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1. INTRODUCTION 
 

Within the last few decades, conducting polymers were intensively investigated 
as a novel generation of organic materials that have both electrical and optical 
properties similar to those of metals and inorganic semiconductors, but which 
also exhibit the attractive properties associated with conventional polymers, 
such as ease of synthesis and flexibility in processing. The materials have 
already found applications in a number of advanced technologies, such as 
chemical sensors, electronic displays, batteries [1,2], etc., and are potent for 
application in a number of growing new technologies, such as soft polymer 
actuators or, artificial muscles [3,4]. One popular representative of these 
conducting polymers is polypyrrole – because of its good stability and ease of 
preparation by electrochemical polymerisation. In recent time, interest also in 
nonconductive PPy films has increased, as these can be used as matrixes for 
biosensors, membranes, molecular sieves, etc. [5,6]. It is important to mark that 
for the latter applications, very thin films up to few tens of nanometers of 
thickness are needed today, as the diffusion ability of molecules/ions through 
the membranes, as well as reaction time of amperometric sensors is inversely 
proportional to the thickness of the polymer sheet [7].  

PPy type polymers can be obtained by the chemical or electrochemical 
oxidation of the monomer, and it is possible to control some of the polymer 
properties by varying the experimental conditions. The electronic properties of 
PPy films can be reversibly electrochemically changed between insulating and 
conducting states. The electrochemical polymerisation of Py is a complex 
process, which includes several electrochemical and chemical reactions [8,9].  

As is typical of polymers in general, the exact structure of PPy is difficult to 
determine. It is well known that experimental variables such as dopant, solvent, 
the applied potential, nature of electrode etc., have a strong influence on the 
morphology of PPy films. The surface morphology of PPy films synthesised by 
electrochemical polymerisation is always mainly amorphous. In most cases the 
bulk PPy film has a “cauliflower” like structure. Differences in roughness and 
nodule sizes are connected with thickness of the PPy film or the dopant ion. 

Scanning probe microscopy is a widely used experimental technique for 
characterising materials’ surfaces down to the atomic scale. Depending on the 
measuring method, scanning probe microscopy (SPM) allows to investigate a 
large variety of materials. Atomic force microscopy (AFM) and scanning 
tunnelling microscopy (STM) are the two main imaging methods of SPM. 
During the last years, some essential developments in AFM measurements have 
been carried out. The less disturbing direct driving magnetic dynamic mode 
(MAC Mode) appears together with dedicated cantilevers coated with ferro-
magnetic thin film [10,11], and this method seems to be the best for AFM 
imaging in liquids, for examination of soft samples like surfactant layers [12], 
and is also applicable for in-situ examination of the adsorption layers of Py. 

Despite a large amount of research published using SPM, considering the 
initial growth mechanism of CP [13–16], the surface morphology as a function 
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of experimental conditions of electrosynthesis [17,18], the properties of the PPy 
film [19,20], and the effect of the doping state in the polymer morphology [21], 
there has been no complete agreement about the mechanisms of growth of PPy 
at the moment of beginning this study. 

The main aim of the present investigation was to study the first stages of PPy 
film growth on Au electrode for the better understanding of the film formation 
mechanisms and properties of ultrathin films, thus, it was important to examine 
the adsorption process of Py on atomically flat Au (111) surface from, com-
monly used, moderate concentration (0.1 M), and more diluted (0.1 and 1 mM) 
aqueous solutions of Py, and to study the first stages of growth of the electro-
polymerised PPy structures from the adsorbed Py layer. From the other side the 
surface structure and other properties of thicker films may be influenced by not 
only on the film formation during the first stages of its growth but also on the 
properties of different dopant anions used in the film deposition process: thus, 
the influence of the dopants to the of thicker film was in the interest as well in 
this study. 
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2. LITERATURE OVERVIEW 
 

2.1. Formation of polypyrrole 
 

PPy can be prepared using chemical or electrochemical polymerisation [1,22]. 
Chemically, Py can be oxidatively polymerised in solution using a wide range 
of oxidants like FeCl3, Br2, H2O2 and many others. Chemical polymerisation 
usually leads to powders called “polypyrrole black”. Films can be obtained by 
allowing the polymerisation to take place at a solid or liquid surface. These 
films are of poor quality, in some cases they are not even conducting [1,23].  

