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ABSTRACT: Here we report a chemical-free, simple, and novel
method in which a part from a silver-based anode is controllably
used in a straightforward manner to produce silver nanoparti-
cles (Ag NPs) in order to fabricate a controlled assembly of Ag
NPs and single walled carbon nanotube (SWCNT) hybrid
structures. The attachment and distribution of Ag NPs along
SWCNTs have been investigated and characterized by field
emission scanning electron microscopy (FESEM). We have

achieved the decoration of SWCNT's with different densities of

Ag NPs by changing the deposition time, the applied voltage,
and the location of carbon nanotubes with respect to the anode.
At low voltage, single silver nanoparticle is successfully attached
at the open ends of SWCNT's whereas at high voltage, inter-
mediate and full coverage densities of Ag NPs are observed. As
voltage is further increased, fractals of Ag NPs along SWCNT's

are observed. In addition, a device based on a Ag NPs—SWNT hybrid structure is used for the label-free detection of ssDNA
molecules immobilized on it. We believe that the proposed method can be used to decorate and/or assemble metal nanoparticles or
fractal patterns along SWCNT's with different novel metals such as gold, silver, and copper and can be exploited in various sensitive

applications for fundamental research and nanotechnology.

etal decoration on nanotubes has opened a new avenue
Mof research with significant opportunities in various
fields.' ' One main purpose of the decoration of nanotubes is
to make a sensitive hybrid device in which metal nanoparticles
act as reactive sites for the adsorption of the chemical and/or
biological species. In particular, the assembly of carbon nano-
tubes (CNTs) and silver nanoparticles (Ag NPs) has specific
interest as a new hybrid material because its recent potential
applications have been found useful in the study of SERS,*"!
antimicrobial agents,12 pH sensors, ™ gas sensors,"* electrical
conductivity enhancement,'® electrocatalytic activity,'® etc. Sev-
eral methods of metal decoration on CNT's have been reported”
and reviewed.”'® Electrodeposition is the most popular tech-
nique used so far for the selective decoration of nanoparticles
along CN'Ts."”** These methods decorate CN'Ts with metals but
require the use of chemicals and/or catalysts. In this context, we
report a new, simple, chemical- and catalyst-free technique provid-
ing different densities of Ag NPs on the SWCNT network that can

< ACS Publications © xxxx American Chemical Society

be used to fabricate Ag NPs—SWNT-based hybrid nanostructures
having potential use in various nanotechnological applications.
Our simple method to decorate SWCNTs is depicted sche-
matically in Figure 1A and explained in Experimental Methods.
At first, SWCNTSs were grown on highly doped SiO,/Si (100)
wafers by a chemical vapor deposition method as described* and
used*® previously in our study. Figure 1B shows the pristine
SWCNTs connected to the cathode during the nanoparticle
deposition process. After an application of S00 mV potential
between the electrodes for 19 min, the device was taken out of
the DI water, dried under nitrogen gas, and subsequently imaged
in FESEM. The corresponding Ag-decorated nanotubes are
shown in Figure 1C. The images of SWCNTs before
(Figure 1B) and after the deposition (Figure 1C) clearly
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Figure 1. Attachment of silver nanoparticles on single walled carbon
nanotubes. (A) A schematic presentation of silver nanoparticle (orange
color) attachment under an electric field. FESEM micrographs repre-
senting the SWCNT network (B) before and (C) after the decoration
with Ag NPs. Inset: The magnified image of the dotted rectangular
portion in C. The scale bar represents 1 ym length.

demonstrate the proof of the principle of this method, indicating
a selective decoration of SWCNT's with Ag NPs.

A single nanoparticle attachment at the tip of the SWCNT is
observed at 250 mV as shown by a white dotted circle in
Figure 2A. Here the distance between two electrodes was set
to 100 um. The potential was applied for 19 min. It is very likely
to have a single particle decoration at the free end (where the
electric field is high) of the SWCNT whose one end is clamped
and connected to the cathode, which is described in Experi-
mental Methods. In Figure 2B, one nanotube clearly shows the
nanoparticle attachment at the tip whereas the other nanotube
does not show any attachment of silver nanoparticle. This could
be due to the broken connection of nanotubes. Here the electric
field distribution between two metal electrodes in DI water
influences as well as directs the nanoparticle attachment on the
SWCNTs. Recently we have also observed that the electric field
distribution between two electrodes play an important role in the
growth of various Cu,O nanostructures.”’

To achieve an intermediate and full coverage of the decora-
tion, we have increased the potential from 250 mV to 500 mV,
keeping the deposition time the same (19 min) as it was for the
attachment of a single particle. We have monitored the formation
of the Ag NP assembly on SWCNTs at different places with
respect to the electrodes. Because there are different nanotubes
attached at different places of the cathode, the electric field
distribution depends on the specific position of the SWCNTs
with respect to the anode. Note that the cathode and the anode
are of rectangular shapes (300 x 100 um*). Here the effective
electric field plays an important role on the Ag NPs attachment to
SWCNTs. In our results, geometry of the metal pads
(electrodes) and the respective position of the nanotubes enable
the different particle densities along the SWCNT. Figure 2C and
2D shows the coverage with a few particles along the SWCNTs.
Note that these nanotubes were selected from the particular
location where the density of Ag NPs was low. Also there is the
possibility of semiconducting nanotubes in the SWCNT network
that might show a relatively lower density of particles.

