
Nanoscale Electrical and Mechanical Characteristics of Conductive
Polyaniline Network in Polymer Composite Films
Shadi Jafarzadeh,*,† Per M. Claesson,†,‡ Per-Erik Sundell,§ Jinshan Pan,† and Esben Thormann∥

†Division of Surface and Corrosion Science, Department of Chemistry, School of Chemical Science and Engineering, KTH Royal
Institute of Technology, Drottning Kristinas vag̈ 51, 100 44 Stockholm, Sweden
‡Chemistry, Materials and Surfaces, SP Technical Research Institute of Sweden, P.O. Box 5607, 114 86 Stockholm, Sweden
§SSAB EMEA, 781 84 Borlan̈ge, Sweden
∥Department of Chemistry, Technical University of Denmark, Kemitorvet 207, 2800 Kongens Lyngby, Denmark

ABSTRACT: The presence and characteristics of a connected
network of polyaniline (PANI) within a composite coating
based on polyester acrylate (PEA) has been investigated. The
bulk electrical conductivity of the composite was measured by
impedance spectroscopy. It was found that the composite films
containing PANI have an electrical conductivity level in the
range of semiconductors (order of 10−3 S cm−1), which
suggests the presence of a connected network of the
conductive phase. The nanoscopic distribution of such a
network within the cured film was characterized by PeakForce
tunneling atomic force microscopy (AFM). This method
simultaneously provides local information about surface
topography and nanomechanical properties, together with electrical conductivity arising from conductive paths connecting
the metallic substrate to the surface of the coating. The data demonstrates that a PEA-rich layer exists at the composite−air
interface, which hinders the conductive phase to be fully detected at the surface layer. However, by exposing the internal
structure of the composites using a microtome, a much higher population of a conductive network of PANI, with higher elastic
modulus than the PEA matrix, was observed and characterized. Local current−voltage (I−V) spectroscopy was utilized to
investigate the conduction mechanism within the nanocomposite films, and revealed non-Ohmic characteristics of the conductive
network.
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1. INTRODUCTION

Composites of conducting polymers, specifically polyaniline
(PANI), in a polymeric matrix are receiving considerable
interest in many applications,1,2 among which anticorrosive
coatings3−5 are of particular interest in this work. The active
corrosion protection offered by these composites has been
suggested to be due to the reversible reduction−oxidation
(redox) property of PANI with its equilibrium potentials being
more positive than most commonly used metals.6 As a result,
PANI can ennoble the metal surface and facilitate formation of
a thin protective passive oxide layer at the metal-coating
interface.5,7,8 Moreover, in case of defects in the coating, PANI
may help in providing a second physical barrier of a passivating
complex made by reaction between (metal) cations and
(doping) anions released by PANI.9 All these actions are
effective only if the conductive phase is in galvanic contact with
the metal substrate through connected paths spanning along
and across the coating depth.3,4 The presence of such a
continuous network in various systems has been macroscopi-
cally tested by bulk conductivity measurements using different
techniques.10−12 The distribution of conductive domains within

PANI films13,14 or composite films containing conducting
polymers15−17 has been investigated by local mapping of the
current flow using conductive atomic force microscopy (AFM),
where surface spots with electrical contact to the metal
substrate show a high signal in the current map. By this
technique, one can detect the conducting polymer that is
located at the outermost surface and at the same time is
connected to a pathway allowing high current flow to the metal
substrate. However, this technique is unable to distinguish the
conducting polymer from the coating matrix if the conducting
path is isolated and not in electrical contact with the substrate.
A further limitation with conventional conductive AFM
measurements is that it is operated in contact mode, where
sample or tip damage and tip contamination may occur due to
significant lateral and normal forces. This also makes it difficult
to image soft samples. PeakForce quantitative nanomechanical
(QNM) AFM is a relatively new powerful technique to
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quantitatively measure the nanomechanical variations in
nanocomposites.18−23 Here properties like surface elastic
modulus can be derived from tip−sample force curves,
providing an elasticity image at the same time as a topography
image is obtained. Images of other properties, such as tip−
surface adhesion and surface deformation are also obtained
simultaneously, and all problems with lateral forces are
eliminated. With this technique, one can distinguish between
different components in a composite coating like, in our case,
PANI and PEA but without knowing if the detected PANI at
the surface is electrically connected to the substrate under the
film.
In this work, we utilized PeakForce Tunneling AFM

