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a b s t r a c t

Electrodeposition of long and well-defined gold nanotubes in polycarbonate (PC) templates is still a major
concern due to pore blockage problems. In the present study, we introduce a novel method for electrode-
position of long gold nanotubes within the pores of PC templates for the first time. In order to deposit
gold atoms onto the pore walls preferentially, pore walls were functionalized with a coupling agent.
Short and thin Ni nanotubes were then electrodeposited at the bottom of the pores. Gold nanotubes
were subsequently electrodeposited at constant potentials and low solution concentrations. The mor-
phology of nanotubes was characterized by electron microscopy and their formation mechanism was
olycarbonate membranes
ontrolled chemical etching
anoelectrode ensembles

discussed in detail. Gold nanotubes were fabricated inside PC template with different lengths even as
long as the template thickness which was about 6 �m. Using controlled chemical etching of PC template,
three-dimensional gold nanoelectrode ensembles (3D GNEs) were developed which show much higher
sensitivity compared to their embedded GNEs counterparts in the presence of Fe2+/Fe3+ redox couple.
Cyclic voltammograms show that the sensitivity of 3D GNEs increases with increasing the number of

etching cycle.

. Introduction

Gold nanotube ensembles and arrays are of great interest
ecause of their excellent properties such as high sensitivity in
etecting different materials, and chemical and physical stability
1]. “Template Synthesis” is the most versatile method for fab-
ication of nanoarrays especially ensembles of gold nanotubes
eveloped by Martin et al. [2–4]. In template synthesis, arrays of
anomaterials could be prepared inside a porous template such as
olycarbonate (PC) or anodic aluminum oxide (AAO). Using tem-
late synthesis, nanowires and nanotubes of different metals [5–7],
emiconductors [8–10] and polymers [11–13] could be prepared.
dvantages of such templates are good control over dimensions of

arget and preparing wide range of materials with aligned struc-
ures [14]. Three-dimensional (3D) gold nanoelectrode ensembles
GNEs), however, show much higher sensitivity compared to their

wo-dimensional (2D) counterparts [15]. Zoski [16] proposed a
ser friendly method for developing 3D nanoelectrodes of gold
anowires using controlled chemical etching of PC templates. In
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this method, a mixture of dichloromethane (CH2Cl2) and ethanol
was employed and several solvent/dry wipes were used aiming to
expose brushes of gold nanowires. To date, most of the activities
for the fabrication of gold nanotubes in PC templates have been
carried out through electroless method [2,17–21] and to best of
our knowledge, there is no report using electrochemical method
in these templates describing perfect long gold nanotubes [22,23].
Wang et al. [24] fabricated short gold nanotubes in PC templates
through electrodeposition method which resulted in nanorods in
prolonged times as one of the very few works. This may be due
to problems in achieving perfect gold nanotubes through electro-
chemical method. In fact, gold grows both vertically and radially
inside the template and the pores will be blocked soon during
deposition. As a result, the fabricated gold nanotubes have to be
short in length to prevent blockage of the nanotubes [24,25]. This
problem, indeed, is an obstacle for developing desired length of
nanotubes and also their application as 3D nanoelectrodes since
nanotubes should have a length almost equal to the template thick-
ness to ensure that gold brushes will be exposed by the controlled
chemical etching of PC template. Here, we report a simple elec-
trochemical method for preparation of long gold nanotubes in PC
templates with different lengths and nearly equal to the template

thickness. 3D GNEs were then prepared simply by chemical etching
of PC template and their sensitivity was measured in the presence
of Fe2+/Fe3+ reversible couple and compared to embedded GNEs.
The proposed method has an advantage over electroless method
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http://www.sciencedirect.com/science/journal/00134686
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mailto:bahari@mehr.sharif.edu
mailto:Ghorbani@sharif.edu
mailto:Dolati@sharif.edu
dx.doi.org/10.1016/j.electacta.2012.04.119


158 Y. Bahari Mollamahalle et al. / Electrochimica Acta 75 (2012) 157–163

: (a) t

s
o
o
[
w
p
r
a
t
f
m
s
i
t
i
s
g

2

g

F
o
m

Fig. 1. FE-SEM images of PC template

ince in electroless deposition there is no control over the length
f nanotubes except the template thickness and gold deposits all
ver the template including entire pore walls and both surfaces
19,20]. Moreover, deposition of gold atoms rather than the pore
alls takes place on both surfaces (top and bottom) of PC tem-
late which is not suitable for sensing applications and should be
emoved. This needs another complementary step, usually by using
scotch tape to remove the deposited gold from the surface of PC

emplate [4]. However, it may result in pulling out of nanotubes
rom the template [16]. In contrast, here, in the electrodeposition

ethod, desired lengths of nanotubes could be prepared and depo-
ition starts from the bottom of the pores to the top. Therefore, there
s not any deposited gold on the top surface. Moreover, in contrast
o the previous works with AAO template, creating 3D nanotubes
s accompanied using both long gold nanotubes and PC as template
ince PC could be sealed around the nanotubes which results in
ood sensitivity.
. Experimental

