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Abstract: Palladium nanoparticles having cubic silsesquioxanes (POSS) (Pd-POSS) were produced by the reaction
of palladium (II) acetate and octa(3-aminopropyl)octasilsesquioxane octahydrochloride (POSS-NH;*) in methanol
at room temperature. Functionalized multiwalled carbon nanotubes (MWNT-COOH) were prepared by acid treat-
ment of pristine MWNTSs. The hybrid nanocomposites of Pd-POSS and MWNT-COOH (Pd-MWNT nanocompos-
ites) were synthesized by self-assembly method via ionic interaction between positively charged Pd-POSS and
negatively charged MWNT-COO". The spherical aggregates of Pd-POSS with a diameter of 40-60 nm were well
attached to the surfaces of MWNT-COOH on Silicon wafer. The composition, structure, and surface morphology of
Pd-MWNT nanocomposites were studied by UV-vis spectrophotometer, energy dispersive spectrum (EDX), scan-
ning electron microscopy (SEM), and atomic force microscope (AFM).
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modification.

Introduction

Architectural control of metal nanostructures has been of
immerse interest for various applications. The size, shape,
composition, crystallinity, and structure of the metal nano-
structures determine their properties. Metal nanoparticles
have unique chemical and physical properties, such as cata-
lytic, optical, and magnetic properties comparing to those of
bulk metals or atoms.'* Multiscale organization of the metal
nanoparticles with a controlled manner is attractive for the
application of a molecular system in macroscopic devices™®
as well as for the creation of structured systems at molecular
level.”"* Carbon nanotubes (CNTs) have been studied for a
lot of potential applications due to their outstanding physical
properties.'** Functionalized CNTs have generated great
interest for dispersion enhancement in processing or for
chemical modifications.*** Shortening of carbon nanotubes
by ultrasonication with oxidizing acid mixtures is frequently
used to functionalize CNTs.?

CNT/nanoparticle complexes can be used in fuel cells or
sensors. The recent interest is focused on the templates for
nanotrees based on CNT/nanoparticle complexes.?”” There
are various approaches for CNT/nanoparticle complexes
such as physical evaporation, chemical reaction with func-
tionalized CNTs, and electroless deposition method >332
The incorporation of the metal nanoparticles to the surfaces
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of CNTs have been useful method to obtain hybrid nano-
composites with useful properties.* It is essential to activate
their surfaces for attaching novel metal nanoparticles to the
side wall of CNTs because the surfaces of carbon nanotube
are inert.**** The surface modification of CNTs with organic
functional group is widely used for anchoring novel metal
nanoparticles onto CNTs.**** Palladium nanoparticles can
be attached on noncovalently functionalized CNTs. Reports
are available on various CNTs modified with palladium nano-
particles through electron beam evaporation, thermal evapo-
ration, and sputtering for hydrogen detection. Palladium has
been used as catalyst for various applications.**** Palladium
has shown its potential for applications in various fields of
engineering and technology including catalysis®* and hydrogen
storage.**® Palladium is also used as catalysts for the gas
sensors*>! and has been used as catalytic material for the syn-
thesis of carbon nanotubes.*>*> The carbon nanotubes loaded
with palladium nanoparticles have been used for the detec-
tion of methane.” Palladium nanostructures with different
shapes and sizes can make the surface occurring phenome-
non more interesting.

In this study, hybrid nanocopmposites of palladium nano-
particles having silsesquioxanes (Pd-POSSS) and MWNT-
COOH were prepared by self-assembly method via ionic
interaction between positively charged Pd-POSS and nega-
tively charged MWNT-COO'. The spherical aggregates of
palladium nanoparticles (Pd-POSS) were synthesized by
using the cubic silsesquioxanes (POSS-NH;") as a cross-linker
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for the self-organization of the individual palladium nano-
particles.* Functionalized carbon nanotubes (MWNT-COOH)
were prepared by acid treatment in H,SO,/HNO; mixture.
To our knowledge, there was no report on hybrid nanocom-
posites of Pd-POSS and MWNT-COOH (Pd-MWNT nanocom-
posites) via electrostatic interaction as physical interaction.
New Pd-MWNT nanocomposites could be ideal hydrogen
sensing materials as compared with conventional materials
containing individual palladium nanoparticles due to the
higher amount of palladium nanoparticles derived from the
deposition of spherical aggregates of Pd-POSS onto the sur-
faces of MWNTs. Additionally, hybrid nanocomposites of
MWNT-COOH and spherical aggregates of palladium nano-
particles having dendrimer instead of POSS-NH;" will be
fabricated to observe the hydrogen sensing property. Con-
tinuous research is going on to study the fabrication of
hydrogen storage and sensing devices using Pd-MWNT
nanocomposites. Using this new concept, we can also dem-
onstrate the deposition of conducting polymers on the sur-
faces of MWNT-COOH and fabricate hybrid nanocomposites
of Pd-POSS and various polymers. In this system, POSS-
NH;" acts as a cross-linker for the palladium nanoparticles
to construct Pd-POSS, and MWNT-COOH are used for Pd-
POSS to make hybrid nanocomposites. FE-SEM and AFM
studies showed that the complex formation of Pd-POSS
with a diameter of 40-60 nm and MWNT-COOH was suc-
cessfully achieved and Pd-POSS were nicely dispersed on
the surfaces of MWNT-COOH on Silicon wafer.

