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ABSTRACT: A novel synthesis route for mesoporous carbon (MC) nanosheets were developed using halloysite nanotubes (HNTs), a
type of natural clay that is structurally and chemically similar to mineral kaolinite, as inorganic matrix and using polypyrrole (PPy)
as carbon precursor by a template-like method. First, PPy/HNT hybrids were prepared by in situ oxidative polymerization. Carbon
(C)/HNT hybrids were further obtained by pyrolysis of the PPy/HNT hybrids. MC was obtained after the removal of inorganic
template by hydrochloric acid/hydrofluoric acid mixture at the end. Both the C/HNT and the MC were characterized by Fourier
transform infrared spectroscopy analysis, X-ray diffraction, Raman spectra measurement, and high-resolution transmission electron
microscopy. The MC was also characterized with specific surface area (BET). The results showed that the MC obtained was almost
amorphous carbon. The increase in the ratio of [HNTs template]/[pyrrole monomer] led to an increase in the BET-specific surface
area. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Since the discovery of fullerenes and carbon nanotubes
(CNTs),! synthesis of carbon nanostructures has attracted a
great deal of attention both for basic scientific research and
industrial applications. The structural characteristics and physi-
cochemical properties of CNTs> and related graphitic nanofib-
ers or nanofilaments* have been received a lot of interest for a
wide range of applications, including fuel cells,” hydrogen stor-
age,”” and electrochemical energy storage and conversion.®’
Many carbon precursors have been used for the preparation of
carbon materials via pyrolysis, such as aromatic polyimide,'®""
polyacrylonitrile,">"? and so forth. Polypyrrole (PPy) is a con-
ducting polymer, which can also be used as carbon precursor to
prepare graphitic carbon nanostructures.'* Jang et al.' reported
on the easy synthesis of PPy nanotubes via a template-mediated
vapor deposition polymerization and the process into CNTs
through the carbonization process. They also fabricated mag-
netic CN'Ts using PPy nanotubes as the carbon precursor.'® Jang
et al.'” produced CNTs by high-temperature (900°C) treatment
under nitrogen atmosphere with PPy nanotubes. This synthesis
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method of the as-prepared CNTs is simple and could be widely
used.

Halloysite nanotubes (HNTs), which are a type of naturally de-
posited hydrated aluminum silicate structurally and chemically
similar to mineral kaolinite, have a predominantly hollow tubu-
lar structure in the submicrometer range with a high aspect ra-
tio.'® Like most of the natural clays, the size of HNTs vary from
hundreds nanometers to several micrometers in length and have
an inner diameter of 10-150 nm depending on the different
deposits. Many active agents could be entrapped into the inner
lumen of the HNTs, such as marine biocides," drugs,* and nic-
otinamide adenine dinucleotide,”’ followed by their retention
and release. Recently, it was found that halloysite could also be
used as adsorbents,?? nanocomposi‘[es,23_25 biomimetic nano-
reactors,”® and nanotemplates’” or nanoscale reaction vessels
instead of CNTs or boron nitride nanotubes.®

In this work, we report the fabrication of mesoporous carbon
(MC) using PPy as precursor and HNTs as template. First, PPy/
HNT hybrids were fabricated by in situ oxidative polymeriza-
tion,” and then the C/HNTs were obtained after carbonization
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of the hybrids. After removal of the inorganic template by hy-
drochloric acid (HCI)/hydrofluoric acid (HF) mixture solution,
the MC was obtained at the end. Different from the synthesis of
CNTs using PPy nanotubes as the carbon precursor, MC with
different specific areas could be obtained by adjusting the ratios
of [pyrrole monomer]/[HNTs template] using this method.

EXPERIMENTAL

Raw Materials

Halloysite clay was obtained from Hebei Province, China. Pyr-
role (analytical grade reagent; Tianjin Chemical, Tianjin, China)
was freshly distilled under pressure before use. Concentrated
HCI, HE, and ammonium persulfate (APS) were analytical grade
reagents received from Tianjin Chemical and were used without
further purification as received. Deionized water was used
throughout the experiment.