(TUNA), a technique that combines the benefits of conductive
AFM and PeakForce QNM to simultaneously measure the
surface nanomechanical and local electrical properties of
conductive polymeric nanocomposites based on UV-curable
PEA matrix and conducting PANI. The formation of a
continuous conductive network through the film may be
affected by many factors in the composite design and
preparation. We have previously studied the effects of the
PANI particle size and shape,24 dispersion properties,24 PANI−
PANI and PANI−matrix interactions25 and UV curing
conditions.26 Here, the nanoscopic distribution of the
conductive phase and characteristics of the charge conduction
through the current pathways is reported.

2. EXPERIMENTAL SECTION
2.1. Materials. The composite coatings studied in this work were

based on polyaniline (PANI) conducting polymer dispersed in a
polyester acrylate (PEA) matrix. PANI was synthesized by the so-
called “rapid mixing” method, discussed in detail in another work.24

The reaction relies on chemical oxidative polymerization of aniline
(Aldrich grade, 99%) with ammonium peroxodisulfate (Merck grade,
99%) as an oxidant, in the presence of phosphoric acid (Sigma-Aldrich,
99%) aqueous solution as a dopant. This polymer will be referred to as
“PANI-PA”, where PA stands for the phosphoric acid dopant. The
polymer matrix (PEA) was based on a chlorinated polyester acrylate
resin mixed with 40 wt % 1,6-hexanediol diacrylate monomer
(laboratory formulation Ebecryl 584 from Cytec Surface Specialties).
This UV-curable formulation also contains 5 wt % free radical
photoinitiators (a blend of 3 parts 1-Hydroxycyclohexyl phenyl ketone,
Additol CPK from Cytec Surface Specialties, with 2 parts 2,4,6-
Trimethylbenzoyldiphenylphosphine oxide, Lucirin TPO-L from
BASF) and 5 wt % of a methacrylate modified acidic adhesion
promoter (Ebecryl 171, Cytec Surface Specialties).
2.2. Preparation and Application of Composite Coatings.

The proper method to design and prepare the composite coatings
used in this study has been established after detailed studies on
properties of the composite components individually and within the
blend before and after UV curing.24−26 PANI-PA, softened in acetone
in an ultrasonic bath, was added to the PEA formulation in small
portions under pearl-milling with a speed of 3000 rpm. By this
procedure, despite the viscous media, homogeneous PEA/PANI
dispersions of 3 and 10 wt % PANI-PA content with good UV curing
capability could be made.26 The blends were applied on polished
carbon steel using a spin-coater (Headway Research Inc.) and cured
under high intensity UV lamps, a combination of Hg and Ga Fusion
lamps giving a total intensity of around 1.5 W cm−2, and a UV dose of
1.2 J cm−2, in the UV-A region. The dry thickness of the cured films
was measured to be about 10 μm by a digital thickness meter
(MiniTest 3100 from ElektroPhysik, Germany).
On some of the cured films, a thin layer (a few micrometers) was

removed from the outer surface in order to allow investigation of the
internal composite structures. The removal of the top layer was done
using a microtome, LEICA SM2500 from LEICA Microsystems,
Nussloch, GmbH, equipped with a diamond blade.

2.3. Characterization Techniques. 2.3.1. Impedance Spectros-
copy. Bulk electrical conductivity measurements were performed by
impedance spectroscopy using a Solartron 1296 electrochemical
interface coupled to a Solartron 1260 frequency response analyzer.
The impedance was measured at room temperature with 1 s
integration with an AC amplitude of 100 mV while the frequency
was swept from 1 MHz to 1 Hz with 5 points/decade. The samples
were placed tightly between two gold plate electrodes connected to the
instrument. The measurements were repeated after different time
intervals until a stable condition was reached, and the data was
collected and analyzed by the SMaRT software, from Solartron
Analytical. The measured impedance modulus, R, was then converted
to bulk electrical conductivity, σ, data using σ = ((4l)/(πd2·R)), where
l is the thickness and d the diameter of the sample. The electrical
conductivity was measured on pressed pellets of PANI-PA (with 0.15
cm thickness and 1.28 cm diameter) and also on 10 μm thick
composite films of PEA with 0, 3 and 10 wt % PANI-PA content
applied on polished carbon steel.