All the electrodeposition experiments were performed in a
lass tube cell at room temperature with a potentiostat (Autolab,

ig. 2. Schematic illustration for fabrication of long gold nanotubes: (a) bare PC membr
ne face of the PC membrane; (d) electrodeposition of Ni nanotubes; (e) gold nanotube
embrane.
op view and (b) cross sectional view.

PGSTAT302N) instrument. Saturated calomel electrode (SCE) and
platinum plate were used as the reference and counter electrode,
respectively. Commercial PC membrane (Whatman) with nomi-
nal pore sizes of 200 nm was used as template. The inner side of
the template was hydrophilic and coated with polyvinylpyrroli-
done (PVP) by the vendor. The thickness and pore density of
templates were 6 �m and 3.4 × 108 pores/cm2, respectively, deter-
mined by field emission scanning electron microscopy (FE-SEM,
Hitachi, S-4160) images (Fig. 1a and b). Prior to each exper-
iment, the pore walls of the template were functionalized by
3-aminopropyltriethoxysilane (APES) as coupling agent under
30 min of ultrasonication.

To ensure a good electrical contact, a thin layer of gold with the
thickness of 30 nm was sputtered on one side of the template. This
layer is too thin to bridge over the pores and leaves the pores open.
The template was then soaked in deionized water for 5 min under
ultrasonication right before the electrodeposition test. This step is
necessary for obtaining reproducible results and a homogeneous

growth over the whole growing area [26]. The sputtered side of
the template was attached to the working electrode and the bare
side was exposed to the solution. Before the gold electrodeposi-
tion, Ni was electrodeposited at a constant potential of −900 mV

ane; (b) modification of pore walls with molecular anchor; (c) gold sputtering on
s electrodeposition; (f) 3D gold nanotubes after controlled chemical etching of PC
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indeed, is necessary for obtaining gold nanotubes. The other role
Fig. 3. Cyclic voltammogram for a 5 mM gold solution (scan rate = 20 mV/s).

rom a solution containing 0.8 mol/L NiSO4·6H2O, 0.5 mol/L H3BO3,
nd 0.3 mol/L KCl for about 1 min. This results in short Ni nano-
ubes with the length of about few hundred nanometers [27].
old nanotubes were potentiostatically electrodeposited from dif-

erent potassium gold cyanide (KAu(CN)2) solutions prepared as
escribed previously [28]. A schematic diagram of the procedure is
hown in Fig. 2. After electrodeposition, the templates rinsed totally
y deionized water to remove impurities. The PC templates were
issolved in CH2Cl2 (partially by adding a few drops of CH2Cl2 on PC
emplate or completely by leaving PC template in CH2Cl2 solution
or 30 min) in order to be characterized by FE-SEM. For characteri-
ation by transmission electron microscopy (TEM, Philips, CM 200
perating at an accelerating voltage of 200 kV), released nanotubes
ere centrifuged, dispersed in ethanol solution and one drop was
laced on carbon grid. In order to make 3D nanoelectrodes, a mix-
ure of CH2Cl2 and ethanol with equal volumes (50:50) was selected
nd several solvent/dry wipes were used according to the method
roposed by Zoski [16]. For sensing experiment, GNEs embedded
emplate was first heated at 150 ◦C (above the glassy transition
emperature of PC membrane) for 15 min in order to seal the mem-
rane around the GNEs. Backside of GNEs was then attached on a
opper electrode by carbon paste. A hole with 3 mm diameter was
unched on an insulator tape and pasted over the GNEs and whole
lectrode was carefully sealed. The surface of GNEs was cleaned
y cycling from 0 to 1.5 V in 0.5 M sulfuric acid until reproducible
esults were obtained.

. Results and discussion

.1. Electrodeposition behavior of gold in PC pores

Fig. 3 represents a typical cyclic voltammetry (CV) curve for
5 mM gold solution at a scan rate of 20 mV/s. It could be obvi-

usly observed that there are two distinct peaks at −540 mV
nd −1020 mV in the cathodic scan that can be interpreted in
erms of Au reduction through the adsorptive decomplexing of
u(CN)2

− to Au(CN)ads and direct reduction of gold cyanide com-
lex to metallic gold, respectively. The electrochemical reaction
t the end of cathodic sweep corresponds to the hydrogen evo-
ution reaction [28,29]. The reduction of gold could be assumed
s an irreversible electrochemical reaction since there is no oxida-
ion peak in the reverse scan close to the reduction peak potential
�E ≥ 59 mV).

