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A facile dry route electrostatic-force-directed assembly (ESFDA) was used to deposit silver nanocrystals
onto the external surface of vertically aligned multiwalled carbon nanotubes (MWCNTs). Charged and
nonagglomerated aerosol silver nanocrystals were first produced using a mini-arc plasma source. The
nanocrystals were then assembled onto the electrically biased MWCNT array through the enhanced electric
field near the CNT surface. The electrostatic field plays a crucial role in the assembly process. Gradients of
the nanocrystal size and the nanocrystal areal density along the length of the CNT have been observed, and
these are likely due to the variation of the electric field near the CNT surface. The ESFDA technique enables
the in situ coating of CNT arrays with nanocrystals to create novel hybrid nanomaterials with tailored properties.

Introduction

Carbon nanotubes (CNTs)1,2 have attracted interest because
of their small diameter, large surface-to-volume ratio, great
structural integrity, high electrical and thermal conductivity,
good thermal and chemical stability, and exceptional strength
and resilience.3-5 Functionalization of CNTs with various
chemical groups6,7 and nanocrystals8-11 can further enhance the
properties of CNTs, and CNTs have been considered as superior
supports for nanocrystal catalysts.12,13 In fact, hybrid materials
consisting of nanocrystals distributed on the surfaces of CNTs
could potentially display not only the unique properties of
nanocrystals14,15and those of nanotubes16-18 but also additional
novel properties. Recently, such CNTs with nanocrystals have
been shown to be promising for various energy applications
including solar cells,19,20 fuel cells,21,22 Li-ion batteries,23 and
hydrogen storage.12,24

Various methods have been developed to assemble nanoc-
rystals onto CNTs. Most wet-chemistry strategies involve
chemical functionalization of the CNT surface followed by the
assembly of nanocrystals onto the CNTs via covalent,25 non-
covalent,7 or electrostatic interactions.9,26 Although the wet-
chemistry methods work well with randomly dispersed CNTs,
they are not suitable for vertically aligned CNTs; the aligned
structure will be damaged in the wet processing because the
upper ends of the neighboring nanotubes have been seen to
bundle together and some nanotubes are caused to lie down.27

Vertically aligned CNTs are of great interest for practical device

applications because of potentially higher device efficiency and
packing density. For instance, in fuel cells having metal catalyst
nanocrystals coated on CNTs, the nature of the packing of loose
CNT powders could substantially decrease the effective contact
area between nanocrystals and reactants so as to decrease the
metal catalytic activity. Substitution of loose CNT powders with
aligned CNTs could overcome this disadvantage and increase
the fuel-cell efficiency.

We have recently developed a material-independent dry route
based on the electrostatic-force-directed assembly (ESFDA) to
assemble aerosol nanocrystals onto CNTs.28 In principle, the
ESFDA technique works for both random CNTs and aligned
CNTs without the need of chemical functionalization or other
pretreatments of the CNTs. With this technique, we have
demonstrated the successful assembly of various nanocrystals
previously, including single-component nanocrystals (Au, Ag,
and SnO2)28,29 and multicomponent nanocrystals (SnO2 and
Ag),29 onto randomly dispersed MWCNTs and single-walled
CNTs (SWCNTs). Charged and nonagglomerated aerosol
nanocrystals were produced from a mini-arc plasma source30

and then delivered to the electrically biased CNTs in an inert
carrier gas. The electric field near the CNT surface was
enhanced significantly, and the aerosol nanocrystals were
attracted to the external surface of the CNTs. In addition to an
intrinsic nanocrystal size selection during the assembly process,
nanocrystal size and areal density on CNTs can be controlled
by the bias on the CNTs and the flow residence time. In our
earlier study, we noted that the CNTs have to be suspended in
order to maximize the field enhancement that is critical to the
assembly. Here we report the deposition of Ag nanocrystals onto
vertically aligned MWCNTs using the ESFDA technique. The
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use of vertically aligned CNTs represents another means to
realize the field enhancement. In fact, we have observed
variations of nanocrystal size as well as nanocrystal areal density
due to the variation of the electric field along the CNT length.
The electric field near the CNTs is computed in an effort to
develop an understanding of the experimentally observed
distributions of nanocrystals on CNTs.

Experimental Method

Vertically aligned MWCNTs were grown on the silicon wafer
with nickel catalysts by plasma-enhanced chemical vapor
deposition (PECVD).31,32The Si wafer was first sputter-coated
with a layer of Cr as a diffusion barrier layer, and then a layer
of Ni catalyst was deposited onto Cr. The CNTs were about 10
µm in length and 150 nm in diameter. The average spacing
between nanotubes was about 500 nm and thus the estimated
areal density was 4× 108 tubes/cm2.