The electrochemical polymerisation is generally preferred because it pro-
vides a better control of film thickness and morphology and a cleaner polymer 
when compared to the chemical oxidation. Films of PPy are deposited onto a 
supporting electrode surface by anodic oxidation of Py in the presence of an 
electrolyte solution. The choice of the solvent and electrolyte is very important 
in the electrochemical polymerisation of PPy, because both of them should be 
stable at the oxidation potential of Py and provide a conductive medium. The 
anode can be made of a large variety of materials including gold, platinum, 
glassy carbon, HOPG, and ITO coated glass, etc. Electrochemical polymeri-
sation can be carried out using different electrochemical methods like po-
tentiostatic, galvanostatic or potentiodynamic methods.  

The electrochemical polymerisation reaction can be described with follo-
wing equation: 

 
4n H-M-H + nA– – (9n-2)e– → H-(M)4n

n+-H/nA– + (8n – 2)H+ 

 
where H-M-H represents monomer, A– represents anion from electrolyte and  
H-(M)4n

n+-H represents polycation formed from monomers. According to this 
equation, a large amount of hydrogen ions are produced during polymerisation 
reaction, which is confirmed by the observed pH drop of the solution during 
polymerisation [8]. 

The electropolymerisation mechanism of Py is not very clear. Up to date, a 
number of mechanisms of these reactions have been proposed [8]. The 
mechanism described by Diaz et al. is the mechanism encountered most often in 
the literature [24,25]. The scheme of this polymerisation mechanism is shown in 
Scheme 1. According to the scheme, the polymerisation begins by the oxidation 
of the monomer at the surface of the electrode to form the radical cation. The 
coupling between two radicals results in the formation of the dihydromer 
dication. Than the loss of two protons forms the aromatic dimer. There is two 
preferred ways for describing the further extension of polymer chain. One 
theory says that the elongation of polymer chain is based on the successive 
coupling of monomeric cations with the chain as shown in Scheme 1 [24,25]. 
According to the second theory, the propagation of PPy chain takes place via 
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successive dimerisation steps leading from a dimer to a tetramer and then to an 
octameric coupling product (Scheme 2)[9]. 

 
 

 
 
Scheme 1. Classical formation scheme during oxidation of Py. 
 

 
 

 
 
Scheme 2. PPy formation scheme via oligomerisation. 
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Scheme 3. Structure of doped polymer. 
 
 
The electropolymerisation does not give the neutral non-conducting PPy but its 
oxidised conducting form. The final polymer chain carries a positive charge for 
every 5 to 3 Py units, which is neutralised by an anion. The structure of doped 
polymer is presented in Scheme 3, where A– is the electrolyte anion [8]. 

As mentioned, the electropolymerisation mechanism is a controversial 
subject. Difficulties in the determination of the different stages of the reaction 
are related with the rapidity of the polymerisation. The insolubility of the PPy 
coupled with its non-crystalline nature makes structure characterisation and 
analysis of physical properties extremely difficult. As a result, there is no un-
animous agreement concerning this mechanism. 

 
 

2.2. Surface morphology of polypyrrole films 
 

Experimental variables such as dopant, solvent, the applied potential, nature of 
electrode etc., are known to have a strong influence on the morphology of PPy 
film. The relationships between these variables and the morphology have been 
studied because the latter greatly affects the mechanical and electrical properties 
of the film. 

The exact structure of PPy is difficult to determine, as it is typical for poly-
mers in general. The morphology of PPy films synthesised by electrochemical 
polymerisation changes with the dopant ion and the electrode substrate but the 
surface is always mainly amorphous [26–28]. Very many experiments for the 
investigation of the morphology of PPy films/sheets have been done using SEM 
[29–32]. This measuring method requires thicker films for the investigations – 
mostly 1 m or thicker films are usually studied. The very early stages of PPy 
growth cannot be studied by standard SEM. In most cases, the thicker films 
have a “cauliflower” like structure. Differences in roughness and nodule sizes 
are connected with the thickness of PPy film or dopant ion. If the thickness of 
PPy film increases, the roughness of film surface increases as well.  

Since the inventing, the SPM has proven useful for the determination of 
surface properties of PPy.  