Fig. 4 shows chronoamperometric curve for a step potential of

900 mV in which the current density increases at initial stages due

o the nucleation and growth process and then drops by increasing
he concentration gradient of electroactive species on the surface
Fig. 4. j–t curve for a 5 mM gold solution at a step potential of −900 mV vs SCE. The
inset shows the related j–t−1/2 diagram.

(i.e. growing the diffusion layer into the solution) [30] according to
Cottrell equation:

J(t) =
(

nFC∞D1/2

�1/2

)
t−1/2 (1)

where n, F, C∞, D and t are the number of exchanged electron
involved in the electrode process, Faraday constant, the solution
bulk concentration, diffusion coefficient, and time respectively.
The well-defined maximum peak is a result of encountering two
mentioned phenomena (i.e. nucleation and growth with diffusion).
Based on the linear relation of current with reverse square root
of time, diffusion coefficient could be determined from the slope
of the curve (the inset of Fig. 4). The calculated value for D was
4.37 × 10−5 for a 5 mM gold solution.

3.2. Gold nanotubes formation inside PC pores

In this study, we applied different modifications to achieve the
nanotube structure. First, the pore walls were activated and func-
tionalized by APES. APES molecules easily adsorb to the hydrophilic
pore walls by ethoxy groups while amino groups are facing to the
solution. Gold ions have a strong tendency to adsorb on amino
groups. This makes vertical growth rate to be much more than
radial growth. In other words, formation of gold nanotubes would
be facilitated using the coupling agent. Short Ni nanotubes were
then fabricated at the bottom of the pores to assure that gold ions
will certainly deposit inside the pores. If this step is ignored, gold
would be deposited on backside of the template rather than on
the pore walls which lowers the efficiency of gold deposition and
results in unrepeatable data. Tian et al. [31] who fabricated different
types of metal nanowires in PC template reported that during the
initial 1–2 min of the electrodeposition, a more negative potential
is needed to deposit metals into the pores. They believed that with-
out this initial higher negative potential step, metal tends to grow
laterally onto the conducting film instead of into the pores. How-
ever, it seems that this approach could not be applied for nanotubes
since the high overpotentials result in high reduction rate of metal
which in case block the pores and forms nanowires. Slow kinetic,
of Ni layer is to protect backside gold sputtered of the template by
preventing it from dissolution before starting the deposition test.
Gold dissolution occurs because of the presence of free cyanide ions
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ig. 5. (a) FE-SEM micrographs of gold nanotubes prepared in 5 mM gold solution
issolving the PC template and (b) EDX analysis for an individual gold nanotube.

n the electrolyte solution. During the gold deposition, gold atoms
referentially deposit onto the pore walls and as gold slowly grows

nside the pores, the coupling agent makes sure that the structure
ould be hollow tubes. As it mentioned earlier, the electrochemical

trategy for obtaining nanotubes is that the deposition rate should
e slow. This implies using a dilute solution with a low deposition
otential (current density). Slow kinetic makes it easy to prepare
anotubes by diffusion of gold ions from bulk solution into the
ores and gold atoms are gradually deposited onto the pores walls
nd grow toward the bulk solution. Fig. 5a shows such conditions
y using a 5 mM gold solution at the constant deposition potential
f −900 mV which clearly shows that hollow gold nanotubes are
ormed with a wall thickness of about 40 nm. It is reported [32] that
he pores in PC templates are not aligned parallel but could have a
onsiderable angular deviation of 34◦ as it is clear in Fig. 1b. There-

ore, even if the electrochemical deposition would proceed well, the
engths of nanotubes still vary among different pores [32] as it will
e described later in this paper. In Fig. 5a, the wide angle deviations

ig. 6. FE-SEM images of gold nanotubes: (a) gold nanotubes at initial times with; (b) thi
abricated in the same conditions (10 mM gold solution, −1400 mV deposition potential)
e constant potential of −900 mV vs SCE and a deposition time of 2 h after partial

(more than 34◦) between nanotubes are the result of etching PC by
CH2Cl2. The solvent bends nanotubes through mechanical force. A
gel-like layer seems that covers the tubes in some areas since the
PC template was partially etched.