Experimental

Materials. Pristine MWNTs were obtained from the 1ljin
Nanotech Inc (diameter: 10-20 nm, length: 10-50 um, >90
vol% of purity). (3-Aminopropyl)triethoxysilane was pur-
chased from Aldrich. N-(2—aminoethyl)-11-aminoundecyl-
trimethoxysilane was purchased form Gelest. Hydrochloric
acid (HCI), nitric acid (HNO,), sulfuric acid (H,SO,), meth-
anol (MeOH), sodium hydroxide (NaOH), acetone, tetrahy-
drofuran (THF), chloroform, and ethanol were obtained from
Aldrich.

Measurements. Fourier transform infrared (FTIR) spectra
(FTS-6000, BIO-RAD) and Raman spectro-photometer (NRS-

OCH,CH,
HpN——CH,CH; CH, — Si——OCH,CH, +
CHy

{3-aminopropyltriethoxysilane

conc. HCIl

3200, JASCO) were used to confirm and characterize MWNT-
COOH which was formed after chemical modification of
pristine MWNTs under acidic condition. The dispersions of
pristine MWNTs and MWNT-COOH in aqueous media were
measured by using the camera (D40, NIKON). The thermal
behavior was examined by thermogravimetric analysis (TGA)
(TGA S-1000, SCINCO) under atmosphere. Surface electro
optics (contact angle) (PHEOENIX-300) and UV-vis spec-
tro-photometer (OPTIZEN 2120UV, MECASYS) were used
to observe the surface property. The morphologies and struc-
tures were observed by atomic force microscope (AFM)
(XE-1000, PARK SYSTEMS), scanning electron microscopy
(SEM) (JSM-6700, JEOL), and energy dispersive spectrum
(EDX).

Synthesis of Octa(3-aminopropyl)octasilsesquioxane
Octahydrochloride (POSS-NH;") (Scheme 1). The reac-
tion of H,NCH,CH,CH,Si(OEt); (150 mL, 0.627 mol) and
conc. HC1 (200 mL) in MeOH (3.6 L) produces octa(3-ami-
nopropyl)octasilsesquioxane octahydrochloride (30%) as a
microcrystalline solid after 6 weeks at 25 °C. The crude
product obtained after filteration, washing with MeOH, and
drying (0.001 torr, 25 °C) is spectroscopically pure. Recrys-
tallization from MeOH affords octa(3-aminopropyl)octa-
silsesquioxaneoctahydro chloride as a white microcrystalline
powder.>*

Acid Treatment of Pristine MWNTs (Scheme II). Typi-
cally, 6.0 g of crude MWNTs, 50 mL of 60% HNOs, and
150 mL of 98% H,SO, were added into a 500 mL flask
equipped with a condenser under vigorous stirring. The
flask was then immersed in a sonication bath (40 kHz) for

Acid treatment

{Hs SO HNO=3:1)
at 90°C for ahrin an
uitrasonication bath

Scheme II. Chemical modifications of the pristine MWNTs.

1]

MeCH s I T T 1

RT/6week tl? R~\£'_‘°____ —~R
I /"of l )
n_,..-a———o“a..‘“
R : CH,CH,CH,NH 1™
POSS-NH_*

-

Scheme L. Synthesis of octa(3-aminopropyl)octasilsesquioxane octahydrochloride (POSS-NH; ).
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90 min. The mixture was then stirred for 3 h under reflux
(90 °C). During this period, densely brown gas was collected
and treated with a NaOH aqueous solution connected to the
condenser by a plastic tube. After cooling to room tempera-
ture, the reaction mixture was diluted with 500 mL of deion-
ized water and then vaccum-filtered through a filter paper.
The dispersion, filtering, and washing steps were repeated
until the pH of the filtrate reached 7 (at least four cycles
‘were required). The filtered solid was then washed with ca.
100 mL of acetone and THF at 5 times to remove most of
the water from the sample and dried under vacuum for 24 h
at 60 °C.»

