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ABSTRACT: One-dimensional conducting polymer nano-
structure arrays could provide short ion transport paths, thus
delivering superior chemical/physical performance and having
large potential as intelligent switching materials. In this work,
in situ electrochemical atomic force microscopy is employed to
monitor the self-assembly of conducting polypyrrole nanotube
arrays in template-free electrochemical polymerization. The
specific spreading behavior of pyrrole micelles on the
conductive substrate is important to large-area self-assembly
of conducting polypyrrole nanotube arrays and the insight into
self-assembly of conducting polypyrrole nanotube arrays is
discussed. Moreover, compared with unoriented nanostruc-
tured polypyrrole, the conducting polypyrrole nanotube arrays
possess enhanced electrical and electrochemical performances.
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Nanostructured materials are used in a myriad of biological,
electrical, and optical devices.1−3 One-dimensional (1D)

nanostructured arrays possess superior chemical/physical
properties and have been applied in several fields, such as
chemical sensors,4 microelectronics,5 and supercapacitors,6 etc.
Among multiple technologies for nanofabrication of 1D
nanostructured arrays, template-based approaches are quite
common and flexible. However, removing of the templates,
such as anodic aluminum oxide and track-etched polycarbonate,
may be troublesome, and leads to aggregation and damage of
the nanostructures.7,8 Therefore, both scientific and techno-
logical interests have been focused on “template-free”
preparation of 1D nanostructured arrays by the vapor−
liquid−solid approach,7,8 gas solid reaction method,9 solution-
solid reaction,10 and in situ fabrication.11,12 The template-free
strategies are mainly devoted to inorganic (carbon, metals,
semiconductors and oxides) 1D nanostructured arrays. None-
theless, less effort has been devoted to organic and polymeric
ones.6,13

Conducting polymers (CPs), one type of functional
polymers with electroactivity,14,15 exhibit excellent biological

tissue compatibility, redox reversibility, and environmental
stability.16−18 1D CP nanostructure arrays, such as CP
nanowire arrays and CP nanotube arrays, have aroused much
interest among scientists due to the short transport path for
ions and large surface area, thus boding well for potential
applications in chemical/biological sensing,4 drug delivery,
energy storage,6 and intelligent switching materials.19,20 The
template-free electrochemical technique which is associated
with the self-assembly using basic building nanoblocks, is
applicable for 1D CP nanostructured arrays.4,6,21,22 The self-
assembly efficacy depends on the electrochemical conditions
and specific surfaces of the substrates, for example, conductive
substrate as the working electrode. Galvanostatic fabrication of
large-area CP nanowire arrays has been demonstrated on
conductive substrates coated with polyaniline and Au nanois-
lands.4,6 These layers have been proved pseudonucleation sites
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for the CPs, thus allowing the fabrication of 1D CP
nanostructure arrays over a large area. In spite of experimental
success, the mechanism is still not well known.
In the attempt to fabricate nanostructured CPs using a

template-free electrochemical approach, we find it hard to
harvest a large area on the surface of some conductive substrate
(e.g., titanium (Ti)), which may result from the incapability of
substrate to form sufficient active nucleation sites. As such,
several modification layers are introduced on Ti substrate to
tune the capability for forming active nucleation sites. In this
work, the in situ electrochemical atomic force microscopy (EC-
AFM) is employed to track the self-assembly process of
conducting polypyrrole (PPy) nanotube arrays (CPNAs)
during template-free electrochemical polymerization. The
surface characteristic of conductive substrate, that is, spreading
behaviors of Py micelles on Ti and Ti coated with a thin PPy
film (termed as prenucleation film, PNF) doped with Cl−