The outer diameter of nanotubes even reaches to 275 nm, which
is more than the nominal diameter of the template pores. This is
because the pore diameter of PC template is not the same along
the thickness of the template. It is reported [26,32] that the pores
in PC are not cylindrical but rather cigarlike and the pore diam-
eter inside the template is much higher than the nominal pore
size [32]. Fig. 5b shows energy dispersive X-ray (EDX) analysis for
an individual gold nanotube after complete dissolution of PC tem-
plate which reveals Au element with high purity (100 at.%). Taking
advantage of coupling agent and deposited Ni, it was possible to
prepare hollow nanotubes even in higher solution concentration

and high deposition potential. Fig. 6a represents SEM micrographs
of gold nanotubes prepared in 10 mM gold solution and at the
potential of −1400 mV at early stages of electrodeposition. Very

n gold nanotubes with different; and (c) long gold nanotubes. All the samples were
but in different deposition times (210 s for b and 550 s for c).
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ig. 7. (a) FE-SEM micrographs of top surface of embedded gold nanotubes prepar
ore deposition times; (c) the prepared nanotubes in (a) after complete etching aw

old nanotube; (f) j–t curve for the prepared nanotubes in (a and c).

hin nanotubes are formed due to high overpotential of deposition.
ith further growth, gold deposition would be proceeded along the

ore walls. A careful view of these nanotubes (Fig. 6b) shows that
he bottom parts of nanotubes (black arrows) are thicker than other
arts (white arrows). This fact proposes that gold growth takes
lace much faster in vertical direction inside the pores rather than
adial direction. Prolonged electrodeposition time results in longer
old nanotubes (Fig. 6c) till nanotubes reach the membrane surface
Fig. 7a). Further electrodeposition results in filling the nanotubes
nd tubular structure converts to wire (Fig. 7b). As described ear-
ier, one of the most benefits of electrochemical growth compared
o electroless method is that the length of nanotubes could be easily
ontrolled.

In electroless method, gold nucleates all over the pore walls

nd deposition starts from the pore walls toward the center of
he pores [19,20]. In comparison, in electrochemical deposition,
esired length of nanotubes is easily achievable by controlling
arameters such as the deposition time, deposition potential, and
the same conditions as Fig. 6 and deposition time of 660 s; (b) the nanotubes after
PC template; (d) some broken nanotubes from (c); (e) TEM image of an individual

concentration of solution. For instance, we have prepared different
lengths of nanotubes (Figs. 5a, 6a–c, and 7). Fig. 7a shows topside of
the gold nanotubes before dissolving the template. Gold nanotubes
are formed without any blockage with a good coverage because of
good template wetting. Fig. 7c shows forest of nanotubes after com-
plete etching away PC template in CH2Cl2. Some of the prepared
gold nanotubes in Fig. 7c are broken after dissolving the template
but many of them are perfect. Some of the broken gold nanotubes
are shown in Fig. 7d that clearly show hollow and thin nanotubes
(white arrows). Deposition time in Fig. 7c is longer (110 s) than that
of in Fig. 6d. It is noteworthy that the lengths of the nanotubes mea-
sured through the template, are not the same as mentioned before.
TEM image of an individual gold nanotube is represented in Fig. 7e
which depicts a hollow gold nanotube with a thin wall thickness

less than 20 nm all over its length. The difference in size of different
part of nanotubes (i.e., bottom to top) due to geometry of the pores
is clear in this figure, as it noted before. There is another important
factor that may be responsible for the formation of long nanotubes,
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Fig. 9 illustrates CV voltammograms for embedded and different
3D GNEs in 0.5 M sulfuric acid and at a scan rate of 100 mV/s. The
peak current in the forward scan is due to stripping of gold oxide
whereas the reverse scan shows a well-defined peak around 0.68 V
Fig. 8. FE-SEM images of 3D GNEs after: (a

pecially in high overpotentials and that is hydrogen evolution.
ukunaka et al. [33] reported that the formation of nanotubes is
ossible by suppression of hydrogen evolution in the nanopore.
riefly, at the very initial stage of electrodeposition, H+ ions are
educed to hydrogen molecules, and simultaneously, metallic ions
re reduced at the bottom of the nanopore. The concentration of dis-
olved hydrogen gas may initially be relatively low at the bottom of
he nanopore, but within a relatively short time, the hydrogen pres-
ure may exceed the critical value to form the nuclei of hydrogen
as bubble at the bottom of the pore. This bubble starts to grow,
nds partially or completely filling all of the pore length. Finally,
ydrogen dissolution into the liquid takes place and bubbles nucle-
tes again and a relatively small but continuous flow of hydrogen
ut of the pore is maintained while metal forms nanotube wall.
herefore, gas bubbles are detached from the PC template surface
eriodically which results in an abrupt current change. Fig. 7d and
, indeed, shows these facts clearly. A big hole is formed (black
rrows) at the wall of nanotube in Fig. 7d and there are some inter-
uptions in Fig. 7f in the j–t curve which could be attributed to the
ormation and dissolution of bubbles. It should be noted that in
he applied overpotential, defects are negligible regarding to the
hole fabricated nanotubes and could be ignored. Therefore, here,
ydrogen evolution could promote the formation of gold nanotubes
ather than it would be a problem but in higher overpotentials it
ay cause serious defects and damages to the structure.
It is worth noting again that without using the modification,