Aerosol Ag nanocrystals were generated through physical
vaporization of solid precursor material (high-purity Ag wire
purchased from ESPI) using a mini-arc plasma source sustained
between a tungsten cathode and a graphite anode.30 Most product
Ag nanocrystals were nonagglomerated. A fraction of the as-
prepared nanocrystals were electrically charged, possibly by the
arc plasma or through thermionic emission of electrons from
the crystal surface.33 The nanocrystal size distribution was
relatively broad, ranging from a few to tens of nanometers.

Figure 1 shows a schematic diagram of the assembly process.
Silver nanocrystals were carried by an inert gas mixture (Ar/
N2) and delivered into an electrode gap to form a stagnation
flow. The top electrode was a grounded metal tube that
introduced the aerosol nanocrystals. The bottom electrode was
a Si wafer with the vertically aligned MWCNTs that had been
grown on it previously and was electrically biased with a
constant voltage (-2 kV). The gap distance (D) between the
two electrodes was about 2 mm. With the bias voltage applied
to the aligned MWCNTs on the Si wafer, the electric field near
the MWCNT surface was enhanced significantly, especially at
the tips, and the oppositely charged Ag nanocrystals were
attracted onto the surfaces of the MWCNTs.

Techniques including scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), X-ray photoelec-
tron spectroscopy (XPS), and transmission electron microscopy
(TEM) were used to analyze the nanocrystal-coated MWCNT
array. SEM studies were performed on a Nova NanoSEM 600
(FEI Co.). EDX was done on a TOPCON ABT-32 SEM with
an EVEX low-element EDX analyzer. XPS was performed on
a HP5950 ESCA spectrometer with monochromatic Al KR
radiation as the X-ray source. A Hitachi H 9000 NAR TEM

was used for analyses, with a point resolution of 0.18 nm at
300 kV in the phase-contrast high-resolution TEM (HRTEM)
imaging mode. The TEM sample was prepared by scratching a
small area of the product nanocrystal-coated MWCNTs off the
Si wafer and then placing it onto a copper TEM grid.

Results and Discussion

The assembly of nanocrystals onto the CNT array is
demonstrated by SEM and TEM images. As a comparison,
Figure 2a,b shows the SEM images of as-grown, vertically
aligned MWCNTs on a Si wafer. A catalyst particle containing
Ni caps the tip of each CNT, preventing the assembly of
nanocrystals onto the interior surface of the CNTs. The external
surface of the CNTs appears smooth with no particles observed.
Figure 2c shows a similar MWCNT array coated with Ag
nanocrystals. The Ag nanocrystals are distributed on the outside
surfaces of the CNTs and particularly on the upper portion of
the aligned MWCNTs because of the strong field enhancement
effect close to the tips. Evidence of these nanocrystals is seen
in the higher-magnification SEM image shown in Figure 2d.
Figure 2e shows a typical low-magnification TEM image of
the nanocrystal-coated MWCNTs. Both the nanocrystal areal
density and the average nanocrystal size maximize at the CNT
tip, consistent with the SEM observation (Figure 2d). The CNT
in Figure 2e bears a bamboo structure that is typical of the
PECVD growth process.34 The crystallinity of Ag nanocrystals
on CNTs is confirmed by lattice fringes indexed in the HRTEM
image of Figure 2f. The measured lattice spacings of 0.20 and

Figure 1. Schematic diagram for the assembly of Ag nanocrystals
onto vertically aligned MWCNTs.

Figure 2. SEM images (a-d) of an as-grown MWCNT array on a
silicon substrate at (a) lower magnification and (b) higher magnification;
(c) evidence of nanocrystals coating MWCNTs at a lower magnification
and (d) a higher magnification image of a region in image (c), showing
nanocrystals deposited on the external surfaces and tips of the
MWCNTs. (e) TEM image of a nanocrystal-coated MWCNT scratched
from the Si wafer. (f) HRTEM image showing lattice fringes of Ag
nanocrystals deposited on a MWCNT.
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0.23 nm correspond to the (200) and (111) planes of silver
crystal, respectively.