2.3.2. PeakForce TUNA Atomic Force Microscopy (AFM). Nano-
meter scale lateral resolution images of surface topography, surface
nanomechanical properties and electrical conductivity were obtained
simultaneously using atomic force microscopy (AFM) (Multimode,
Nanoscope V from Bruker, USA) operating in PeakForce tunneling
mode. Conductive Pt-coated rectangular silicon cantilevers (DPE15/
NO Al, Mikromasch) with nominal spring constant of 46 N/m and a
tip radius of <40 nm (determined more precisely for each used
cantilever) were employed in this study. PeakForce tapping is an
imaging mode that simultaneously provides quantitative mapping of
surface material properties together with topography.18−23 This mode
allows imaging with a controlled feedback force and eliminates lateral
forces, which reduces the risk of sample damage and tip
contamination. Briefly, the surface position is modulated by a sine
wave with an amplitude of approximately 150 nm and a frequency of 1
kHz. During each period of oscillation, the surface is moved into
contact with the AFM tip and the feedback electronics adjust the
averaged surface position such that the maximum cantilever deflection
(the peak force) equals a predetermined setpoint value. The applied
force setpoint has been chosen during each experiment so that the
sample surface is deformed a few nanometers, which is optimal in
order to calculate the elastic modulus of the surface layer without
losing too much lateral resolution.23 By calibration of the optical lever
sensitivity and the cantilever spring constant, information about
cantilever deflection and piezo position can be converted to force vs
distance curves describing the tip−sample interaction during approach
and separation.27 From such a force curve, one can for example
determine the elastic modulus of the sample by fitting the Derjaguin−
Muller−Toporov (DMT) model28,29 to the part of the force curve
where the sample and tip are in contact:

= * +F E Rd F
4
3

3
adh

Here, F is the force, R is the tip radius, d is the deformation value at a
given force, Fadh is the maximum adhesion force, and E* = [((1 − vs

2)/
Es) + ((1 − vtip

2)/Etip)]
2 is the effective elastic modulus. In the

equation for E*, Es and Etip are Young’s modulus of the sample and tip,
respectively, and ν is the Poisson’s ratio. In this study, we have
determined the tip radius by an indirect method where the radius was
adjusted to fit the DMT model for a sample with known elastic
modulus (polystyrene, E = 2.7 GPa). In PeakForce tapping, a new set
of approach and retraction force versus separation curves are obtained
during each period of oscillation (every 1 ms). This means that, as the
sample is scanned, an image showing the variation in elastic modulus is
obtained simultaneously with the image providing topographical
information. In PeakForce tunneling AFM (TUNA), a current
amplifier (TUNA module) is added to the system to measure the
current signal while a voltage is applied to the sample substrate. It
should be noted that it is not sufficient that the tip is in contact with a
conductive material but an electrical connection to the (conductive)
metal substrate under the film is essential for the current to flow. Thus,
a current signal is obtained only if the tip during the sample contact
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constitutes a part of a closed electrical circuit which, in our case, means
that a network of PANI should span from the metal substrate to the
conductive AFM-tip. It is noteworthy that the TUNA module is
collecting the current signal within the short time of one PeakForce
tapping cycle (a fraction of 1 ms). Figure 1 illustrates a plot of force

versus time obtained during one cycle on our composite coatings. The
highlighted area represents the time period during which the tip is in
contact with the sample and the contact current is being collected.
With PeakForce TUNA, we simultaneously collected information

on topography, elastic modulus and local electrical current. Depending
on the level of measured current, the current sensitivity of the TUNA
module was switched between 20 and 100 pA/V, and a bias voltage
ranging between 7 and 9 V was applied. Besides PeakForce TUNA
imaging, the AFM was also used in spectroscopy mode to investigate
the current−voltage (I−V) characteristics at selected surface positions
in order to quantify the variations of the local conductance. Here, the
tip was pressed against the sample with a constant force, i.e., feedback
switched to contact mode, and the voltage was linearly ramped up and
down while the current signal was collected. Analysis of the AFM
images and I−V curves was performed with the Nanoscope Analysis
V1.40 software (Bruker, USA).