The Dispersions of Pristine MWNTs and MWNT-COOH
with Different Size in Aqueous Media. To confirm the
surface modification of MWNTs for good deposition of Pd-
POSS, the dispersions of MWNT-COOH with different size
in aqueous media were prepared with four types of MWNTs
(length of MWNTS: 0.2 pum, 1 pm, 3 um, and 5 um). For each
experiment, the concentration of MWNTSs (each pristine and
MWNT-COOH for 0.2~5 pum length) in the DDI water was
0.0001 g/mL. The resulting mixture was ultrasonicated by
using a bath-type ultrasonicator.

Preparation of Spherical Aggregates of Palladium Nano-
particles Having POSS (Pd-POSS). When a methanol solu-
tion (50 mL) of octa(3-aminopropyl)octasilsesquioxane (10
mg) and palladium(Il) acetate (20 mg) was stirred at room
temperature, the solution immediately became turbid. The
turbid solution gradually turned from yellow to black with
increasing the reaction time, indicating the reduction of the
palladium ions. The resulting black colloidal solution was
stable and neither precipitated nor flocculated over a period
of several months.’® The average size of Pd-POSS was 40-
60 nm measured by the scanning electron microscopy (SEM)
and atomic force microscope (AFM) images.

Deposition of Pd-POSS on MWNT-COOH of the Silicon
Wafer (Pd-MWNT Nanocomposites) (Scheme III). Prior to
this experiment, Si-wafer was cleaned with chloroform by
using the ultrasonicator, and then treated with piranha and
plasma (Ar+0O, gas). As a result, the hydrophilic layer was
formed on the surfaces of the Si-wafer. Hydroxy-functional-
ized substrates were dipped into the ethanol solution of N-
(2-aminoethyl)-11-aminoundecyltrimethoxysilane and were

TNy

wezo=" | ~acn, MWNT-COOH
0oHg """'—""'""'* M
ethans water

s MH-MH N

otton o om on M

L L1

Si-waber Amine-functionalized

Siwafer

taken out. After that, substrates were immersed in DDI water
solution of MWNT-COOH for 12h to coat the MWNT-
COOH on the amine-functionalized substrates by self-
assembly reaction. Then the substrates were immersed in
methanol solution of POSS-NH;" and palladium (II) acetate
with changing the reaction time for electrostatic interaction
between positively charged Pd-POSS and negatively charged
MWNT-COO'. For the comparison of the result, MWNT-
COOH on silicon wafer were also immersed in methanol
solution of palladium (II) acetate which made individual
palladium nanoparticles with no POSS-NH;",

Results and Discussion

Figure 1 shows the FTIR spectra of pristine MWNTs,
MWNT-COOH, Pd-POSS, and hybrid nanocomposites of
Pd-POSS and MWNT-COOH (Pd-MWNT nanocomposites).
The spectrum of the pristine MWNTSs shows a C=C stretch-
ing peak at 1632 cm™. It, however, shows no discernable
peak, indicating the formation of carboxylic acids or defects
after purification. The C=C stretching peaks, which indicate
graphite structure of MWNTS, are observed in the MWNT-
COOH as well. After acid treatment, MWNT- COOH show
a C=0 stretching peak from the COOH group at 1714 cm’
and a very broad O-H stretching peak between 3200 and

1 (d)

(b)

] h/\/—\/\/‘M\r\ (a)
500 1000 1500 2000 2500 3000 3500 4000

Wavelength (cm'1)

Figure 1. FTIR spectra of pristine MWNTs (a), MWNT-COOH
(b), Pd-POSS (c), and Pd&-MWNT nanocomposites (d).
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Scheme I1I. Schematic illustration of the experimental procedures for Pd-MWNT nanocomposites.
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(B)

Figure 2. Photographic images of pristine MWNTs and MWNT-COOH in aqueous media after 1 h (A), 1 day (B), and 2 weeks (C): pris-

tine MWNTSs (a) and MWNT-COOH (various lengths) (b-¢).

3600 cm™. Pd-POSS show a NH;" peak and Si-O-Si peak
derived from POSS-NH;" at 3227 cm™ and 1110 cm, respec-
tively. P&-MWNT nanocomposites show a C=O stretching
peak at 1719 cm™ and Si-O-Si peak at 1108 cm'.

