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Abstract
The work function of polyaniline nanoparticles in the emeraldine base state was determined
by Kelvin probe force microscopy to be ∼270 meV higher than that of similar nanoparticles in
the emeraldine salt state. Normal tapping mode atomic force microscopy could not be used to
distinguish between the particles due to their similar morphologies and sizes. Moreover, other
potential measurement systems, such as using zeta potentials, were not suitable for the
measurement of surface charges of doped nanoparticles due to their encapsulation by
interfering chemical groups. Kelvin probe force microscopy can be used to overcome these
limitations and unambiguously distinguish between the bare and doped polyaniline
nanoparticles.

(Some figures may appear in colour only in the online journal)

1. Introduction

Conducting polymers have attracted immense attention since
a considerable conductance was discovered in these materials.
Because of the low cost and flexibility in electronic
applications, conducting polymers are candidate replacements
for conventional metals and inorganic semiconductors [9,
12, 17, 33]. Polyaniline (PANI), a representative conducting
polymer, has remarkable electrical conductivity that can
be varied upon protonation or oxidation [31], and is one
of the most technologically important polymers. In this
regard, it has been widely used in printed circuit boards,
electrochromic applications, protection against corrosion, and
transparent conductive coatings [1, 7, 17]. Its nanoparticles
are also subjected to much research: Lu et al reported
that hybrid networks of PANI nanoparticles (PANPs) and
carbon nanotubes could be used in vapor sensors [20]. In
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addition, PANPs are biocompatible, allowing them to be used
in the study of cellular proliferation [4, 10]. Yang et al
reported the possibility of using doped PANPs as near-infrared
photothermal agents for reaction [35]. Despite their varied
applicability, PANPs’ basic electrical characteristics have
not been fully elucidated [28]. Furthermore, for the general
analysis and examination of doped or dedoped PANI
application such as in semiconductor [34] and conductive
coating [15, 17], a rapid and precise distinction technique is
necessary with nanoscale resolution.

In this paper, we report an approach for identifying the
work functions of individual PANPs at single-nanoparticle
level using Kelvin probe force microscopy (KPFM). The
foundations of KPFM lie in the work of Kelvin [13]
and it is now widely used to analyze various materials
such as metals [18, 25, 26] and biomaterials [16, 27, 30].
KPFM is a tool for measuring the local contact potential
difference between a tip and the sample, by imaging the
work function or surface potential of the sample with high
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spatial resolution, and even subnanometer resolution [3,
22]. Moreover, the state of the art for KPFM measurement
has reached the charge distribution within single molecules
and between molecules [23]. The KPFM technique has
already been demonstrated as an influential instrument
for measuring electrostatic forces and the distributions of
electric potentials with nanosize resolution [3, 19, 22], even
to the single-molecule level [27, 29]. For example, Nam
et al measured the surface potential of polymer patterned
polypyrrole nanowire by KPFM [24]. Filleter et al measured
local work functions of epitaxial graphene, finding variation
between the results from single and double layers [8]. The
work function of magnesium oxide has also been measured by
KPFM [5]. Nonetheless, to the best of our knowledge, there
have been no attempts to assess work function differences
at single-particle resolution [5, 8, 18, 24–26]. In this work,
we have utilized KPFM to analyze PANI nanoparticles at
single-particle resolution and to observe the variation of
the work function caused by doping. This approach could
help to provide fundamental insight into conducting polymer
application and discriminate between doped and dedoped
PANPs with fast and precise measurements in ambient
conditions, which opens new avenues for KPFM, offering a
fiducial point of doped polymer application.

2. Experimental section

2.1. Polyaniline synthesis

Emeraldine base polyaniline (EB) was synthesized by
chemical oxidation polymerization in the presence of excess
hydrochloric acid. 0.2 mol aniline monomer was introduced
in to 300 ml 1 M aqueous hydrochloric. Polymerization was
conducted by the dropwise addition of 0.05 mol ammonium
persulfate into 200 ml 1 M aqueous hydrochloric oxidant for
6 h at 4 ◦C. The precipitated polymer salt was recovered from
the reaction vessel by filtration and re-dispersed in 500 ml 1 M
sodium hydroxide. The deprotonated EB was then filtrated
and re-dispersed in 500 ml acetone. Finally, fine EB powder
was obtained after filtration and drying in a vacuum oven for
48 h.