(designated as PNF/Cl−Ti) are investigated for the self-
assembly of CPNAs. In addition, the self-assembly on Ti coated
with PNF doped with β-naphthalenesulfonic acid (NSA)
(labeled as PNF/NSA-Ti) in various redox states as well as
on Ti coated with a layer of gold (Au−Ti) are also determined.
As detailed in the experimental details in the Supporting
Information, the PNF/Cl−Ti and Ti as the working electrodes
are placed on a Petri dish (Figure 1a) for in situ EC-AFM.
Before the fabrication of the nanostructured conducting PPy on
the working electrode, the spreading behavior (inset of Figure
1b) of the Py microdroplet (1 μL) on PNF/Cl−Ti is clearly
different from that on Ti. The surface contact angles are 64.3 ±
2.5° on PNF/Cl−Ti and 133.8 ± 3.8° on Ti. The in situ EC-
AFM height images of the nanostructured conducting PPy on
PNF/Cl−Ti and Ti obtained from different points in time are
depicted in Figure 1b. On PNF/Cl−Ti (Figure 1b1), surface
fluctuations are obvious in the three-dimensional (3D) AFM
image (0 s) compared to two-dimensional (2D) field-emission
scanning electron microscopy (FE-SEM, ZEISS Ultra 55,
Germany) image (data not shown here). After 5 s of template-
free electrochemical polymerization, protuberant nanoparticles
are faintly visible on PNF/Cl−Ti and clearly visible at 45 s. As
proceeding further, the protuberant nanoparticles become into
nanoneedled structures at 2 min and into 1D nanostructure
arrays at 5 min, accompanying with the disappearance of
surface fluctuations. The FE-SEM and transmission electron
microscopy (TEM, JEOL JEM-2100, Japan) images (Figure
1c1) reveal that hollow nanotubular structure with an inner
diameter of about 30 nm and outer diameter of approximately
60 nm (top section) are vertical to the PNF/Cl−Ti over a large
area. On the Ti substrate, the EC-AFM images (Figure 1b2)
disclose that the self-assembly process is very different from
that on PNF/Cl−Ti. The surface of Ti (0 s) is smoother and as
the process continues, only the changes in the surface
roughness and color can be identified, implying an increase in
height or thickness in a small area with time. Although no well-
defined nanostructures can be observed by EC-AFM, it is
believed that the rough area offers preferential sites for self-
assembly of nanostructured conducting PPy, which is indeed
confirmed by the FE-SEM image (Figure 1c2) showing
disordered nanoclusters at a small density.
To elucidate the growth mechanism, besides PNF/Cl−Ti

and Ti, PNF/NSA-Ti in various redox states and Au−Ti as
conductive substrates are studied. As shown in Figure 2, the
surface contact angles (spreading behavior of Py microdroplet
in electrolyte) of PNF/NSA-Ti in original state (2a1), reduced

sate (2a2), and oxidized state (2a3) are 80.1 ± 2.7°, 16.9 ±
1.1°, and 141.1 ± 3.4°, respectively. The difference of spreading
behavior is due to the changes of NSA strength on PNF/NSA-
Ti surface with various redox states, which, as shown in Figure
S2 in the Supporting Information, is verified by electron probe
microanalyzer (EPMA, Shimadzu 1720, Japan) technique.
Through self-assembly on PNF/NSA-Ti in original state, the

Figure 1. (a) Cross-section of Petri dish for EC-AFM. (b) Height
images of self-assembly fabrication process (0 s, 5 s, 45 s, 2 min, 5
min) of nanostructured conducting PPy on PNF/Cl−Ti (1) and Ti
(2) were recorded by in situ EC-AFM, insert: spread of Py droplet on
PNF/Cl−Ti and Ti. (c) FE-SEM images of nanostructured
conducting PPy fabricated (7 min) on PNF/Cl−Ti (1) and Ti (2);
insets: cross-sectional view (SEM) and nanotubular structure (FE-
SEM and TEM).
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large-area aligned nanostructured conducting PPy with a hollow
structure (inner diameter of about 30 nm) is formed, which can
be found in Figure 2b1. An irregular film (Figure 2b2) showing
vague nanoparticle grows on PNF/NSA-Ti in reduced state,
whereas twisty nanowires (Figure 2b3) with a small density on
PNF/NSA-Ti in oxidized state. Although the chemical
composition of Au−Ti is different from PNF/NSA-Ti, Au−
Ti shows a similar spreading behavior of Py microdroplet (83.5
± 3.0°, Figure 2a4) and subsequently harvests the same CPNAs
(Figure 2b4) as that on PNF/NSA-Ti in original state. It should
herein be noted that various redox states of PNF/NSA-Ti must
be returned to the same final state (i.e., oxidized state) once the
electrochemical polymerization is triggered, and nevertheless
the spreading behavior has already been achieved before the
returning (i.e., spreading behaviors here are discussed before
not after the electrochemical polymerization). Hence, the
spreading behavior of the Py microdroplet on the conductive
substrate plays an important role in large-area self-assembly of
CPNAs, which is independent of surface chemical composition
of conductive substrates.
The schematic describing an insight into self-assembly of