 
 

2.2.1. First stages of growth 
 

The morphology changes of PPy films on different polycrystalline electrodes 
and different dopant anions during first stages of PPy growth have been 



13 

investigated using in-situ SPM in a few early studies [33–35]. The formation of 
a thin polymer layer over the whole Pt electrode area during the first stage of 
PPy synthesis was observed [33]. Quite similar observations have been done on 
the basis of ex-situ STM experiments on polycrystalline Pt electrodes [34]. This 
corroborates the opinion that the initial growth of PPy film is essentially two 
dimensional, the PPy chain structure grows preferentially on the electrode 
surface until it coats the whole surface. The growth of nodules occurred after 
the formation of a polymer thin layer. Different morphology of the PPy films 
developed over different electrodes was shown [34]. Unordered structure of PPy 
film was observed over Pt electrodes, more ordered oval structures were 
observed over glassy carbon electrode during the initial stages of synthesis in 
the presence of ClO4

– or p-TS– anions. Highly oriented growth of nuclei of PPy 
was seen over a gold electrode in the presence of ClO4

–. A very uniform thin 
PPy film has also been detected in the first stage of polymerisation in another 
in-situ AFM study of the polymerisation of Py on Au (111) film vapor deposited 
on glass substrate [35]. The STM ex-situ experiments of other conducting 
polymers have shown that the initial deposition step of these polymers on gold 
is the formation of a very regular, very stable and adherent thin film [36]. It has 
been noticed that the growth of PPy over glassy carbon and gold electrodes is 
more homogeneous than over platinum electrodes. Also, the synthesis of PPy 
over glassy carbon and gold electrodes has demonstrated that the scratch lines 
over the electrode did not offer evident advantage for the nucleation of the 
polymer. These experiments have suggested that there are two stages during the 
growth of PPy films. First, there is the deposition of a primary PPy layer, which 
occurs, either via polymerisation of adsorbed species on the electrode, or by 
deposition of oligomers on the latter. The second stage concerns the growth of 
this layer. 

Different results have been achieved with ex-situ STM measurements in the 
first stages of PPy polymerisation on HOPG electrode [13,37–39]. There the 
formation of ultra thin PPy layer on the electrode surface has not been detected. 
Variety of structural forms of electropolymerised PPy with small counterions 
has been showed on HOPG: isolated helical polymer chains with pitches of 0.5–
0.9 nm and diameters of 1.5–1.8 nm, small nodules with diameters up to 100 nm 
consisting of crystalline ordered arrays of supercoils were found. These nodules 
of PPy typically have been found on or near the surface steps of the graphite. 
Also, the formation of polymer strands, which are in some cases isolated and in 
others attached to the nodules have been observed.  Similar coil and nodular 
structures have been observed in thin films of PTh on HOPG [13] and PAn on 
Pt electrode [40]. By studying PPy electropolymerised with large polymeric 
anion like PSS–, it has been found that thin films and nodules formed in the 
early growth stage posses crystalline structure [38].  

The AFM ex-situ experiments on Pt single-crystal electrodes with basal 
orientations have shown that the formation of PPy is a structure-sensitive pro-
cess [41]. It was clearly shown that the morphology of the PPy deposits on the 
three basal planes of Pt electrodes is very different. Highly heterogeneous 
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polymer film was formed on Pt (100) with zones completely covered by thick 
polymer film and zones with low coverage where a very thin film was present. 
On Pt (110) a very homogeneous film formation was observed, and on the Pt 
(111) new types of wide terraces of PPy with a shape usually described as 
fingers were formed. It was found that the Pt (110) and Pt (111) surfaces are 
more suitable for obtaining PPy films with higher conductivity and charge-
storage capacity than Pt (100) surface.  

Electrical properties of PPy films studied under various experimental 
conditions by Park et al. [42–44] showed that at the very early stage of the film 
growth (~10 nm) in aqueous solutions, the surface of the electrode is almost 
fully covered with a nonconducting thin layer. It was presumed that this layer 
consists probably of undoped or poorly doped short-chained PPy and/or Py 
oligomers at this stage. When the thickness of PPy films was increased, the 
conductivity of these films increases too. 