Water soluble polyaniline nanoparticles were prepared
by dissolving 10 mg EB powder in 4 ml chloroform. This
organic phase was added to 20 ml aqueous phase containing
600 mg polyoxyethylene stearate. After mutual saturation of
the organic and continuous phases, the mixture was emulsified
for 10 min by 190 W ultrasonication (Sae Han SH-2100,
Korea). After evaporation of the organic solvent, EB PANPs
were purified by centrifugation (15 000 rpm for 30 min). The
precipitated EB PANPs were dispersed in water phase until
used. The prepared EB PANPs’ absorbances were measured
by absorption spectrometry (Mecasys UV-2120, Korea). The
sizes and zeta potentials of particles were measured by laser
scattering (ELS-Z, Otsuka Electronics, Japan).

2.2. Tapping mode AFM imaging

Tapping mode (or intermediate mode) AFM measurements
were performed on an Innova (Veeco Corp., Santa Barbara,

CA, USA) with a Nanodrive controller (Veeco, Santa Barbara,
CA, USA) and closed-loop scanner in air at ambient
temperature and pressure. The tapping mode, also represented
as the amplitude modulation (AM) mode [22], was used
to obtain clear images of polyaniline nanoparticles. In the
tapping mode, the tip–sample interaction was altered as
the tip–sample distance changed, leading to a change in
oscillation amplitude. This closed-loop system confirmed
the precise height profiles for each sample. The SCM-PIT
cantilever tip was used for recording all images. The resonant
frequency of this cantilever was 75 kHz and the tip radius was
∼20 nm. The cantilever was coated with Pt/Ir, for applying
voltage. All image sizes were from 1 µm× 1 µm to 10 µm×
10 µm with scanning at 0.8 Hz. All images were leveled
in two dimensions and processed with SPM Lab Analysis
software V7.00 (Veeco Corp., Santa Barbara, CA, USA).

2.3. KPFM imaging

Generally, KPFM has two categories, such as a lift mode
and a dual-frequency mode. The dual-frequency mode
includes the amplitude modulation (AM) and frequency
modulation (FM) modes [22]. The lift mode is a basic
KPFM measurement method which is used for small potential
variations (<100 mV) [27, 30]. In this experiment, the lift
mode was used to detect the small polyaniline nanoparticles
clearly. The tip bias potential oscillated at the same resonance
frequency as the cantilever (∼75 kHz) used for acquiring the
images. A three-step tuning procedure was applied prior to
the KPFM imaging. The first step involved finding a clear
image of a nanoparticle using the normal tapping mode with
the same cantilever. To obtain a clear tapping mode image,
we have adjusted tapping mode feedback parameters such as
the proportional, integral and derivative gains. After getting
a clear tapping mode image, the y-axis direction was then
fixed and only the x-axis direction was analyzed with the
same height profile as the sample. After obtaining repeated
uniform profiles, we tried to find the lock-in phase parameter
which is a dominant factor for KPFM measurement using a
trial and error method. The lock-in phase must be adjusted to
maximum contract, which is optimum for driving the potential
feedback. After finding the optimum value of the lock-in
phase, the KPFM parameters (proportional and integral
corner frequency and overall gain) were finally set for the
experiment. The fine-tuning of the KPFM control feedback
parameter was through checking the KPFM (‘SEPM’ in
our software version) error profile. The KPFM feedback
parameters were most easily found by finding the value that
gives minimum contrast in the KPFM error profile. The basic
error range of KPFM is about ±10 mV. The average range of
the error profile was checked and was stable below ±10 mV,
implying accurate KPFM imaging. The tip was 100 nm above
the surface. This is a suitable lift height which minimizes
the interference between the tip and the sample. Also 4 V
of alternating current (AC) amplitude was applied to the tip.
The sample was grounded using a carbon tape and silver paste
(Dotite, Japan). This grounded system helps reduce the error
signal and reduces charge build-up phenomena in the various
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pieces of equipment such as the scanning electron microscope.
To maximize reliability, the same cantilever was used for each
sample (EB and ES). Experiments were repeated using at
least two different cantilevers. For avoiding tip wear, which
was able to affect the KPFM measurement, we have prepared
three protection methods. The first method was the Pt/Ir
cantilever coating one. The iridium alloy was used to increase
the durability of the coating [2]. The second method was the
lift mode one, which reduces the tip abrasion because of tip
and sample separation [27]. The last method was a tuning
procedure for KPFM. The fixed y-axis image showed the tip
sturdiness or tip wear from the uniform image or modified
image. From these protection methods, we maintained the
uniform KPFM images for the samples.

