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Ying He,"? Qilin Cheng,' Vladimir Pavlinek,! Chunzhong Li,? and
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Materials Science and Engineering, East China University of Science and
Technology, Shanghai, China

Abstract: In this work, a new nanocomposite in which polyaniline (PANI) is
encapsulated in ordered mesoporous carbon (CMK-3 type) has been synthesized.
The aniline monomer was introduced into hosts from the vapor phase to avoid
the formation of PANI layers on the outer surface. The structure and morphology
of the nanocomposite were characterized by X-ray diffraction (XRD), N, adsorp-
tion/desorption, FT-IR and Raman spectra, high-resolution transmission
electron microscopy (HRTEM), and thermogravimetric analysis (TGA). The
results show that PANI is almost formed in the channels of CMK-3 and the nano-
composite retains the ordered mesostructure. Encapsulated PANI exhibits better
thermal stability than pure PANI because of confinement effect in the channel
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system. The conductivity of PANI/CMK-3 nanocomposite containing 8.4 wt%
PANI is 0.78 S/cm at room temperature.

Keywords: CMK-3; Mesoporous carbon; Nanocomposite; Conductivity; Polyaniline

INTRODUCTION

Over the past decade, design and fabrication of novel nanostructured
materials based on mesoporous silica have attracted wide attention due
to the materials’ potential applications in separation, catalysis, and photo-
electric nanodevices.!"! Ordered mesoporous silica materials with large
surface area and uniform pore structure make them an ideal host for the
synthesis of new nanocomposites. To date, various guest materials
including metals, oxides, and polymers have been incorporated into the
channels of mesoporous silica.* " More recently, particular attention
has been paid to the investigation of ordered mesoporous carbon-sup-
ported materials. Ordered mesoporous carbon materials (OMCs), such
as CMK.-3, exhibit higher surface area, larger pore volume, and higher
mechanical stability and electric conductivity than pure mesoporous silica.
Therefore, OMCs can also be used as attractive hosts to generate novel
composite systems with special properties. In this respect, Zhu and cowor-
kers reported the synthesis of MnO, nanoparticles confined in OMCs with
highly improved discharge performance.l”’ Wikander et al. synthesized a
platinum nanoparticle/carbon composite by impregnation using OMCs
as the host.® Transition metals and metal oxides inside OMCs were suc-
cessfully prepared by Huwe and Froba® In addition, adsorption of
organic materials over OMCs and their potential applications were also
reported.!'® " The above-mentioned work clearly reveals that the proper-
ties of OMCs can be influenced by introduction of guest materials. How-
ever, one kind of attractive guest material, conducting polymers, has
received little attention, with very few reports on the incorporation of
conducting polymers into OMCs so far.l'*!* Conducting polymers inter-
calated into mesoporous silica* 2% and other hosts?®!* 22! with the purpose
of improving electrorheological effect and interaction of the n-conjugated
networks have been reported. On the other hand, among the conducting
polymers, PANI has attracted a great deal of interest in recent years due
to its low cost, ease of preparation, excellent environmental stability, and
high electrical conductivity. Therefore, encapsulation of PANI into OMCs
may give a rise to unique properties of the final composite system.

In this article, a new nanocomposite with semiconducting PANI
inside the channels of CMK-3 has been synthesized by adsorption of
aniline vapor into the channels and subsequent oxidative polymerization
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with (NH4),S,05. The structure and morphology of the nanocomposite
were characterized by various techniques.

EXPERIMENTAL SECTION
Materials

Aniline (99%, Aldrich, USA) was distilled under reduced pressure.
Ammonium persulfate (APS, (NHy4),S,05, 98%), tetraethyl orthosilicate
(TEOS, 98%), Pluronic 123 (P123, EO,,PO7EO,, M,, = 5800), and
hydrofluoric acid (HF, 48%) were purchased from Aldrich Chemicals
Co. and used as received without further treatment.