Figure 2 shows the dispersion photographic images of
pristine MWNTs and MWNT-COOH with different length
in aqueous media after 1 h, 1 day, and 2 weeks. The concentra-
tion of various MWNTs in the water was 0.0001 g/mL. All
MWNTs show good dispersion in aqueous media at room
temperature as shown in Figure 2(A). Figure 2(B) and (C)
reveal still good dispersion stability at room temperature
except pristine MWNTS (refer to (a) in Figure 2(B) and 2(C))
with increasing the storage time.

Raman spectroscopy is a powerful tool used to character-
ize the functionalized CNTs. The typical Raman spectra for
the MWNTSs consist of two quite sharp modes, the G band
around 1580 cm™ and the D band around 1350 cm™ accom-
panied by an additional D' band as shoulder to the G band at
crystalline graphite carbon in MWNTSs, whereas the D band
is originated from the disorder induced features. The pres-
ence of the D' band at 1612 cm™ is affected by the disorder

Intensity (a.u.)

1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman shift (cm™)

Figure 3. Raman spectra of pristine MWNTs and MWNT-COOH:
pristine MWNTs (a) and MWNT-COOH (b) on the slide glass
(Raman spectrometer with 532-nm excitation source).
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in MWNTs, which can be barely observable in pristine
MWNTs but is clearly detectable after functionalization of
MWNTs. As shown in Figure 3(a), the D and G band of
pristine MWNTSs show at nearly 1350 cm™ and 1580 cm’,
respectively. After acid treatment of MWNTs, the G band
was shifted a little bit in the position of Raman peaks and D'
band was observed at 1612 cm™, indicating an increase in
defects along the MWNT body. The ratio of the intensity of
the disordered to ordered transition, which indicates the
generation of surface defects due to the functionalization of
MWNTs, increases from 0.99 (pristine MWNTS) to 1.02
(MWNT-COOH).

The solution of palladium (IT) acetate in methanol is used
for producing palladium nanoparticles with no POSS-NH;"
on Si-substrates and the turbid solution containing POSS-
NH;" and palladium (II) acetate is used for producing Pd-
POSS on Si-substrates. To observe SEM images, both of the

" solutions are allowed to evaporate the solvent. Figure 4(a)

shows individual palladium nanoparticles with a diameter
of 3 nm. On the other hand, for Pd-POSS, Figure 4(b) and
Figure 5 show the formation of spherical aggregates with a
diameter of 40-60 nm and no individual palladium nanopar-
ticles. These results might be attributed to the structure and
functionality of POSS-NH;™ for the formation of the spheri-
cal aggregates.’ Normally, the particles tend to grow into a
spherical shape to minimize their surface energy. In this system,
we could estimate that the self-organized spherical templates

Figure 4. FE-SEM images of palladium nanoparticles (a) and
Pd-POSS (b).

Macromol. Res., Vol. 17, No. 12, 2009
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Figure 5. Tapping-mode AFM images of Pd-POSS (a and b).

consisting of palladium ions and POSS-NH;" became spher-
ical by the same reason.

For Figure 6, samples were poduced by immersing the
amine-functionalized Si-substrates in DDI water solution of
pristine MWNTs and MWNT-COOH for 12 h, and then both
of the Si-substrates were washed with DDI water at 3 times
to remove the unreacted MWNTs. The pristine MWNTs
were not observed on the amine-functionalized Si-substrates in
Figure 6(a). On the other hand, Figure 6(b), 6(c), and Figure
7 showed that MWNT-COOH were well dispersed on the
amine-functionalized Si-substrates. From the above results,
it was confirmed that MWNT-COOH were coated on the
amine-functionalized substrates by self-assembly reaction.

Si-substrates coated with the MWNT-COOH were immersed
in methanol solution of palladium (II) acetate or in methanol
solution of POSS-NH;" and palladium (II) acetate, respec-
tively. And then substrates were washed sufficiently with
methanol. The surfaces of the Si-substrates were studied by
SEM. It was observed that there was no deposition of indi-
vidual palladium nanoparticles with no POSS-NH;" on the
MWNT-COOH of Si-substrates as shown in Figure 8(a),
whereas from Figure 8(b) and Figure 9, it was evident that
Pd-POSS were deposited well on the MWNT-COOH of Si-

Figure 6. FE-SEM images of pristine MWNTs (a) and MWNT-COOH on the amine-functionalized substrates (b and c).

Macromol. Res., Vol. 17, No. 12, 2009

Figure 7. Tapping-mode AFM images of MWNT-COOH on the
amine-functionalized substrates (a and b).