2.4. The physical concept of KPFM

KPFM is based on the work of Lord Kelvin [13] who
first proposed the method for measuring the work function
(i.e. surface potential) differences between two different
materials. The basic definition of the contact potential, which
is related to the difference in work function, is outlined
here. The contact potential difference (CPD) between two
materials—a KPFM tip and a sample—is defined as [14, 29]

VCPD =
φsample − φtip

q
, (1)

where φtip and φsample are the work functions of the KPFM
tip (i.e. platinum in this work) and the sample, respectively,
and q is the elementary charge. A simple approximation of
the force, F, between the tip and sample, is the electrostatic
force between them:

F =
∂E

∂z

∣∣∣∣
Q
= −

1
2
1V2 ∂C

∂z
, (2)

where the electrostatic energy, E, is that of a parallel
plate capacitor: E = 1

2 C1V2 with C being the tip–sample
capacitance, z the distance between the tip and sample, and
1V the potential difference between the two capacitor plates.
Inserting the following equation for the potential difference:
1V = VDC − VCPD + Vac sin(ωt) where VDC is a nullifying
voltage applied in order to measure the CPD, into equation (2),
we obtain
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(3)

Here, equation (3) is composed of three parts: the DC term,
the ω term and the 2ω term. The cantilever responds only to
forces at or very near its resonance, so the DC and 2ω terms
do not cause any significant oscillation of the cantilever. In
terms of a frequency, ω, we have

Fω =
∂C

∂z
(VCPD − VDC)Vac sin(ωt), (4)

Figure 1. Measuring the electrical properties of polyaniline
nanoparticles via Kelvin probe force microscopy in the emeraldine
base state and the emeraldine salt state.

In general, KPFM measures the force exerted due to the
surface potential difference, and the work function difference
can be estimated from the physical concept depicted in
equation (4).

3. Results and discussion

The sizes and work functions of PANPs were measured
simultaneously by tapping mode atomic force microscopy
(tmAFM) and KPFM (figure 1). Water soluble PANPs,
synthesized in nanoemulsions, were dropped onto silicon
substrates. Topographic heights and local work functions
of the particles were then recorded. To compare the
heights and work functions of emeraldine base polyaniline
nanoparticle (EB PANPs) and emeraldine salt polyaniline
nanoparticle (ES PANPs), 1 M aqueous HCl was used for
doping the nanoparticles. The sizes of PANPs were not
significantly altered by doping, though their local work
functions decreased.

Bare PANPs are not appropriate for various applications,
especially biological ones, due to their hydrophobicity and
tendency to aggregate [35]. Therefore water soluble PANPs
were synthesized and analyzed to demonstrate a potential
use of monitoring individual particles. Polyaniline was
synthesized using anilinium salt protonation by hydrochloride
(HCl) and ammonium persulfate oxidant. Chemical oxidative
polymerization was carried out for 6 h at 4 ◦C, resulting in
dark green precipitates (ES) that were purified by washing
with copious amounts of deionized water. The synthesized
ES PANPs were dedoped using sodium hydroxide to increase
the solubility of polyaniline in the organic phase (chloroform)
and to obtain homogeneously sized nanoparticles. The color
of the resulting powder was purple (EB). To increase the water
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Figure 2. (a) Solubility tests of emeraldine base (left), EB PANP (middle) and ES PANP (right). The upper layer is aqueous and the lower
layer is organic. (b) SEM images of EB PANP; inset, TEM image. The scale bar is 100 nm. The TEM scale bar is 50 nm. (c) Dark-field
microscope image of EB PANP (left) and ES PANP (right).