Synthesis of PANI/CMK-3 Nanocomposite

The host structure CMK-3 was synthesized using SBA-15 mesoporous
silica as the hard template and sucrose as the carbon source, following
the procedure reported by Jun et al.*®!; SBA-15 was obtained by the
method described by Zhao et al.®* The process can be described as
follows: SBA-15 (1.0 g) was added to a solution of sucrose (1.25g) and
H,S04 (0.14 g) in H>O (5 g). The mixture was placed in an oven for 6 h
at 100°C and another 6 h at 160°C. In order to obtain fully polymerized
and carbonized sucrose inside the pores of the silica template, sucrose
(0.8 g), H,SO4 (0.09g), and H,O (5g) were again added to the above
mixture and then dried at 100°C and 160°C. The carbonization was
completed by pyrolysis at 900°C under N, flow. Finally, the CMK-3
powder was recovered after dissolution of the silica framework in 5%
HF solution, followed by filtration, washing with ethanol, and drying
at 120°C.

To obtain the PANI/CMK-3 nanocomposites (Figure 1), the
CMK-3 sample was suspended above the aniline monomer in a flask
under vacuum (~0.1 Torr) at 30°C for 24 h. The CMK-3-containing ani-
line was immersed in a solution of APS (2.85g) in S0 mL of 0.1 M HCI
with stirring at 0-5°C for 12h. The black product was washed several
times with deionized water and ethanol and dried in a vacuum oven at
60°C for 24h. The 8.4wt% of mass load of PANI in the composite
was evaluated by calculating the weight difference of CMK-3. In
addition, pure PANI was also prepared following a procedure similar
to that described above, i.e., 0.58 mL aniline was dispersed in a solution
of APS (2.85 g) in 50 mL of 0.1 M HCl with stirring at 0-5°C for 12 h. The
final powder was also washed several times with deionized water and
ethanol and dried in a vacuum oven at 60°C for 24 h.
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Figure 1. Schematic representation for the synthesis of PANI/CMK-3.

Characterization of Nanocomposite

Small-angle and wide-angle X-ray diffraction (SXRD, WXRD) patterns
were determined with a Rigaku D/MAX 2550 V diffractometer using Cu
Ko radiation (1 = 1.5406 A) N, adsorption/desorption isotherms at
about —195.6°C were measured using a Micromeritics ASAP 2010
system. The specific surface area and the pore size distribution were cal-
culated by the Barrett-Emmett-Teller (BET) and Barrett-Joyner-Halanda
(BJH) methods using the branch of the isotherms. Fourier transform-
infrared (FT-IR) spectra were obtained on Nicolet Magna-550
spectrometer. Raman spectra were recorded using a Raman microscope
system, the argon-ion laser operated at 514nm. Thermogravimetric
analysis was carried out with a Mettler Toledo TGA/SDTA 851° at a
heating rate of 10°C/min under a purging atmosphere of N,. The mor-
phology of the nanocomposite was studied using a JEOL JSM-6360LV
scanning electron microscope (SEM). High resolution transmission elec-
tron micrographs (HRTEM) were taken on a JEM 2100F electron
microscope operating at 200kV. The DC electrical conductivity of
compressed pellets was determined with a Keithley 6517 A electro-
meter/high resistance meter using the standard four-probe method.

RESULTS AND DISCUSSION

Figure 2 shows the SXRD patterns of SBA-15, CMK-3, and PANI/
CMK-3 materials. The SXRD pattern for the as-synthesized sample
of SBA-15 exhibits three well-resolved reflections indexed to (100),
(110), and (200) planes of the two-dimensional hexagonal space group
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Figure 2. SXRD patterns of SBA-15, CMK-3, and PANI/CMK-3; inset:
WXRD patterns of PANI and PANI/CMK-3.