Preparation of the Core—Shell Structure of PPy/HNT Hybrids
Halloysite was pretreated by the followed procedure: 250 g of
raw halloysite clay and 500 mL of water were mixed and milled
with SF400-type wit sand-grinding dispersing machine at 4000
rpm for 2 h. The HNT suspension was centrifuged (3000 rpm
for 3 min) to remove the deposit. The halloysite was dried in
vacuum oven for further experiments. The detailed preparation
of PPy/HNT hybrids synthesized by in situ oxidative polymer-
ization was previously described by Liu et al.* Briefly, HCI (6
mL) was added into 450 mL of distilled water, and 3.0 g halloy-
site was dispersed into the mixture in ultrasonic bath for 30
min, and then, a stable suspension was obtained. Then certain
amount of pyrrole (1.5, 1.0, 0.75, or 0.5 mL) was added into
the suspension. The mixture was stirred under magnetic stirring
overnight and used for further experiments directly. Then 100
mL of the acidic aqueous solution of APS [containing certain
amount of APS (6.80, 4.54, 3.4, or 2.27 g and 1.00 mL of con-
centrated HCI)] was added dropwise into the mixture for 30
min with magnetic stirring in an ice-water bath. Then the mix-
ture was stirred for another 12 h. After the polymerization, the
mixture was centrifuged and the black powder was obtained.
The products were washed by water for several times until neu-
tral and dried under vacuum (0.1 mmHg) at 40°C overnight.

Preparation of C/HNT Hybrids and MC

The obtained PPy/HNTs were placed in a quartz tubular furnace
to be carbonized to fabricate C/HNTs under nitrogen atmos-
phere, then vacuum sealed, and heated at a rate of 1°C/min. Af-
ter 5 h of carbonization at 900°C, the quartz tube was naturally
cooled to room temperature. C/HNTs were obtained after open-
ing the sealed tube.

The C/HNTs (1.0 g) were immerged in 100 mL of water con-
taining 10 mL of concentrated HCl and 10 mL of concentrated
HF overnight. The MC produced was obtained by centrifugation
and then washed with water for several times until neutral and
dried under vacuum (0.1 mmHg) at 40°C overnight.

Characterization and Analysis

The chemical structure of HNTs, C/HNTs, and the MC were
conducted by recording infrared spectra using Bruker IFS 66 v/s
(Germany) infrared spectrometer in the range of 400-4000
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Scheme 1. The formation mechanism of the MC.

cm~ ! with the resolution of 4 cm™'. The KBr pellet technique
was adopted to prepare the sample for recording the IR spectra.

The X-ray diffraction (XRD) patterns were recorded in the
range of 20 = 3.0°-80° by step scanning with a Rigaku D/Max-
IIIA diffractometer (Japan). Nickel-filter Cu Ko radiation (1 =
0.15418 nm) was used with a generator voltage of 40 kV and a
current of 30 mA. Each sample was scanned with a scanning
speed of 1°/min.

Raman spectroscopy was performed on a Via Reflex (Renishaw)
micro-Raman spectrometer (UK) with a crystal laser excitation
of 633.1 nm.

The transmission electron microscopy (TEM) observation was
performed on a JEOL JEM-2010 F electron microscope (Japan)
operating at 200 kV. The powders were dispersed in ethanol in
an ultrasonic bath for 5 min and then deposited on a copper
grid covered with a perforated carbon film.

The BET-specific surface area (BET) of MC was analyzed in a
Chemisorb-2750 measurement (Micromeritics Instrument
Corp., USA) by measuring N, isotherms at 77 K for the deter-
mination of surface area. For such study, the samples were out-
gassed at 423 K for 6 h, and the surface area was determined in
the 0.05-0.3 relative pressure range.

RESULTS AND DISCUSSION

Preparation of MC

PPy/HNT hybrids were fabricated by in situ oxidative polymer-
ization of the pyrrole monomer absorbed on the surface of
HNTs. As PPy is one of the carbon sources,”® PPy shell of the
PPy/HNTs can be converted to the corresponding carbon shell
by thermal carbonization. The PPy/HNT hybrids were carbon-
ized at 900°C for 5 h in a quartz tubular furnace under nitrogen
atmosphere, and the C/HNTs were successfully prepared. The
MC can be obtained after the removal of inorganic template by
HCI/HF mixture. The mechanisms have been shown schemati-
cally in Scheme 1.