The above-mentioned device with the same parameters as in
the case of medium coverage with Ag NPs also shows high
coverage of particles as shown in Figure 2E and 2F. The high

coverage with Ag NPs is observed near the cathode region
(Figure 2E,F) facing to the anode. We have observed full
coverage with silver particles, which is equivalent to a new class
of hybrid materials composed of metallic nanowire and
SWCNTSs. More dense patterns were observed at the tip of the
SWCNTs attached to the cathode (Figure 2E,F). Importantly,
we observe that the nanotubes that are not connected to the
electrodes remain unaffected by the decoration, confirming that
the process is directed by the electric field. Figure 2C—F
demonstrates that different particle densities can be obtained
along the SWCNTs based on the distribution of electric field.

We also investigated the use of higher voltages on the decora-
tion process of the SWCNT network. Higher external potential
causes the Ag NP-based aggregates to grow into fractal patterns
along the SWCNTs (Figure 3). The presence of SWCNT's can be
observed in the fractal patterns as shown by the arrows in
Figure 3B—E. Here Ag NPs form clusters of fractal patterns on
the SWCNT's which act as dividers for the growth patterns, and the
attached Ag NPs might act as the point of nucleation growth. Two
types of fractal patterns were clearly visible as shown in Figure 3.
The first type of patterns, shown in Figure 3A—C, was observed
after the application of 1 V external potential during 10 min.
Increased voltage causes a higher density of Ag NPs along the
SWCNT, indicating a fast and multistep process. Consistent
growth of these patterns was directed along the nanotubes,
keeping the nanotubes at the center.

During the deposition, some Ag™ ions also deposit at the Ag-
cathode and nucleate to form nanoparticles. These freshly
deposited Ag NPs at the Ag-cathode can be ejected back from
the cathode to restore the anode by reversing the biases at the
electrodes for a short duration. We found that these Ag NPs can
also be utilized to form rapid and controlled assembly of fractal
patterns along and around the SWCNTSs. Fractal patterns thus
formed are noted as the second type of patterns and are shown
in Figure 3D—F. These patterns were formed by reversing
the polarity of the electrodes of a sample that had undergone
the intermediate coverage decoration process at 500 mV and the
fractal formation for 10 s deposition time with 1.5 V reverse bias.
These results demonstrate that the present approach can be used
for the synthesis of Ag fractal patterns along the SWCNTs.
Fractal patterns along SWCNT's can have useful applications in
SERS-based sensors and detectors.

Finally, the Ag NP-decorated SWCNT's were used to fabricate
two-terminal electrical devices for biosensing applications
(Figure 4A). Current—voltage (I=V) measurements were car-
ried out on the hybrid devices to probe the electrical detection of
immobilized DNA molecules. We measured the I—V character-
istics for the device treated with (i) high salt buffer, (ii) DNA in
high salt buffer, (iii) deionized water to rinse and clean, and (iv)
DNA in hybridization buffer in order to rule out any changes in
its resistance values due to the salt buffers only. The black curve
in Figure 4D represents the electrical characterization of the as-
fabricated hybrid device with a resistance of 170 k€2 prior to any
treatment with DNA molecules. After incubation with high salt
buffer only, the device was dried with nitrogen gas. The
corresponding electrical response presented by the red curve
shows an increase in the resistance to ~190 k€2. The same device
was again washed with DI water and treated with the thiolated
ssDNA in high salt buffer. After a 2 h treatment, the device was
dried with nitrogen gas and resistance was measured to be ~335
k€, as shown by the green curve. In order to determine the
resistance due only to ssDNAs, the device was extensively
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Figure 2. Controlled decoration with Ag NPs on SWCNTSs. (A and B) Attachment of a single silver nanoparticle at the open end (unclamped) of
SWCNTs. The circular dotted regions highlight the specific attachments. Intermediate decoration (C and D) and full coverage (E and F) with

nanoparticles along SWCNTs. The scale bar represents 1 ym length.

washed with DI water and dried with nitrogen gas. Note that after
the cleaning only thiolated DNA should be present on the device,
whereas the nonspecifically bound DNA as well as the buffer salts
should be removed. In this case we found the resistance value to be
around 220 k€2. We assumed that this value represents the device
resistance with only ssDNA attached via the Ag NPs to the nanotube.

Additional experiments were performed with 1x SSC (saline—
sodium citrate) hybridization buffer. The device was incubated in
this buffer for 2 h and dried with nitrogen gas. The changes in
electrical resistance are shown by the gray curve indicating (698
k€2) a further increase in resistance as compared to the green
curve measured with ssDNA under high salt bufter conditions.
The device was rinsed carefully twice with DI water and dried
with nitrogen gas. The measured electrical response on the
washed device is shown by the cyan curve. Measured resistance
of the device was ~226 k€2, which is very close to the resistance
of the device with ssDNAs attached via Ag NPs alone above (220
k<, blue curve), confirming the label-free detection of ssDNA
molecules immobilized on this hybrid device.