p6mm, which are characteristic of the hexagonal structure of SBA-15
material.? Its 4 (100) value is about 9.3 nm, resulting in a unit cell para-
meter of ap = 10.7nm (ay = 2d100/\/§). The XRD pattern of CMK-3 also
displays a strong peak (100) along with weak (110) and (200) peaks simi-
lar to the hexagonal structure of the SBA-15 template, suggesting that
CMK-3 is a true replica of SBA-15.1*! The cell parameter of CMK-3
(ag = 10.0nm) decreases compared to that of SBA-15 due to shrinkage
of the carbon framework during carbonization and removal of the silica
template.”®! After inclusion of PANI into the pore of the mesoporous
carbon, the reflection peak (100) is still clearly shown, thus the PANI/
CMK.-3 nanocomposite also retains ordered hexagonal mesostructure,
which is directly shown in Figure 4(b). Note that a remarkable reduction
in the peak intensities is observed with the occupation of pores with
PANI in contrast to the pure CMK-3. This is probably caused by the fact
that pore filling reduces the scattering contrast between the pores and the
walls of the mesoporous material.*® Moreover, the unit cell constant
(ap = 9.8 nm) of PANI/CMK-3 is lower than that of CMK-3. This can
be ascribed to the strong interactions between the PANI chains and
the framework walls resulting in contraction of the host lattice upon
incorporation of PANI into the pores.



15:50 21 January 2011

Downl oaded At:

30 Y. He et al.

1200

—o— desorption O/ /

/ A
—A— adsorption /

800 -

400 st 4‘

Volume adsorbed (cm%g)
NN
AN

0 " 1 n 1 " 1 n "
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/Po)

Figure 3. N, adsorption/desorption isotherms for (a) CMK-3 and (b)
PANI/CMK-3.

The WXRD patterns of PANI and PANI/CMK-3 are given in
Figure 2, inset. The XRD pattern of PANI/CMK-3 shows the broad
peak of the amorphous wall structure of mesoporous carbon, but no
appreciable peak of PANI is observed, which supports the fact that
PANI has been almost confined in the pores rather than deposited on
the surface of the mesoporous carbon and its crystallization is hindered
due to the confinement effect.?”!

The structure effects of PANI intercalation were investigated by N»
adsorption measurement. Figure 3 illustrates the N, adsorption/desorp-
desorption isotherms of the studied samples. Both samples exhibit type
IV isotherms with hysteresis loops, which is a typical characteristic of
mesoporous materials.®® The sharp inflection in the range of
P/Py = 0.4-0.8, corresponding to capillary condensation of N,, indicates
the uniformity of the pores. The main structural characteristics of the
samples are listed in Table 1. The CMK-3 sample exhibits a high surface
area of 1217m?/g, a pore volume of 1.53cm?/g, and a pore size distri-
bution centered around 4.6 nm. These values are close to the previous
reports for CMK-3 material.**! After inclusion of PANI in the meso-
pores, the surface area, pore volume, and average pore size decrease to
930m?/g, 0.99 cm?/g, and 4.2 nm, respectively, also suggesting that most
pores have been filled with polymer.

In order to determine the morphology and ordered structure of
PANI/CMK-3 nanocomposite, SEM and TEM studies were also carried
out, as shown in Figure 4. The PANI/CMK-3 composite shows rod-like
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Figure 4. (a) SEM image of PANI/CMK-3 nanocomposite and (b) HRTEM
image of PANI/CMK-3 nanocomposite taken with the incident electron beam
parallel to the direction of the channels.

morphology, and no appreciable PANI particles on the surface of
CMK-3 are observed in Figure 4(a), while Figure 4(b) clearly
demonstrates that the PANI/CMK-3 possesses well-defined hexagonally
ordered mesostructure after inclusion of PANI in the channels of
CMK-3. Furthermore, according to the images, the pore size can be
estimated to be 4~ 5nm, which is close to the value of the pore diameter
calculated by the BJH method (Table 1).
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Table 1. Structural characteristics of SBA-15, CMK-3, and PANI/CMK-3
samples