3. RESULTS AND DISCUSSION
3.1. Bulk Electrical Conductivity. The electrical con-

ductivity versus frequency at room temperature for PANI-PA
pellet and PEA/PANI-PA composite films applied on polished
carbon steel are shown in Figure 2. At frequencies below
approximately 10 kHz, a constant value independent of
frequency is reached. The electrical conductivity at these low
frequencies is equivalent to the DC-conductivity, which is
related to the interconnectedness of the conductive species.
It is found that the electrical conductivity of PANI-PA at a

frequency of 1 Hz is on the order of 10−2 to 10−1 S cm−1 (range
of good semiconductors), which is consistent with the values
reported in the literature.24,30 The bulk electrical conductivity
of PEA (plot not shown here) is on the order of 10−12 S cm−1

(range of insulators). By adding a few percent PANI-PA to
PEA, composites with electrical conductivity on the order of
10−3 S cm−1 are achieved. This relatively high conductivity of

the composites suggests the presence of a continuous network
of a PANI phase across the coating depth. The electrical
conductivity level of the composite is only slightly increased by
increasing the PANI-PA content from 3 to 10 wt %, which
suggests that both studied concentrations are above the
percolation threshold and it is the intrinsic properties and
conduction mechanism within the formed conductive network
that is dominantly deciding the conductivity range of the
composites. For composites with 3 and 10 wt % PANI, the
center-to-center distance of particles in 100 nm spherical
form24 would be approximately 580 and 390 nm, respectively, if
the particles were sitting in a perfect cubic lattice. In this case, a
connected network would not be present. However, no
particular attractive or repulsive interaction has been detected
between PANI-PA particles in liquid PEA resin in earlier
works24,25 and, thus, the particles are expected to be distributed
randomly. In a random distribution, a percolated network of
particles may be achieved in agreement with the high electrical
conductivity measured above. A schematic illustration of the
suggested network structure is shown in Figure 3.

3.2. Local Probing of Surface Nanomechanical
Properties and Electrical Conductivity. 3.2.1. Pure Com-
ponents. In the first step, the nanomechanical properties of the
pure components (PEA and PANI-PA) were characterized. To
this end, uniform films of PEA coated on polished carbon steel
and pressed pellets of PANI-PA were used as substrates for
PeakForce tapping mode AFM imaging. Figure 4 displays the
AFM topography, elastic modulus and deformation images of
these two materials taken in air with a scan size of 2 × 2 μm.

Figure 1. Force versus time plot obtained during one PeakForce
tapping cycle on PEA/PANI-PA composite coatings. At points A and
E, the tip is far from the surface and the current flow is zero. At point
B, the tip jumps into contact to the surface and, at point D, it pulls off
the surface. Point C represents the maximum reached force, i.e., the
PeakForce setpoint. The contact current is being collected during the
highlighted time period, i.e., from point B to D.

Figure 2. Electrical conductivity versus frequency for PANI-PA and
PEA/PANI-PA composite films with 3 and 10 wt % PANI-PA content.
The conductivity is calculated from the data obtained by impedance
spectroscopy at room temperature.

Figure 3. Schematic illustration of a network structure of PANI-PA
spherical nanoparticles in PEA matrix.
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The values of the modulus demonstrate that PEA is
significantly softer than PANI-PA. The mean value of the
modulus for PEA was found to be 2.6 GPa, whereas a value of
6.3 GPa was found for PANI-PA. This difference allows us to
distinguish these two materials when studying the composites
in the following experiments. As discussed in the Experimental
Section, the PeakForce setpoint was in each case adjusted to
achieve a surface deformation of a few nanometers (see Figure
4c).
3.2.2. Composite−Air Interface. Composite films with 10 wt

% PANI-PA content were chosen for AFM studies, on which
many areas of the surface were scanned in order to obtain
representative data. In most areas, the current level was too low
to be detected. Some regions of very low conductivity (current
signal up to a few pA) were found, and the modulus on these
regions was close to the level for PEA rather than for PANI-PA.

