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An electrostatic-force-directed-assembly technique was used to coat multiwalled carbon nanotubes (MWCNTs) with aerosol Ag nanoparticles produced from a mini-arc plasma source. The
deposition of Ag nanoparticles onto CNTs was conﬁrmed by transmission electron microscopy
(TEM), high-resolution TEM, scanning electron microscopy, and X-ray photoelectron spectroscopy. Ripening of Ag nanoparticles on CNTs was observed via successive TEM imaging
after heating the nanoparticle–nanotube hybrid structures in air to three diﬀerent temperatures
ranging from 100◦C to 300◦ C. With temperatures at and above 200◦ C, the areal density of Ag
nanoparticles decreased and the average particle size increased. In particular, migration and
coalescence of Ag nanoparticles have been observed at this relatively low temperature, which
suggests a van der Waals nanoparticle–nanotube interaction.
Keywords: Ripening; Ostwald ripening; migration and coalescence; electrostatic-force-directedassembly; van der Waals force; Ag nanoparticles; carbon nanotubes; hybrid nanostructures.
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1. Introduction
Because of their physical, electronic, and mechanical properties, metal and carbon nanotube (CNT)
hybrid structures are promising materials for nextgeneration electronic devices with low-resistance
ohmic contacts.1 CNTs coated with metal nanoparticles (NPs) are of potential interest for catalysis including in fuel cells,2 for hydrogen storage,3
and as photoelectrochemical cells.4 In addition,
metal NPs/CNT hybrid structures show potential
for use in sensing devices.5 In general, the binding between the nanoparticle and the CNT surface
can be either covalent6 or noncovalent.7 Covalent
bonding between the nanoparticle and the CNT
has to date been obtained through diﬀerent acid
treatments to create such linking groups as carboxyl (−COOH), carbonyl (−C=O) and hydroxyl
(−OH). However, mechanical and particularly electronic transport properties of the nanotubes may
signiﬁcantly degrade after acid treatment due to the
introduction of defects.6 Noncovalent attachment of
nanoparticles is more likely to preserve the unique
properties of low-defect CNTs.7
Recently, we developed a generic method
to assemble nanoparticles of various materials
onto CNTs based on electrostatic-force-directedassembly (ESFDA).8 This method relies on an
enhanced electric ﬁeld near the CNT surface
through an applied dc bias on the CNT to attract
oppositely charged nanoparticles. Since the assembly is performed at room temperature in inert gas,
the chance of having noncovalent binding between
nanoparticle and nanotube is enhanced, relative to
the use of higher temperatures or more reactive
environments. The behavior of the CNT/NP structure at higher-than-ambient temperatures in air is
also relevant for many applications. For example,
metal oxide gas sensors are typically operated at
elevated temperatures (200–500◦ C) to maximize
the sensitivity.9 Thus, following creation of the
hybrid structures by the aerosol deposition at room
temperature and under inert gas, it is useful to
understand how particle distribution, binding, and
morphology are inﬂuenced by heating in air.
Ag nanoparticles were coated onto multiwalled
CNTs (MWCNTs) and characterized using transmission electron microscopy (TEM), high resolution TEM (HRTEM), scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy
(XPS). The evolution of the hybrid structure was
studied using TEM imaging after particular heating

cycles were applied in air. At and above 200◦ C,
signiﬁcant ripening of Ag nanoparticles on CNTs
was observed for the ﬁrst time. The smaller Ag
nanoparticles were consumed by the larger nanoparticles, which resulted in a decrease of the areal
density of Ag nanoparticles accompanied by a
simultaneous increase of the average nanoparticle size. Further analyses of the successive TEM
images indicated that some Ag nanoparticles actually migrated and coalesced with neighboring particles on the CNT surface. Such a migration and
coalescence at this low temperature suggests a weak
interaction between CNTs and Ag nanoparticles.