Unit cell Surface area Pore diameter Pore volume
Samples parameter (nm) (BET) (m?/g) (BJH) (nm) (BJH) (cm’/g)
SBA-15 10.7 580 8.7 1.08
CMK-3 10.0 1217 4.6 1.53
PANI/CMK-3 9.8 930 4.2 0.99

The presence of PANI in the nanocomposite can be confirmed
directly by FT-IR spectra analysis, as shown in Figure 5. The IR spec-
trum of PANI/CMK-3 reveals the characteristic absorption peaks of
PANI other than that of mesoporous carbon. The peak at 3425cm ™! is
due to the N—H stretching vibrations overlapped by the —OH groups
from the CMK-3, while C=N and C=C stretching vibrations for the
quinonoid and benzenoid ring are centered at 1582 and 1503cm™,
respectively. This result indicates that protonated PANI has been synthe-
sized in the nanocomposite.

Figure 6 presents the Raman spectra of PANI, CMK-3, and
PANI/CMK-3 samples. For pure PANI, the peaks at 1164, 1342,
1489, and 1596 cm ™' can be assigned to C—H bending of the quinonoid
ring, C—N 7 stretching, C=N stretching, and C—C stretching vibration
of benzene ring, revealing the presence of the doped PANI structure.*”!

For CMK-3 materials, two broad Raman peaks at 1344 and 1598 cm™!

PANI

PANI/CMK-3

Transmittance

1 " 1 " 1 " 1 n 1 n 1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 5. FT-IR spectra of CMK-3, PANI, and PANI/CMK-3.
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Figure 6. Raman spectra of PANI, CMK-3, and PANI/CMK-3.

suggest the atomically disordered nature of the carbon frameworks.*¥! It
is worth noting that the spectrum of PANI/CMK-3 is nearly identical to
that of CMK-3 but different from that of PANI. However, in recent
studies on PANI/carbon nanotube composites,*” the Raman spectrum
of the composites was found to be almost the same as that of PANI when
PANI was coated on the surface of a carbon nanotube. Accordingly, it
could be further inferred that PANI is incorporated in the mesopores
of CMK-3 in our experiment.

Further evidence of the presence of polymer in the nanocomposite
was confirmed by TGA as shown in Figure 7. The PANI demonstrates
three-step weight loss. The initial loss is mainly attributed to the
elimination of residual water, and the second loss, from 170° to 300°C, is
due to the removal of dopant molecules; the third loss, starting beyond
400°C, is caused by the decomposition of PANI chains.*"! However, it is
worth noting that the PANI/CMK-3 nanocomposite does not have a distinct
decomposition temperature and shows a gradual weight loss with increasing
temperature. The results imply good thermal stability of PANI in the
nanocomposite because of diffusion constraints in the channel system.!'”!

The electrical conductivities of PANI, CMK-3, and PANI/CMK-3
samples were measured with the standard van der Pauw DC four-probe
method.*” The conductivities of PANI doped with HCI and CMK-3 at
room temperature are 1.0 and 1.40 S/cm, respectively. With encapsulated
8.4wt% PANI in CMK-3, the conductivity of PANI/CMK-3 nanocom-
posite (0.78 S/cm) is lower than that of pristine CMK-3. This difference is
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Figure 7. TGA curves of PANI, CMK-3, and PANI/CMK-3.

probably caused by electrical barriers provided by atomic defects in the
CMK-3 host lattice.'!

CONCLUSIONS

In summary, a new nanocomposite with PANI confined in the ordered
mesoporous carbon CMK-3 has been successfully synthesized by
chemical oxidative polymerization. The presence of PANI in the channels
was confirmed by different characterization methods, and the resulting
nanocomposite still retains the ordered mesostructure. The results also
suggest that incorporation of PANI can effectively modify the surface
chemistry of CMK-3.
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