This suggests the presence of a thin layer of PEA on top of the
conductive phase that lowers both the modulus and the
measured conductivity. The preferential depletion of PANI-PA
particles from the coating-air interface is due to the favorable
interaction between PEA and PANI-PA.24

Moreover, a low population of conductive spots isolated by
large insulating regions was observed at the surface layer. These
spots represent aggregates of PANI-PA sticking out from the
surface (exemplified in Figure 5), as judged from the high
conductivity and high modulus detected. A scan line across one
of these areas is shown as an inset in Figure 5, which reveals a
modulus value similar to that measured on pressed PANI-PA
pellets, surrounded by regions showing the modulus level of
PEA.

3.2.3. Composite Internal Structure. The results of the
PeakForce TUNA AFM imaging on the PEA/PANI-PA

Figure 4. (a) Topography, (b) DMT modulus and (c) deformation images and line scan profiles (from the middle of each image) for a uniform film
of PEA (first row) and a pressed pellet of PANI-PA (second row). The images were recorded in air using PeakForce AFM.
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composite film surfaces suggest that PEA is preferentially
present at the coating−air interface, but that a conductive
network nevertheless spans from the few PANI-PA particles
located at this surface down to the metal substrate below the
coating. To visualize this network, one needs to remove the top
layer of the coating, which was achieved by using a microtome.
The exposed internal surface area was then investigated using
PeakForce TUNA AFM.
Current maps of 3 × 3 μm internal surface areas of

microtomed PEA and PEA/PANI-PA films are shown in Figure
6. As expected, no conductive spots/network is observed for
the insulating PEA film (Figure 6a). In contrast, a high fraction
of the internal surface of the PEA/PANI-PA composite displays
significant electrical conductivity (Figure 6b). The conductive
phase illustrates the connected network of PANI-PA particles
formed within the coating, and the relative high current signal
obtained suggests electrical connection of this network to the
metal substrate.
Similar connected network structures of PANI-PA within the

insulating PEA matrix are observed on all scanned surfaces after

microtoming. The high area fraction with high current flow on
a larger scan area of 6 × 6 μm is illustrated in Figure 7(a−c).
Here, the distribution of the conductive phase with high current
is evidently associated with regions with high modulus
(consistent with the level measured for PANI-PA). It should
also be noted that some areas with high modulus show zero
conductivity in the corresponding current map. This can be
explained by considering that some parts of the exposed PANI-
PA network are not in electrical contact to the metal substrate,
which thus prevents the current from flowing across the film.
PeakForce TUNA imaging can therefore not only distinguish
between the different components in the composite film, via
the elastic modulus but also determine the fraction of the
PANI-PA phase that is part of a connected network. The
current map of the composites internal structure (presented in
Figure 7c) can be compared to a 10 × 10 μm image of the
original coating−air interface, where local conductivity is only
observed over a small fraction of the surface area and with
much lower magnitude due to the presence of a thin layer of
PEA on top (Figure 7d).

Figure 5. PANI-PA aggregates sticking out of the PEA matrix at the coating-air interface. (a) Topography, (b) DMT modulus and (c) current maps,
with a line scan profile over a part of the modulus image (inset). The PEA/PANI-PA composite film was applied on polished carbon steel. The
images were recorded in air using PeakForce TUNA AFM.

Figure 6. Current maps of microtomed films of (a) PEA and (b) PEA/PANI-PA applied on polished carbon steel. The images were recorded in air
using PeakForce TUNA AFM.
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3.3. Current−Voltage Characteristics of the Conduc-
tive Domains. Representative I−V curves recorded on
different spots of a PANI-PA pellet surface and, for comparison,
on a polished carbon steel surface are shown in Figure 8a.
PANI-PA displays an Ohmic response, with a resistance (R =
V/I) significantly higher than carbon steel. Furthermore, the I−
V curves are rather symmetrical with respect to 0 V. Although
PANI is considered as a semiconductor, Ohmic characteristics
have previously been seen for fully doped conducting
polymers,17,31 and this result thus indicates good conductivity
and conducting homogeneity of our synthesized polymer.
Figure 8b shows a number of I−V curves obtained on