Figure 3. (a) UV–visible absorption spectrum; (b) FT-IR transmittance spectrum.

solubility of PANPs, they were synthesized in nanoemulsions
by simultaneously encapsulating the hydrophobic EB PANPs
with amphiphilic PEGylated fatty acid (polyethylene glycol
stearate) in water. The EB PANPs were then doped in 1 M
aqueous HCl to prepare ES PANPs. The hydrophobic EB
PANP phase transferred to the hydrophilic EB PANPs or
ES PANPs (figure 2(a)). EB was dissolved in the lower
chloroform phase due to its innate hydrophobicity, whereas
EB PANPs and ES PANPs dissolved in the upper water
phase. This indicates that the PEGylated PANPs were highly
water soluble due to their outer polyoxyethylene chains.
Scanning electron microscopy (SEM) showed that the EB
PANPs have smooth surfaces and narrow size distributions
(figure 2(b)). Dark-field microscopy images of light scattered
from individual EB PANPs and ES PANPs were recorded
(figure 2(c)). White light from a 100 W halogen lamp was
focused under large angles onto the samples using a dark-field
condenser (NA = 1.2). The EB PANPs and ES PANPs
scattered blue and green light, respectively. Moreover, the
color change of the EB PANPs from blue to the green of the
ES PANPs was attributed to the generation of inter-bandgap
states by doping under acidic conditions [11]. The absorbance
peak of polyaniline was red-shifted toward the NIR region as a
result of its transition from the EB to the ES during the doping
process (figure 3(a)). Furthermore, the chemical structure
of PANPs (both EB and ES states) was confirmed using
FT-IR spectra: 1148 cm−1 (N=Q=N vibrations), 1,330 cm−1

(aromatic C–N stretching), 1,467 cm−1 (C=C and C=N
stretching of benzenoid rings) and 1563 cm−1 (C=C and
C=N stretching of quinoid rings) from PANPs (figure 3(b)).

For the general approach of particle analysis, zeta
potentials of PANPs were measured to assess their sizes
and electrical potentials in the liquid state (figure 4).
To measure the hydrodynamic radii and zeta potentials,
5 mg ml−1 aqueous PANPs were prepared. In figure 4(a), the
hydrodynamic radius distribution followed the Mie scattering
theory which presents the weight percentage using light
scattering. The following equation is v = (4/3)πr2. The
average of hydrodynamic radii of EB PANPs (115.6 ±
16.3 nm) and ES PANPs (121.3± 23.4 nm) did not show any
significant difference and had narrow size distributions. This
implies that the average size of the PANPs was not changed
by doping. Moreover, the electrical potential of ES PANPs
was slightly lower than those of EB PANPs that belong to the
error range (figure 4(b)). The zeta potentials of the EB PANPs
and the ES PANPs were 2.1 ± 1.2 mV and 0.2 ± 2.1 mV,
respectively. From the zeta potential data, we noticed that
PANPs were shown to be a neutral state because of neutral
PEG encapsulation. This shows that assessing zeta potentials
cannot be used to provide electrical information about the
PANPs coated with interference groups such as PEG. In
other words, the zeta potentials are limited in distinguishing
the state of particles despite the great electrical differences
between the EB and ES states.

Due to the inapplicability of the zeta potential method
for single and PEG coated PANPs, we have demonstrated
the shape and work function difference of PANPs using
tmAFM and KPFM. 5 mg ml−1 PANP samples were diluted
with deionized water to concentrations from 5 µg ml−1

to 5 ng ml−1. From each concentration, 2 µl polyaniline
solutions were dispensed onto silicon substrates, dried

4



Nanotechnology 23 (2012) 365705 J Park et al

Figure 4. (a) Hydrodynamic radius distributions and averages for EB PANP (blue) and ES PANP (green). (b) Zeta potentials of EB PANP
(blue) and ES PANP (green).