Figure 8. FE-SEM images of MWNT-COOH on the amine-func-
tionalized substrates (no deposition of palladium nanoparticles)
(a) and Pd-MWNT nanocomposites (b, ¢, and d).

substrates. Pd-POSS deposited on the MWNT-COOH have
size distributions in the range of 40-60 nm and are homoge-
neously dispersed on the surfaces of the MWNT-COOH.
These results indicate that hybrid nanocomposites don’t
form between individual palladium nanoparticles and MWNT-
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Figure 9. Tapping-mode AFM images of P&-MWNT nanocom-
posites (a and b).

COOH but between the spherical aggregates of Pd-POSS
and MWNT-COOH. This reason is that the ionic interactions
between positively charged Pd-POSS and negatively charged
MWNT-COO play an important role for the formation of
hybrid nanocomposites. As shown in Figure 9, the AFM study
reveals the presence of Pd-POSS deposition on the MWNT-
COOH in good agreement with the SEM images in Figure 8.
The composition of Pd-POSS, MWNT-COOH, and Pd-
MWNT nanocomposites were confirmed by X-ray energy
dispersive spectroscopy (EDX) analysis. Figure 10(a) and
10(b) show the palladium peak at 2.85 keV and the carbon
peak at 0.28 keV derived from Pd-POSS and MWNT-COOH,
respectively. In Figure 10(c), after the synthesis of Pd-MWNT

0.35 -
0.30 -
0.25 4
Ed w0
0.20 - PAMWNT nanocomposites

Abs.

e cerraepeaemnny ()

400 500 §00 7o0
Wavelength {nm]

Figure 11. UV-vis absorption spectra of MWNT-COOH (2), Pd-

POSS (b), and Pd-MWNT nanocomposites (c).

nanocomposites, the peaks at 0.28 keV (carbon), 2.84 keV
(palladium), and 3.55 keV (palladium) were obtained in the
spectra.

An additional evidence of the formation of P-MWNT
nanocomposites was investigated by UV-vis spectroscopy
(Figure 11). The strong absorption band of Pd-POSS was
observed at 221 nm and the broad absorption band at 263
nm was observed for MWNT-COOH. The both absorption
peaks at 220 nm and 264 nm were present for PA-MWNT

B

e S lm s

b

-

ey k ek
w o

Figure 10. FE-SEM image and EDX spectrum of Pd-POSS (a), MWNT-COOH (b), and Pd-MWNT nanocomposites (c).
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Figure 12. TGA curves of Pd-POSS (a), pristine MWNTSs (b),

MWNT-COOH (c), and P&-MWNT nanocomposites (d) (in atmo-
sphere).

nanocomposites, indicating that MWNT-COOH were suc-
cessfully incorporated into the spherical aggregates of Pd-
POSS with a diamater of 40-60 nm.

In order to compare the thermal stability of pristine MWNTS,
MWNT-COOH, Pd-POSS, and Pd-MWNT nanocomposites,
thermal analysis was carried out by TGA measurements as
shown in Figure 12. Figure 12(b) and 12(c) show that the
difference from the thermal decomposition between pristine
MWNTs and MWNT-COOH is attributed to the increase of
organic functional group on the surfaces of pristine MWNTs
by the chemical modification under acidic condition. The
weight (ca. 25.7 wt%) of the residue obtained from Pd-
MWNT nanocomposites is larger than that (ca. 2.7 wt%)
obtained from the MWNT-COOH as shown in Figure 12(d).
This results suggest that Pd-POSS are well deposited on the
MWNT-COOH. Furthermore, the thermal stability of Pd-
MWNT nanocomposites is higher than that of the MWNT-
COOH and Pd-POSS.

Conclusions

In summary, we have developed a new approach for
hybrid nanocomposites of Pd-POSS containing POSS-NH,*
and MWNT-COOH through the self-assembly method via
lonic interactions as physical bonding interaction. Positively
charged Pd-POSS were well deposited to negatively charged
MWNT-COOH on silicon wafer due to the opposite charged
surfaces. lonic interactions between positively charged Pd-
POSS and negatively charged MWNT-COO are the driving
force for the formation of nanocomposites of Pd-POSS and
MWNT-COOH. The spherical aggregates of Pd-POSS with
a diameter of 40-60 nm were successfully attached to the
dispersed MWNT-COOH on the amine-functionalized sub-
strates. The obtained hybrid nanocomposites show the enhanced
thermal stability as compared to MWNT-COOH and Pd-
POSS. MWNTs modified with Pd-POSS provide a promis-

Macromol. Res., Vol. 17, No. 12, 2009

ing class of new material for fabricating high-performance
hydrogen sensing devices.
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