olid gold nanowires would be dominant structure since there is
o preferential adsorption site on the pore walls and hence gold
toms tend to deposit at the bottom of the pores.

.3. Controlled template etching for developing 3D GNEs
Fig. 8 shows SEM images recorded at different solvent/dry wipes
tching cycles for developing 3D GNEs. It could be clearly observed
hat by controlled chemical etching of the template, 3D GNEs are
ormed with different brush lengths in which the length of brushes
) 10; (c) 15; and (d) 20 solvent/dry wipes.

increases with an increase in the number of etching cycle. After 5
etching cycles, the surfaces of gold nanotubes are exposed (Fig. 8a).
10, 15 and 20 etching cycles result in exposing brushes of gold nano-
tubes with an average length about 100 nm, 350 nm and 550 nm,
respectively (Fig. 8b–d). However, further etching cycles could not
be easily employed since it may result in curling the template, cre-
ating voids and unsealing the nanoelectrodes which are not suitable
for electrochemical sensing.

3.4. Electrochemical response of deposited gold nanotubes
Fig. 9. Cyclic voltammograms for embedded and different 3D GNEs in 0.5 M sulfuric
acid (scan rate = 100 mV/s).



Y. Bahari Mollamahalle et al. / Electroc

F
b

d
t
i
a
w
e

o
a
f
i
t
s
a
t
s
t
s
e
t
s
s

4

i
fi
a
l
a

[

[
[

[
[

[
[
[
[

[

[

[

[

[
[

[

[

[

[

[

[

ig. 10. Cyclic voltammograms for embedded and different 3D GNEs in phosphate
uffer solution containing 5 mM K3Fe(CN)6 (pH = 7, scan rate = 10 mV/s).

ue to the high surface area of nanotubes exposed to the solution for
he formation of gold oxide. 3D GNEs introduce a dramatic increase
n the peak current compared to embedded GNEs which indicates
n increase in the active surface area. The peak currents in the for-
ard and reverse scans increase with an increase in the number of

tching cycles.
The sensitivity of 3D nanotubes were examined in the presence

f redox couple Fe2+/Fe3+ in phosphate buffer solution (PBS, pH = 7)
nd compared with embedded GNEs. Fig. 10 depicts CV curves
or both embedded and 3D GNEs. The peak shape curve for CV
ndicates overlapping of individual diffusion layer of each nanoelec-
rode because of high coverage and close spacing of nanoelectrodes
o that they act like a large electrode with equal geometric surface
rea [16]. As expected, 3D GNEs show a higher sensitivity compared
o embedded GNEs. The peak currents in both cathodic and anodic
cans enhance with exposing more surface area of GNEs toward
he solution. With increasing the etching steps, the geometrical
hape of fabricated nanoelectrodes changes from 2D to 3D nano-
lectrodes. In this process, more surface area is exposed toward
he solution also radial diffusion is promoted. Therefore more sen-
itivity could be observed toward the electroactive species in the
olution.

. Conclusions

In summary, we introduced electrodeposition of gold nanotubes
nside PC templates with different desired lengths. A diffusion coef-

cient of 4.37 × 10−5 cm2/s was calculated for 5 mM gold solution
t −900 mV. The FE-SEM images showed that the GNEs have a
ength as long as the template thickness. TEM observation revealed

well-defined hollow nanotube with a wall thickness of 20 nm.

[
[
[

himica Acta 75 (2012) 157–163 163

Different parameters such as coupling agent, Ni deposition, low
concentration solution, and hydrogen evolution should be carefully
considered for fabrication of gold nanotubes. 3D GNEs were easily
prepared by controlled chemical etching of long gold nanotubes.
The CV voltammograms of 3D GNEs revealed much higher sensi-
tivity (more than two times) compared to the embedded GNEs in
response to Fe2+/Fe3+ redox couple. The high sensitive 3D GNEs
could be used in many applications such as molecular detection.
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