CPNAs in template-free electrochemical polymerization is
discussed in Figure 3. The Py micelles with a diameter of about
60 nm (Figure 3a*, measured by zetasizer nanoanalyzer
(Malvern Nano-ZS, Britain)) are stabilized by NSA (i.e., Py-

NSA micelles) and dispersed in phosphate buffer solution
(PBS) as the electrolyte. It is noteworthy that the PBS renders
the polymerization of Py a stable medium with constant pH,
which is one of important factors for fabricating fine
nanostructures. The electrode surface then attracts (“anchor”
as metaphor) Py-NSA micelles due to the positive potential.
Owing to Py-repellence (Figure 3b1) on the PNF-Ti surface
(Ti and PNF/NSA-Ti in oxidized state), most of Py-NSA
micelles are unable to be free from the anchors whereas Figure
3c1 and 3d1 show that all the Py-NSA micelles are free from
the anchors and thereby supporting firm adhesion of micelles
on the PNF-Ti surface (PNF/Cl−Ti, and PNF/NSA-Ti in the
original state and reduced state). Only when the Py-NSA
micelles spread on the electrode can the electrochemical
polymerization of Py-NSA micelles be triggered.
Because the Py-NSA micelles hold their shape (poor

spreading behavior), the Py-NSA micelles are prone to being
free from the anchors, electrochemical polymerization of Py is
triggered from the bottom of the Py-NSA micelles layer by
layer, and subsequently the solid nanograins (Figure 3b2, b2*)
appear on PNF-Ti. Because of the small density and being
surrounded by micelles/anchors, the nanograins are in
anisotropic space and the self-assembly of Py-NSA micelles
on the nanograins is out of order (Figure 3b3), thus resulting in
the formation of short crooked nanowires or long crooked
nanograins (Figure 3b4). By subsequent self-assembly, grasslike
twisty nanowires (Figure 3b5) with a small density are
produced.
As shown in illustrations c2 and c3 in Figure 3, the Py-NSA

micelles fully spread (good spreading behavior) on the PNF-Ti
and are electropolymerized into nanohills which randomly
guide self-assembly of the Py-NSA micelles. As a result,
overlapping nanohills (Figure 3c4) are formed and evolved into
an irregular film (Figure 3c5) that can be observed from Figure
2b2. The appropriate spreading behavior of Py-NSA micelles
facilitates preferential electrochemical polymerization at the
interface and bottom of the Py-NSA micelles. Then Py
monomers in the micelles migrate to the reaction areas
(interface and bottom). Naturally, nanocavities (Figure 3d2,
d2*) are produced after the depletion of monomer in micelles
whose sizes are smaller than that of Py-NSA micelles due to a
volume shrinkage during the polymerization of Py-NSA
micelles. Here, the isotropic two-dimensional platform created
by the nanocavities with a high density, in conjunction with the
edge effect affording higher electric field,23 enables the Py-NSA
micelles to orderly self-assembling (Figure 3d3) on the
nanocavities, then forming short cylindrical nanotubes (Figure
3d4). As self-assembly proceeding further, large-area cylindrical
CPNAs (Figure 3d5) are vertically grown on the PNF-Ti. The
results suggest that the conductive substrate which is capable of
producing the specific spreading behavior of Py-NSA micelles
creates isotropic two-dimensional space, which is a precondi-
tion for adequate nucleation sites and subsequent large-area
self-assembly of CPNAs. In addition, because the solubility of
Py monomers is relatively low in this electrolyte and most of
dissolved Py monomers are consumed in the polymerization on
outer surface of CPNAs (conical shape in Figure 2b1 and 2b4),
the amount of dissolved Py polymerizing on inner surface of
CPNAs is negligible. As such, the nanotubular structure
remains unchanged.
The electrical and electrochemical properties of diverse

nanostructures of PPy obtained by various self-assembly modes
but with the same deposition charge (0.9 mA/cm2 for 5 min)