Spectroscopic Analyses

The Fourier transform infrared (FTIR) spectra of the raw halloy-
site, PPy/HNTs, C/HNTs, and the MC are shown in Figure 1.
The main characteristic peaks of the PPy/HNT hybrids are
assigned as follows: the bands at 1554 and 1474 cm™ ! are attrib-
uted to typical pyrrole rings vibration; the bands at 1307, 1193,
and 1036 cm™ ' are attributed to =C—H in-plane vibration, and
the bands at 791 and 910 cm ™' are attributed to =C—H out-of-
plane vibration.” These characteristic bands due to the PPy com-
ponent were observed in the spectrum of PPy/HNTs. To confirm
the conversion to the carbon materials, C/HNTs and MC were
also characterized by FTIR. All the peaks in the FTIR spectra of

@WILEY i ONLINE LIBRARY



Applied Polymer

CIENCE

150 ]
140

MC-1#

C/HNTs-1#

PPy/HNTs-1#

Transmittanc

T T T T T T T T
2500 2000 1500 1000 500
Wavenumber(cm™)

T T
3500 3000

Figure 1. FTIR spectra of the HNTs, PPy/HNTs, C/HNTs, and MC.

PPy shell were removed completely following the thermal treat-
ment (C/HNTs-1#; Figure 1). This suggests that all the functional
groups in PPy have been eliminated, leaving behind symmetric
carbon that shows no IR absorption in this region. In the spec-
trum of MC, the bands at 3710, 3650, 1640, 1040, 910, 750, 550,
and 460 cm ™' disappeared after removal of inorganic template
by HCI/HF mixture solution. It showed that the inorganic tem-
plate was etched after the treatment with the HF/HCI mixture.”

The XRD patterns of the HNTs, C/HNTs, and MC are shown in
Figure 2. We note that there is a broad peak between 20 = 15°—
35° in curve C/HNTs-1# and curve MC-1#, which is assigned to
the (002) reflection of carbon material, indicating that the prod-
ucts also contain a number of amorphous compounds. The hal-
loysite structure collapses and forms a spinel phase after thermal
treatment at 900°C, most likely amorphous at this temperature,
and contributing to the broad peak. After the removal of inor-
ganic template by HCI/HF mixture solution, the XRD peak at
about 13° disappeared, indicating that the crystal structures of
the HNTs were destroyed.”” In curve MC-1#, the reflections

MC-1#

Aot A
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Theta-2Theta(deg)

Figure 2. XRD patterns of HNTs, C/HNTs-1#, and MC-1#.
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Figure 3. The Raman spectrum of C/HNT hybrids and MC.

stem from quartz that is present in raw HNT sample still
remaining in the carbon because the inorganic templates were
encapsulated by carbon shell very well after carbonization and
could not be removed completely.

A typical Raman spectrum is shown in Figure 3. The structure
of the C/HNT hybrids and MC can also be observed, with a
characteristic strong, relatively narrow band around 1583 cm™'
corresponding to the stretching modes of carbon sp” bands of
the typical graphite (E, mode), whereas the band at 1341 cm™"
corresponding to the vibrations of carbon atoms with dangling
bonds in disordered graphite planes.’®> The two bands at 1583
and 1341 cm™' may be ascribed to the graphite-like and disor-
dered structure of carbons, respectively.”> The D-band showed
increased intensity relative to that of the G-band in the both
XRD patterns. This result indicates a semicrystalline carbon
structure containing some lattice edges or plane defects within
the analyzed MC.'® Tt has been reported that the highly crystal-
line carbon material with high conductivity occurs through the
carbonization process when carbonized at 2200°C.** These
results also indicated that the as-prepared MC was the disor-
dered amorphous carbon phase.

