig.3 and Fig4 display the SEM and TEM
images of the products. The HNTs-550 still keep the
hollow nanotube structure with ca. 20 nm in diameter
and 200~1 000 nm in length (Fig.3a and Fig.4a). The
SEM and TEM images of the PVA-nanocasted HNTs
(Fig.3b and Fig.3b) show that PVA has successfully
nanocasted in the hollow nanotube of HNTs. As shown
in Fig.3c¢ and Fig.4c~d, the carbon nanorods derived
from the PVA-nanocasted HNTs can be clearly seen,
indicating that the large quantity of the carbon
nanorods with ca. 20 nm in diameter and 200~800 nm
in length were obtained through this approach. The
HRTEM and SAED images of the as-prepared CNRs.
(Fig.4e,) indicate that the as-prepared CNRs consist
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Fig.3 SEM images of HNTs (a), HNTs-550 (b) and as-prepared CNRs (c)

@
Fig.4 TEM images of HNTs (a), HNTs-550 (b), CNRs (c); HRTEM picture (h) and SAED pattern of as-prepared CNRs (i)

of the amorphous carbon nanoparticles.

The elemental composition of the as-prepared
CNRs is determined by XPS as shown in Fig.5a. The
as-prepared CNRs are composed of 91.5% C, 7.2% O
and 1.3% S (atom ratio). The curve-fitting of Cls peak
demonstrates the presence of bands at 284.8, 285.8,
287 and 288.4 eV, which are originated from graphitic
carbon C-C/C=C, C-0, C=0 and 0-C=0, respectively™.
As shown in Fig.5b, the as-prepared CNRs exhibited a
D band at around 1 352 em™ and a G band at around
1 584 cm™ in Raman spectrum, which correspond to
the graphitic sp® carbon structure and the disordered
structure in sp*hybridized carbon system®. Moreover,

the I/l value of the as-prepared CNRs is 0.75, indi-

®

cating that as-prepared CNRs have a higher graphi-
tization degree and the fewer defectst™.

The nitrogen adsorption-desorption isotherm and
pore-size distribution of the products are shown in
Fig.6. As shown in Fig.6(left), the isotherms of the as-
prepared CNRs show a type IV isotherm and type H3
hysteresis loops®. In addition, the appearance of hyst-
eresis loops at relative pressure higher than 0.45 indi-
cates that the as-prepared CNRs are of the mesoporous
structure™. The BET specific surface area value of the
as-prepared CNRs is up to 408 m*+g™. As shown in
Fig.6 (right), the

nanocasted HNTs almost lose the hollow nanopore

BJH pore-size distributions of C-

feature of HNTSs, confirming that PVA molecular has
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Fig.5 (a) Survey X-ray photoelectron spectrum and Cls spectrum (inset) of as-prepared CNRs;
(b) Raman spectrum of as-prepared CNRs
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Fig.6 N, adsorption isotherms (left) and pore size distribution (right) of HNTs-550 (a),
C-nanocasted HNTs (b) and as-prepared CNRs (c)

been successfully nanocasted in the nanotubes of
HNTs by dipping method. In addition, it is also
revealed that the as-prepared CNRs exist two types of

the main mesopores at 3.9 and 13.5 nm, respectively.
3 Conclusions

The carbon nanorods were successfully synth-
esized by hydrothermal nanocasting method employing
halloysite nanotubes (HNTSs)
polyvinyl alcohol (PVA) as the carbon source. The

as the template and

BET specific surface area value of the as-prepared

CNRs was up to 408 m*-g™ and possessed two types

of the mesopores at 3.9 nm and 13.5 nm.
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