Figure 5. (a) Electrical property mapping of a single EB PANP (left) and ES PANP (right). Line profiles of each image are depicted below.
(b) Distribution and average of height and work function differences between EB PANP and ES PANP measured by tmAFM and KPFM,
respectively (n > 50, ∗p < 0.0001).
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overnight under vacuum, and tmAFM and KPFM were then
conducted. Among these concentrations, 5 ng ml−1 (0.01 ng)
showed the best result as regards an individual particle
image (figure 5(a)). For measuring and statistical analysis,
the heights and work functions of the samples were assessed
(figure 5(b)), for over 50 individual PANPs in each case. The
tapping mode images and size distributions showed that the
heights of EB PANPs (42.77 ± 15.8 nm) and ES PANPs
(44.74 ± 21.1 nm) were similar despite the doping. It is
noteworthy that the heights of both EB PANPs and ES PANPs
were around 50 nm and their lateral sizes were around 300 nm
in tmAFM images (figure 5(b)). There were three significant
points as regards PANP height measurement using tmAFM.
The first was the irregular shape of the PANPs. As seen in
the SEM image of a PANP sample in figure 2(b), not all
PANPs were spherically shaped. This was due to the fact that
the solubility of polyaniline was slightly poor in chloroform
and a compact coil conformation is presented [21]. Therefore,
PANPs had the possibility of an irregular surface which led to
one-axis long shapes. The polyaniline containing chloroform
droplets took on one-axis long shapes as the chloroform
dried during the nanoemulsion process. The sizes of PANPs
seen from the SEM or TEM images (around 120 nm) in
figure 2(b) were comparable with the hydrodynamic radii
(around 120 nm) in figure 4(a). Second, the surfactant of the
PANPs had the possibility of increasing the lateral size for
AFM. In the liquid state, the PEG molecules were inflated.
However, in the dry state, surfactants shrank and drooped on
each side of the nanoparticles. These drooped surfactants were
able to increase the lateral size of dried PANPs. The third
point is an artifact of AFM imaging. During the imaging, two
major AFM artifacts could appear. The first one was a profile
broadening effect due to the tip and sample convolution. The
second one was a height lowering effect due to the elastic
deformation of sample objects [32]. In our case, PANPs were
coated with PEG which was more flexible than the tip. So
both artifacts could affect the tapping mode images. Since the
size of the particles was smaller than the AFM tip size (the
tip radius is 20 nm, with 25◦ for the tip angle), distortion of
the lateral image was induced. Therefore, smaller height was
induced due to the irregular shape of the PANPs, the drooped
surfactant of the PANPS and AFM artifacts. As a result
of KPFM, the polyaniline nanoparticles showed a negative
surface potential (figure 5) because the work function of the
polyaniline nanoparticles was lower than that of platinum
(the work function of Pt is 6.1 ± 0.06 eV) [6] for a surface
of the KPFM cantilever (see section 2). In contrast to the
height distribution of the PANPs, an obvious work function
difference (18) was observed by KPFM between the EB
PANPs (18 = −239.3 ± 71.9 meV) and the ES PANPS
(18 = −507.4 ± 131.1 meV) (figure 5(b)). Doping reduced
the work function of the ES PANPs to about∼270 meV below
that of the EB PANPs. In addition, we analyzed the statistical
T-test, which is able to distinguish the dependent (paired) and
independent (unpaired) samples. Generally, the value of p is
smaller than 0.01; all samples are independent samples. In
our case, the value of p is smaller than 0.0001, which also
validated the significance of the difference between EB and
ES PANPs (∗p < 0.0001).

Figure 6. Electrical properties of single PANPs with respect to HCl
concentration; HCl is the doping agent (n > 50).

We have also measured the difference in work function
with respect to the HCl concentration using KPFM (n > 50).
As mentioned before, HCl was a doping agent which induced
EB PANPs from ES PANPs. In figure 6, from 0 (pH 7.4,
EB PANPs) to 0.1 M of HCl concentration, the averages
of 18 increase exiguously. Specifically, the work function
differences for 0.01 M (<pH 3) and 0.1 M (pH 2) of HCl are
−271.7±66.5 meV and−301.5±50.6 meV, respectively. This
result showed that the increment of 18 was below the error
range. However, 0.1 M and 1 M (pH 1, ES PANPs) of HCl
depicted clearly the distinction between the work function
differences. This graph showed a similar result to previous
research which dealt with the UV absorption ratio to the pH, to
clarify the PANP situation in the bulk state [26]. These results
show that the doped state of the polyaniline nanoparticles
was distinguishable through the differences in work function
observed by KPFM with single-particle resolution.

4. Conclusion

In summary, we have found that the work function differences
of individual polyaniline nanoparticles could be observed
using KPFM. Our study showed that the zeta potential
method was not suitable for distinguishing between the
states of PEGylated polyaniline nanoparticles because the
zeta potential only concerns the covering surface charge
of nanoparticles and the charge of particles is dominantly
affected by the neutral charge of PEG. Likewise, owing to EB
and ES PANPs having the same height, tmAFM was not an
appropriate approach for discrimination. On the other hand,
KPFM could be used to distinguish between the two states
of the PANPs through assessing the differences of their work
functions. In conclusion, our study could not only indicate
a generalized distinguishable platform for doped conducting
polymer but also present a new measurement system for
polymer application in single-particle resolution. Moreover, it
will be possible to investigate the charge distribution of single
nanoparticles due to the further development of KPFM.
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