Figure 4. The TEM image of halloysite nanotubes.
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Morphological Analysis

The TEM image of the raw HNTs is shown in Figure 4, and the
TEM images of the C/HNT hybrids are shown in Figure 5. The
morphologies of the C/HNT hybrids prepared with different
amounts of pyrrole monomer were similar, but a little different
in the thickness of the carbon layers. It indicated that the con-
centration of HCl and the pyrrole monomers had no effect on
the morphologies of the C/HNT particles. The adsorption
amount of the PPy molecules onto the surfaces of the HNTs
might affect the thickness of the layer. The more pyrrole mono-
mers added, the thicker carbon layers of the C/HNTs are
obtained. The HNT nanotubes were different in length, and
therefore, the morphologies of the C/HNTs were different for
the different length. When compared with that of the raw HNTs
shown in Figure 4, direct evidence for the formation of the car-
bon shells on the surfaces of the HNTs is shown in Figure 5. It
is clear from the images that in the C/HNT hybrids [Figure
5(a—d)], the inner hollow cavity of the C/HNT hybrids
remained as the raw HNTs, but the outer diameters of the C/
HNTs decreased. It is clear that the carbon shell coated only
onto the outer surface of the HNTs and that the thickness of
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Figure 5. The TEM images of the C/HNT hybrids: (a) C/HNTs-1; (b) C/HNTs-2; (c) C/HNTs-3; and (d) C/HNTs-4.

the carbon shell decreased by the decreased amount of the pyr-
role monomers added.

The TEM images of the MC are shown in Figure 6. It was evi-
dent that the mesoporous and tubular structures were obtained
after etching the template by HF/HCI mixture solution. The
images of MC-1 are shown in Figure 6(a, b). It is clear that the
inner diameter of MC is equal to the outer diameter of HNTs
and that the thickness of the MC layer is about 5 nm. The
high-resolution TEM (HRTEM) images are shown in Figure
6(c-1,c-2). It shows that there are some ordered graphitic layers
on the wall of the MC. The graphitization might occur at
higher temperature such as 2200°C,>* and thus, the main activ-
ity that occurred at 900°C should be described as carbonization
but not graphitization. Above all, these MCs were found to be
mostly amorphous in structure. The images of MC-2, MC-3,
and MC-4 are shown in Figure 6(d—f). The CNTs could also be
obtained by the direct carbonization of the PPy nanotubes;
however, in our previous study,” it was shown that uniform
PPy nanotubes could be obtained only when 1.5 and 1.0 mL of
pyrrole monomer was added, and PPy nanotubes could not be
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Figure 6. The TEM images of the MC: (a and b) MC-1; (c) HRTEM image of MC-1; (d) MC-2; (e) MC-3; and (f) MC-4.

Table I. Preparation Conditions for the C/HNT Hybrids Table II. BET Analysis

Samples HNTs (g) Pyrrole (mL) Samples BET (m?/g)
C/HNTs-1 8 1.5 MC-1# 401.72
C/HNTs-2 3 1.0 MC-2# 462.61
C/HNTs-3 g 0.75 MC-3# 489.11
C/HNTs-4 3 0.5 MC-4# 620.71
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obtained when 0.5 mL of pyrrole monomer was added using
the HNTs as template. Moreover, the MC-4 with 0.5 mL of pyr-
role monomer could also be fabricated using this method.
Therefore, we developed a novel method to fabricate the meso-
porous and tubular carbon materials with less monomer (0.75
and 0.5 mL) added (Table I).

BET Analysis

The data of the BET are shown in Table II. The surface area of
the MC using the same template might be determined by the
thickness of the carbon shell. The MC sample with the thinner
carbon shell should own the bigger surface area. Thus, the more
pyrrole monomer added, the thicker carbon shell of the MC is
obtained. Therefore, the MC-4 fabricated with 0.5 mL of pyr-
role monomer own the thinnest wall and the biggest area of
620.71 m*/g.

CONCLUSIONS

MC nanosheets with large BET-specific surface area were fabri-
cated by using HNTs as template and PPy as carbon precursor.
The obtained carbon nanosheets possess abundant tubular cav-
ity due to the replication of the inorganic template effect of
HNTs during carbonization. The results indicated that the mes-
oporous structure of MC can be tuned by adjusting the ratio of
[HNTs template]/[pyrrole monomer]. With the increase in the
ratio of [HNTs template]/[pyrrole monomer], the BET surface
area is increased.
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