In conclusion, we have shown a controlled and selective
decoration process of SWCNTSs with Ag NPs by introducing a
self-sacrificial layer-based technique and used it for the label-free
detection of ssDNA molecules accurately under different buffer
conditions. The approach represents a simple and catalyst- and
chemical-free electrodepostion of Ag NPs on SWCNTS, leading to
a clean, active surface at a predefined substrate location that can be
potentially used in a wide variety of sensor and detector applica-
tions. Such hybrid/fully decorated SWCNT's can be used as metal
nanowires for applications in biosensing or fractal formations.
Further investigations of such nanobiohybrid devices coupled with
microfluidics may provide more sensitive and specific approaches
for DNA hybridization detection and real time detection of single
base pair mismatches in liquid environments.

B EXPERIMENTAL METHODS

Experimental Details. The size of the substrates was ~8 x 8
mm®. At a specific location, defined by the density of the SWCNT

Figure 3. High coverage with Ag NPs along the SWCNTs. (A—C)
FESEM images representing fractal nanopattern formation with Ag NPs
along the SWCNT. (D and F) FESEM micrographs of two-dimensional
fractal patterns. The arrows indicate the position of SWCNTs attached
to the patterns. The scale bar represents 1 ym length.

network, electrical pads were patterned by conventional lithography
followed by the metallization using an e-beam deposition system. The
electrodes are of rectangular shape with area ~300 x 100 m?, thickness
~100 nm. As in our previous study, we used deionized (DI) water
(resistivity ~18 MQ-cm, S mL) as an electrolyte for the electrodeposi-
tion process. In this method, one end of the SWCNT's were electrically
contacted by a 100 nm silver layer on top of an adhesion layer of 5 nm Ti.
Here, SWCNTs were used as the template (defined as the cathode
electrode) for the deposition, and an additional silver contact pad,
defined as the anode electrode, served as the depot for the Ag NPs. Note
that the silver anode used as a sacrificial layer, and only a small portion,
was contributing to the metal decoration (Figure 1A), and we found that
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Figure 4. Biosensing with a Ag NPs-decorated SWCNT hybrid device. (A) FESEM micrograph of a Ag NPs—SWCNT-based hybrid two-terminal
electrical device. (B) Zoomed image of the selected portion indicated by white dotted square region in A. (C) Schematics of immobilized ssDNA on Ag
NPs—SWCNT-based hybrid devices. (D) The current—voltage (I—V) characteristics of the device under specific biological conditions (as indicated in

the graph). The scale bar represents 1 #m length.

this metal layer was more than sufficient for the coating with Ag NPs at
different densities on the SWCNT network.

Electrodeposition was carried out by applying a potential between
two electrodes as explained above. The size of the electrodes and the
distance between the two electrodes were kept constant while the
potential was varied for the results presented in this study. A Karl-Suss
micromanipulator accompanied by a Keithley 4200 source measure unit
(SMU) was used for micromanipulation, contacting electrodes, and
controlling voltages for the synthesis and also to measure the current—
voltage characteristics in this study. Prior to inducing any voltage, the
micromanipulator probes were connected to the pads of the sample that
was immersed in DI water in order to connect cathode and anode.

Under an electric field in water at the positive terminal anode, silver
atoms move out from the metal as Ag ions, leaving electrons in the
electrode (Figure 1A). The difference in potential between the anode
and cathode gives the driving force to these ions to flow from anode to
cathode. The Ag ions released from the silver anode accumulate on the
SWCNTSs connected to the cathode where reduction occurs. Release of
particles from the positive terminal depends on the applied potential and
thus it affects the coverage with Ag NPs on the SWCNTs.

During SWCNT decoration with Ag NPs, we have observed that the
coverage of particles depends on the distance between the two electro-
des, applied bias voltage, deposition time, and the location of the
SWCNTs attached to the cathode with respect to the anode. Different
potentials were applied to achieve a very low density (one particle) to a
very high density of nanoparticles. Rapid self-assembly of Ag NPs into a
fractal pattern was observed at high voltages.

Biosensing Device Fabrication. The silver cathode already
attached to one end of the hybrid structure was used as one of the
metal contacts. The other contact was made by e-beam lithography
followed by an e-beam deposition of a 100 nm Au layer on top of the

S nm Ti layer. The Keithley SMU was used to measure the I—=V
characteristics through the device. A newly fabricated hybrid device was
incubated with a drop of ssDNA molecules for 2 h. Specific immobiliza-
tion of thiolated ssDNA (sequence: S'thiol TCA TAC AGC TAG ATA
ACC AAA GA) was carried out in high salt buffer, 1 M NaCl, phosphate
buffer 10 mM, pH 7.4. In the incubation step, enough humidity was
maintained to prevent the drop from drying.

B ASSOCIATED CONTENT

© Ssupporting Information. A table presenting the decora-
tion time for forming various densities of Ag Nps along SWCNT's
and an AFM image of a single nanoparticle-decorated SWCNT.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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