Figure 2. (a) Surface contact angle images of the Py microdroplet and
(b) FE-SEM images of the nanostructured conducting PPy grown on
PNF/NSA-Ti in original state (1), reduced state (2), oxidized state
(3), and on Au−Ti (4). Insets in b1 and b4: higher magnification.
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are investigated by conductive-probe atomic force microscopy
(CP-AFM, PtIr AFM tip) and cyclic voltammetry. As illustrated
in Figure 4a, the three local I−V plots show linear behaviors.
The plots of CPNAs (Figure 4a1) and irregular film (Figure
4a3) exhibit a largest and smallest slope, respectively, indicating
a highest conductivity (83.9 S cm−1) of CPNAs and a lowest
conductivity (11.3 S cm−1) of irregular film. Regarding to
electrochemical activity, as disclosed in Figure 4b, all cyclic
voltammograms recorded in Py-free PBS (pH 6.8) containing
0.01 M NSA at a rate of 10 mV/s are characterized by
reduction and oxidation peaks, showing good x axis symmetry
thus demonstrating the electroactivity and good redox
reversibility. Differently, the current values of redox peaks in
Figure 4b1 (CPNAs) are both considerably larger than that in
Figure 4b2 (twisty nanowires) and Figure 4b3 (irregular film).

Therefore, compared with the unoriented nanostructured PPy,
the1D CPNAs conferring enhanced electrical and electro-
chemical properties may be due to (a) the higher active surface
area accessible to the electrolyte, (b) the shorter ion transport
paths to electrolyte, and (c) smoother electron flow in oriented
nanostructured matrix, which is desirable for high efficiency and
sensitivity of numerous microelectronics devices.
In summary, the in situ EC-AFM discloses that the spreading

behavior of Py micelles on conductive substrate, plays a crucial
role in large-area self-assembly of the CPNAs. We accordingly
propose an insight into the large-area self-assembly fabrication
of CPNAs via template-free electrochemical polymerization.
The conductive substrate allowing specific spreading behavior
of the Py micelles with a surface contact angle between about
60° and 90° facilitates the fabrication of CPNAs by template-

Figure 3. Schematic illustration of the fabrication process of the nanostructured conducting PPy via template-free electrochemical polymerization:
(a) Py-NSA micelles with a diameter of about 60 nm (a*) dispersed in PBS, PNF-Ti (electrode surface) are apt to adsorb (“anchor” as metaphor
here) Py-NSA micelles. (Letter +1) Py-NSA micelles free from anchors and spread on PNF-Ti depending on the spreading behavior on PNF-Ti.
Free Py-NSA micelles undergo polymerization producing (b2, b2*) nanograins, (c2) nanohills, and (d2, d2*) nanocavities. Py-NSA micelles self-
assemble on (b3) nanograins (disordered), (c3) nanohills (disordered), and (d3) nanocavities (ordered). (b4) Short crooked nanowires, (c4)
overlapping nanohills, and (d4) short cylindrical nanotubes are obtained. Twisty nanowires with a (b5) small density, (c5) irregular film, and (d5)
cylindrical nanotube arrays with a large density are fabricated on PNF-Ti by self-assembly.

Figure 4. (a) CP-AFM I−V measurements and (b) cyclic voltammograms of diverse nanostructures of PPy. (1) Nanotube arrays. (2) Twisty
nanowires. (3) Irregular film.
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free self-assembly on a large area. It should be noted that, like
most of studies on self-assembly of nanomaterials, there must
not only be one factor (such as surface characteristic of
conductive substrate) but also other factors (such as electro-
chemical approaches, etc, as seen in Figures S3 and S4 in the
Supporting Information) that play necessary roles in fabrication
of nanostructures. We herein focus on the effect of surface
characteristic of conductive substrate on the self-assembly of
CPNAs under the same other conditions. Moreover, compared
with unoriented nanostructured PPy, the CPNAs possess
enhanced electrical and electrochemical performances. This
study can be extended to the fabrication of other CPs and 1D
nanostructured arrays of electro-active materials of potential
applications in biosensors, drug delivery systems, energy
storage, and intelligent switching materials. Promisingly,
CPNAs as electroactive 1D nanostructured arrays in con-
junction with unique material properties provide an avenue for
some sophisticated applications such as bioinspired ion
channels/pumps,24−27 etc.
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