The hybrid Ag nanocrystal-CNT structures were examined
with EDX and XPS. Figure 3 shows an EDX spectrum of the
as-prepared sample with a tilted angle of 60° between the Si
wafer and the electron beam. A weak silver signal is present in
the spectrum in contrast to the stronger Cr, Ni, Si, and C peaks
from the original aligned CNTs and the Si substrate because of
the smaller amount of Ag in the sample. It is difficult to estimate
the total amount of Ag accurately because of the changing Ag
areal density caused by the uneven deposition from the varying
electric field along the length of the CNT (discussed further
below). Assuming a 10% surface coverage of Ag nanocrystals
on the CNT surface, Ag represents only about 0.02% of the
total sample mass. Figure 4 shows the XPS spectra of the aligned
MWCNTs coated with Ag nanocrystals. The binding energies
of 367.8 and 373.8 eV shown in Figure 4a correspond to the
peaks of Ag 3d5/2 and 3d3/2 doublets,35 respectively. Figure 4b
shows the peak of C 1s core level with a binding energy of
284.6 eV.35

On the basis of our prior study,28 the electric field and flow
residence time are two critical parameters that govern the
nanocrystal assembly process. In this study, the gas flow rate
(total flow residence time) was fixed and it is thought that the
electric-field distribution determines the final Ag nanocrystal
distribution on the CNTs. There are varying CNT heights in
the array shown in Figure 2. More crystals are distributed at
the tips of taller CNTs likely because of a larger field
enhancement for these taller CNTs, and perhaps also due to
shadowing effects. The CNTs in the array are close to each
other, and the proximity effect (field-screening effect) results
in field enhancement only at the tip portion of the CNTs. A
larger field enhancement is expected at the tips of taller CNTs.
The higher electric field can attract larger nanocrystals with
smaller electrical mobilities (for the same charge level on all
nanocrystals).28 The observed larger nanocrystals near the tip
of CNTs suggest the critical role of the electric field on the
assembly process because a shadowing effect, only, should not
lead to the variation in nanoparticle size along the CNT length.

We have also observed a similar variation in nanoparticle
areal density and size on isolated CNTs. Figure 5a shows a SEM
image of an isolated CNT coated with Ag nanocrystals from
the tip to the root. The upper portion of the tube is enlarged
and shown in Figure 5b. Both the nanocrystal areal density and
the average nanocrystal size decrease along the CNT from the
tip to its root. For an isolated CNT, the proximity and shadowing
effects are not present, and a variation of the nanocrystal
distribution along the full tube length can only be attributed to

the variation in the electric field along the tube axis. Therefore,
our results clearly support the critical role of the electric field
during the assembly process.

The electric-field distribution near the CNT surface was
modeled in an attempt to potentially provide an understanding
of the experimental observations. The vertical CNT was modeled
as a cylinder with a hemispherical cap.36,37 To simplify the
model, a 2D computational domain with vertical CNT(s) against
a flat plane is considered. The CNT is assumed to have the
same dimensions as those used in the experiments, that is, 150
nm in diameter and 10µm in length. The electric-field
distribution over the domain is computed by numerically solving
the Laplace equation using “charged particle optics software”
(CPO version 5.2, CPO Ltd., 2004). The field enhancement
factor (γ), which is defined as the ratio of the local field to that
of the uniform field that would exist between two smooth plates

Figure 3. SEM-EDX spectrum of vertically aligned MWCNTs coated
with Ag nanocrystals.

Figure 4. XPS spectra of (a) Ag 3d core levels and (b) C 1s core
level of the aligned CNT array coated with Ag nanocrystals.

Figure 5. (a) SEM image of an isolated vertically aligned MWCNT
coated with Ag nanocrystals, and (b) the enlarged view of the same
MWCNT showing variations of the nanocrystal size and areal density
along the length of the CNT.
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without the CNT(s) present, was obtained along the length of
the CNT and is discussed further below.

The electric-field distribution was obtained for a single
isolated CNT and for a four-tube square array having the same
intertube spacing (500 nm) as that of the experimental sample.
Figure 6 shows thatγ monotonically increases from the root to
the tip of the CNT in both cases. The field enhancement is much
weaker for the four-tube array than for the isolated CNT because
of the shielding effect, as expected. The modeling results are
comparable to those published in the literature.36,37 Such
modeling points to the possible relevance of field enhancement
as influencing the locations nanocrystals are deposited during
the ESFDA process.

Conclusions

The ESFDA technique was used to assemble aerosol Ag
nanocrystals onto the external surfaces of vertically aligned
MWCNTs, as confirmed with SEM and TEM images and SEM-
EDX and XPS spectra. The electric-field distribution near the
CNT surface was computed using a simple model of the CNT
as a cylinder with a hemispherical cap; the field-enhancement
factor increases from the root to the tip of the CNT for the two
cases studied. The areal density and size distributions of Ag
nanocrystals observed along the CNTs in the vertical array can
be rationalized by the variation of the electric field near the
CNT surface; it is possible that shadowing effects also play a
minor role on the variation in the nanocrystal areal density but
not the nanocrystal size. Novel hybrid nanostructures prepared
using the ESFDA technique may open up new opportunities
for CNT applications.
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