2. Experimental Procedure
The aerosol Ag nanoparticles were generated
through physical vaporization of a solid Ag precursor wire (99.999% purity, ESPICorp Inc.) using
a mini-arc plasma generated between a tungsten
cathode and a graphite anode.10 The as-produced
nanoparticles were nonagglomerated and crystalline
with a relatively broad size distribution ranging
from a few to tens of nanometers. A fraction of
the nanoparticles were electrically charged through
the thermal plasma or the thermionic emission of
electrons from the nanoparticle surface,11 which
signiﬁcantly facilitates the subsequent electrostatic
assembly of nanoparticles onto CNTs.
The
electrostatic-force-directed
assembly
8
(ESFDA) was accomplished between a grounded
metal tube that introduced the aerosol particles
and a dc-biased nickel TEM grid (400 mesh, TedPella, Inc.). The TEM grid was covered with MWCNTs purchased from Alfa Aesar (Stock # 43839).
Nickel was chosen due to its resistance to oxidation
in air and its thermal stability in the temperature
range used in this study (up to 300◦ C). A precisionmachined ceramic spacer maintained a 2-mm gap
between electrodes. The ESFDA was accomplished
at room temperature and one atmosphere pressure
of a carrier gas (Ar/N2 ; ﬂow rate of 5.15 liters per
minute) and with an applied dc voltage of − 2 kV
on the CNTs. The electric ﬁeld near the CNTs was
signiﬁcantly enhanced due to their small diameters
and charged Ag nanoparticles were attracted to the
outer surface of the CNTs.8,12
The product structures were analyzed using
TEM, HRTEM, SEM, and XPS, all of which conﬁrmed the successful assembly of Ag NP/CNT
hybrid structures. The structures were then further
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studied after exposure to diﬀerent heating treatments in air. A Hitachi H 9000 NAR transmission electron microscope was used for TEM and
HRTEM analyses. This TEM has a point resolution of 0.18 nm at 300 kV in the phase contrast
HRTEM imaging mode. The SEM used was a Nova
600 NanoSEM (FEI Co.) equipped with a transmission electron detector. XPS was performed on a
HP5950 ESCA spectrometer with monochromatic
AlKα radiation as the X-ray source.
To understand the inﬂuence of exposure of the
hybrid structures to elevated temperatures in air,
regions on the TEM grid were identiﬁed and imaged
prior to heating. The location of each region was
determined by its position with respect to the central mark of the grid for a given grid orientation.
After the target regions were selected, the TEM grid
containing the Ag NP/CNT hybrid structures were
placed into an oven with a preset temperature and
held for one hour (h) at that temperature. At the
end of each heating cycle, the sample was removed
from the oven, quickly cooled to room temperature,
and immediately imaged with the TEM. Due to the
small mass of the grid, both the heating and cooling
rates are expected to be quite high. The ﬁrst of the
three heating cycles was performed with a preset
oven temperature of 100◦ C, the second at 200◦ C,
and the third at 300◦ C. The same sample was used
for each cycle. The results of these experiments are
discussed below.

3. Results and Discussion
Low-magniﬁcation TEM and HRTEM images
showed Ag nanoparticles decorating the MWCNTs,
thus conﬁrming their assembly by ESFDA. Figure 1(a) is a TEM image of clean MWCNTs that
are seen to have a diameter of about 20–40 nm and
a length of several micrometers. The MWCNT surface is very smooth, as also seen in the corresponding HRTEM image in Fig. 1(b). Figure 1(c) is a
TEM image of MWCNTs coated with Ag nanoparticles, which are distributed more or less uniformly
on the external surface of the CNTs. This hybrid
structure is shown at higher magniﬁcation in the
HRTEM image, Fig. 1(d). The measured lattice
fringe spacings of 0.20 and 0.23 nm in these Ag
nanoparticles correspond to the (200) and (111)
crystal planes, respectively. The average diameter
of the Ag nanoparticles is less than 10 nm, much
smaller than their average size in the aerosol prior
to deposition onto the MWCNTs. This is due to the
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nanoparticle size selection that occurs during the
assembly.8 Figure 1(f) is an SEM image of clean
MWCNTs and Fig. 1(g) shows the same CNTs uniformly covered with Ag nanoparticles.
The Ag NP/CNT hybrid structures were further analyzed using XPS. Figure 2(a) is a survey
spectrum of the hybrid nanostructure, which shows
strong signals of Ag and C. No evidence for oxidation of the Ag nanoparticles is observed, which
is consistent with our prior X-ray diﬀraction study
on as-produced Ag nanoparticles.10 The C signal
with a binding energy of 284.5 eV is from the CNTs
and corresponds to the C 1s core level spectrum.
Figure 2(b) shows the Ag 3d5/2 and 3d3/2 doublets with the binding energies of 368 eV and
373.9 eV, respectively, which are typical values for
bulk Ag.13
We now turn to a discussion of the heat treatments in air. At a temperature as low as 200◦ C,
smaller Ag particles move and merge with larger
Ag particles. Ripening evidently has occurred during the one hour of heating. As a result, the areal
density of Ag nanoparticles on the CNT decreases
while the average diameter (D̄p ) of Ag nanoparticles
increases. Figure 3 is a TEM image of the original
sample of CNTs covered with Ag nanoparticles of
an average diameter of 9.0 nm. The Ag nanoparticle
size distribution shown in the inset was estimated
by TEM. Figure 4 shows a sequence of TEM images
of the same Ag NP/CNT sample heated to diﬀerent temperatures (left column), the corresponding
Ag particle size distributions estimated by TEM
(inset), and the HRTEM images of selected areas
(right column).
Figures 4(a), 4(c), and 4(e) are TEM images of
the sample after being heated to 100◦ C for 1 h, then
to 200◦ C for 1 h, and ﬁnally to 300◦ C for 1 h, respectively. The corresponding average Ag nanoparticle
diameter increases from 9.0 nm at room temperature to 9.4 nm, 11.7 nm, and 19.7 nm at 100◦ C,
200◦ C, and 300◦ C, respectively. Figures 4(b), 4(d),
and 4(f) are the HRTEM images of the Ag particles circled in the corresponding low-magniﬁcation
TEM images. At 100◦ C, there seems to be an amorphous layer covering the Ag nanoparticle surface,
which is likely from the low-temperature oxidation
of Ag. At a temperature above 200◦ C, silver oxides
are known to decompose to form metallic silver.14
As a result, the amorphous layer disappeared and
only pure Ag nanocrystals were observed after the
same sample was heated to 200 and 300◦ C. The
lattice fringes shown in Figs. 4(b), 4(d), and 4(f)
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(f)