selected conductive spots of the PEA/PANI-PA composite film.
The shape of these I−V curves reveals a non-Ohmic behavior,
apparently similar to that of semiconductors,32 where no or a
very low current flow is detected when the magnitude of the
applied bias voltage is lower than a certain threshold. A reason
for the non-Ohmic behavior and the related threshold value,
which in semiconductor theory is known as the energy band
gap, could be the presence of a thin PEA layer surrounding
individual PANI particles that makes the electron transfer
across particle−particle contacts non-Ohmic.33 The high

probability of PANI-PA particles being covered by a thin
layer of PEA has previously been suggested,24 based on the
observation that liquid PEA shows good wettability on PANI-
PA as a result of attractive interfacial interaction (negative
interfacial energies) between these two materials. It has
furthermore been suggested that PANI-PA particles can get
close enough to provide interparticle electrical conduction. This
suggestion originates from data obtained by direct measure-
ments of interactions,25 where only very short-range repulsive
forces and absence of any attraction between PANI-PA particles
within the liquid PEA matrix was demonstrated. Closely packed
particles of several tens of nanometers have also been visualized
within the bulk of PEA/PANI-PA composites (SEM images in
ref 25). Together with these previous obtained results, the I−V
characteristics observed in this work therefore suggests that the
conduction mechanism is hopping of the charge carriers
between conductive particles with (mostly) no direct physical
contact.12 The hopping conduction mechanism for the charge
transport between distant sites within blends of PANI and
insulating polymers have been suggested in the literature34,35

and been interpreted in terms of Mott’s model for three-
dimensional conductance.36 The I−V curves presented in

Figure 7. (a) Topography, (b) DMT modulus, and (c) current maps on a microtomed area and (d) current map on an area before microtoming on
PEA/PANI-PA composite films applied on polished carbon steel. The images were recorded in air using PeakForce TUNA AFM.
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Figure 8b reveal that the magnitude of energy band gap varies
for different surface positions on the microtomed PEA/PANI-
PA composite film surface, ranging from 2 eV down to sub eV.
This is consistent with the above-suggested conduction
mechanism because the inhomogeneity in the distribution of
the conducting phase within the composite will naturally lead
to variations in the local PANI-PA interparticle separations and
thus in the values of the energy band gaps. Finally, it is also
seen that most of the I−V curves measured on our conductive
composites are not symmetrical with respect to 0 V. Similar
asymmetric features of I−V curves showing higher current at
one polarity than the other have previously been reported17 and
suggested to be related to the asymmetry of the conductivity in
the junction between a metal and a pure semiconductor.37

However, because PANI-PA shows symmetrical I−V curves
while characterized as a pure material, we postulate that the
asymmetry is also related to the suggested conduction
mechanism, and not to the semiconductive nature of PANI-
PA itself. Another consideration could be the reversible redox
property of PANI, as it may be partially reduced or oxidized
under a large negative or positive voltage, respectively. This
behavior could also have contributed to the asymmetry of the
I−V curves obtained under a wide range of applied voltage on
PEA/PANI-PA composites.

4. CONCLUSIONS
The presence of conductive networks within composite films
containing polyaniline has been suggested by the measured
level of bulk conductivity being in the range of semiconductors
(order of 10−3 S cm−1). Distribution and characteristics of such
networks were directly observed by PeakForce TUNA AFM
imaging. A low population of conductive regions is detected on
the surface layer of the composite films while conductive PANI-
rich areas with high elastic modulus are observed on the coating
internal structure exposed by using a microtome. The results
confirm the presence of a continuous network of the
conductive phase in the composite coatings and depletion of
PANI-PA at the composite−air interface due to the favorable
interaction between PEA and PANI-PA. The presence of such a

conductive network is essential to have the whole PANI
content involved in the expected active corrosion protection.
I−V curves reveal an Ohmic behavior for pure PANI-PA but
non-Ohmic characteristics for the composite films, suggesting
that the PANI-PA particles are not in Ohmic contact but
surrounded by a PEA layer that is thin enough to allow
electrical conduction between neighboring PANI-PA particles.
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