Fig. 1. Low-magnification TEM and HRTEM images of MWCNTs before assembly ((a) and (b)) and MWCNTs coated with
Ag nanoparticles ((c) and (d)); SEM images of MWCNTs (e) before assembly and (f) after assembly of Ag nanoparticles.

are all corresponding to those of Ag. Figure 4(e)
also shows that some portions of the CNTs become
thinner; this is likely due to the e-beam irradiation
during TEM imaging.15
Images obtained at room temperature (Fig. 3)
and after 1 h of heating at 100◦ C (Fig. 4(a))
show that there is no obvious change in the Ag
nanoparticle distribution. A clear change in the Ag

nanoparticle distribution is observed after the sample is next heated to 200◦ C for 1 h (Fig. 4(c)).
During the 1 h heating, the following changes are
observed for the labeled particles: Particle 1 grows
bigger to particle 1 ; particles 3 and 4 migrate and
merge with particle 2 to form larger particle 2 ; particles 5 and 6 merge to form particle 6 ; and particle 7 grows into particle 7 . The full coalescence

July 23, 2007

15:24

00050

none

Ripening of Silver Nanoparticles on Carbon Nanotubes
90
Ag

80

Electron Counts

70
60
C

50

Ag
Ag

40
30
20

Ag

10
0
0

200

400

600

800

1000

Binding Energy (eV)

(a)
800
Ag 3d5/2
700

Electron Counts

600

Ag 3d3/2

500
400
300
200
100
0
360

362

364

366

368

370

372

374

376

378

380

Binding energy (eV)

(b)

Fig. 2. XPS spectrum of (a) C 1s core level and (b) Ag
3d core level spectrum of MWCNTs coated with Ag nanoparticles.
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Fig. 3. TEM image of the original Ag NP/CNT structure
at room temperature with the corresponding Ag nanoparticle size distribution (particle number fraction versus particle
diameter) shown in the inset.

153

of particle 2 is not achieved as can be inferred from
its elongated morphology. The change is most obvious after the sample is ﬁnally heated to 300◦ C for
1 h (Fig. 4(e)); the increase in the average Ag particle size and the decrease in the nanoparticle areal
density are quite signiﬁcant. Larger Ag nanoparticles grow even larger by absorbing smaller Ag
nanoparticles from the CNT surface. For example, particles 1 , 2 , 6 , and 7 , merge together and
fully coalesce to form a larger particle 2 with a
nearly spherical shape. In addition, particle 2 had
migrated down and to the left on the CNT surface
during the heating cycle.
Smaller nanoparticles on the CNT surface may
be energetically less stable than larger ones due to
their relatively larger surface to volume ratio. As a
result, the transformation of smaller particles into
larger ones could be energetically favorable on the
CNT surface. In addition, smaller nanoparticles are
likely to diﬀuse more readily than larger ones and
so the growth of the larger particles could simply be
a consequence of the smaller ones moving and colliding with the larger particles to form even larger
particles. Coalescence of the merged larger particles
can also be inferred based on the TEM images, as
the observed particles are nearly spherical as shown
in Fig. 4(e). Although the vapor pressure of Ag
nanoparticles is known to be higher than that of
bulk Ag,16 at these relatively low temperatures and
for the total exposure time of 3 h, it is unlikely that
a signiﬁcant fraction of Ag is lost (if any) by atomic
evaporation.
The ripening of Ag nanoparticles on CNTs can
be anticipated from the studies of Ag clusters/
particles located on other surfaces17–19 or embedded in polymer ﬁlms.20 Two possible mechanisms
are known to be responsible for the ripening process, namely Ostwald ripening and particle migration and coalescence.21,22 In an Ostwald ripening
process, atomic species from smaller particles transport to larger particles either by surface diﬀusion
along the substrate or by vapor phase diﬀusion
due to the diﬀerence in the chemical potentials
between smaller and larger particles. Under the particle migration and coalescence mechanism, smaller
particles migrate on the substrate surface and then
collide/coalesce with larger particles.
Although it is diﬃcult to obtain a detailed
mechanistic insight based solely on the change in
particle size distribution before and after heating,23
additional comparison of successive TEM images
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Fig. 4. Left column: Low-magnification TEM images and the corresponding Ag nanoparticle size distributions (inset) of the
Ag NP/CNT structure heated in air to (a) 100◦ C, then (c) 200◦ C, and then finally to (e) 300◦ C. Right column: HRTEM
images of the area marked in the circle in the corresponding low-magnification TEM images.
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has allowed us to infer the occurrence of Ag particle
migration and coalescence in our experiments. Of
course, we cannot exclude the possibility of Ostwald
ripening, and observation using an in situ heating
experiment inside a TEM chamber might further
elucidate the mechanism.24 There is the possibility of competition between possible thermodesorption of the whole Ag nanoparticle from the CNT
surface versus migration of the nanoparticle on the
CNT surface; the rates for both are expected to
increase with increasing temperature. The TEM
images obtained after the three 1 h thermal treatments at 100, 200, and 300◦ C show that surface migration of Ag particles occurs more readily
than thermodesorption of Ag nanoparticles, even at
300◦ C. The more ready surface migration thus leads
to the ripening of the Ag nanoparticles.
The migration of Ag nanoparticles at these relatively low temperatures suggests a weak interaction between Ag nanoparticles and CNTs. It is well
known that some transition elements chemically
bond to carbon.25 This is attributed to the distribution of d electrons in such transition elements. Since
Ag atoms have no d vacancy orbitals, they have very
weak aﬃnity for bonding with carbon atoms.26 As
a result, Ag nanoparticles are most likely attached
to CNTs through van der Waals forces instead of
chemical bonds.27
The reader might note that to date it has
not been possible to measure, for example, the
binding energy of individual C60 molecules on a
graphite surface,28 because C60 does not thermally
desorb from the surface at low coverage. It is
of interest that C60 diﬀuses on a highly ordered
pyrolytic graphite (HOPG) surface as 2D gas, which
“defeated” eﬀorts to obtain the thermodynamic and
kinetic parameters for desorption of isolated C60
molecules from the graphite surface; rather, the desorption was found to be from islands that had grown
on the surface from lateral diﬀusion and binding
of C60 molecules.a Our experiments suggest that
the Ag nanoparticles are trapped on the CNT surface through van der Waals forces and are unlikely
to leave the surface at the temperatures employed.
Because the CNT surface is relatively smooth, we
speculate that the barrier for thermally activated
migration of Ag nanoparticles is low and thus favors
surface migration and ripening.
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4. Conclusion
Aerosol Ag nanoparticles were assembled onto
the surface of MWCNTs at room temperature in
inert gas using a new electrostatic-force-directedassembly technique. The interaction between the
Ag nanoparticle and the CNT was studied for 1 h
exposures in air at temperatures of 100◦ C, 200◦ C,
and 300◦ C. After each exposure, the same regions
of the sample were imaged using a TEM. The
observation by TEM imaging of ripening of Ag
nanoparticles on CNTs at temperatures as low
as 200◦ C for such exposure times suggests that
the Ag nanoparticle is bound through van der
Waals forces rather than with covalent bonds. This
study hence sheds light on the properties of the
nanoparticle–nanotube hybrid structure that are
relevant to its potential applications, including at
high temperatures. Although only Ag nanoparticles were considered in this study, the same
heating method may be applied to evaluate the
interactions between CNTs and nanoparticles of
many other materials.
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