 
 

2.2.2. Surface morphology of thicker PPy films 
 

The influence of dopant nature and film thickness on the roughness of PPy films 
has been studied ex-situ by AFM [45,46] and STM [14,38,39]. During the STM 
measurements at intermediate PPy film thicknesses (20–90 nm) on HOPG, a 
fibrillar structure was observed which transformed with the increasing film 
thickness into the nodular amorphous polymer structure. The sizes of the 
nodules increased with film thickness and were found to be similar to the 
structures observed by other surface characterisation methods. AFM experi-
ments showed that the surface morphology of PPy films doped with various 
anions (Cl–, ClO4

–, SO4
2–, DDS–) is less affected by the nature of the dopant at 

film thicknesses below 1m where the first polymer particles on the surface are 
globular and oriented along scratch lines on the substrate electrode. Remarkable 
differences become evident for thicker films: the behaviour of globules doped 
with sulphate or DDS– anions follows that obtained for relationship of thinner 
films, but in the case of chloride-doped and perchlorate-doped films a sharp 
increase in diameter and height of globules have been obtained. 

Electrical and morphological properties of PPy films have been studied 
using a current sensing AFM (CS-AFM) on a nanometer scale [42–44]. These 
experiments have clearly demonstrated that the PPy films prepared in aqueous 
electrolyte solutions were in general inhomogeneous in their electrical pro-
perties showing much poorer conductivities than those prepared in acetonitrile. 
When the thickness of PPy films was increased, the conductivity of these films 
increases as well. Also, the role of electrolyte in determining the morphological 
and electrical properties of the PPy films was investigated. The thickness of the 
polymer prepared in various electrolyte solutions was depending on them in 
order of SDS–>PSS–>p-TS–>ClO4

– for an identical amount of anodic charges 
used for the preparation. The average conductance values gave the order of p-
TS–>SDS–>PSS–>ClO4

–. It has been concluded that the morphological and 
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electrical characteristics of PPy films can be as diverse as the experimental 
conditions [43]. 

 
 

2.3. Scanning Probe Microscopy methods 
 
Scanning probe microscopy is a widely used experimental technique for 
characterising materials’ surfaces down to the atomic scale. Depending on 
measuring method, SPM allows investigate large variety of materials. It is 
possible to carry out SPM experiments in very different environments – in ultra 
high vacuum, controlled gas environment, ambient conditions and liquids [47].  

In SPM techniques, the sharp probe is either scanned across a sample or the 
surface is scanned beneath the probe. Interactions between the tip and the 
sample are detected and mapped. Different techniques sense different 
interactions, which can be used to describe surface topography, adhesion, 
elasticity, conductivity, etc. 

Atomic Force Microscopy and Scanning Tunnelling Microscopy are the two 
main imaging methods of SPM. 

 
 

2.3.1. Atomic Force Microscopy 
 
AFM can resolve features as small as an atomic lattice, for either conductive or 
non-conductive samples. The technique makes it possible to image the samples 
in-situ, in fluid, under controlled environments. AFM imaging relies on small 
AFM probe that is raster scanned over a surface to generate an AFM image. 
AFM probes have two major components; a flexible cantilever, which is 
attached to the probe chip, and a sharp probe tip near the end of the cantilever. 
AFM probes can be manufactured from a variety of materials, but are mostly 
made of silicon and/or silicon nitride. The tip diameter can vary, depending on 
its specific application, but it is generally extremely sharp, usually on the order 
of a few nanometers to tens of nanometers in radius at the tip apex. Various 
novel techniques have been developed for creating even sharper tips; for 
example, carbon nanotubes have been added to the end of the probes. The 
potential of AFM extends to applications in life science, material science, 
electrochemistry, polymer science, nanotechnology, biotechnology, etc. [48–50].  

Contact mode (CM) and dynamic (AC) mode are two major AFM imaging 
modes. 

 
2.3.1.1. Contact Mode AFM 

 
In contact mode, the AFM probe tip is in continuous contact with the sample. 
Typically, the forces applied to samples in CM are in the range from tens to 
hundreds of nano-Newtons (nN). Additionally, most surfaces in air are covered 
by a layer of adsorbed water and other contaminants, whose surface tension 
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pulls the tip and probe downwards by capillary, adhesion, and etc. forces. 
Electrostatic charges on the tip and sample can also give rise to additional long-
range forces and complicate the imaging. When scanning in fluids, for example 
under water or solution of different salts, the capillary forces are eliminated, and 
the electrostatic forces are largely screened. Consequently, experiments under 
liquids could be easier to carry out and less damaging for the sample than at 
ambient conditions as relatively large vertical and lateral forces, which are 
applied to the sample during CM imaging, can often damage soft or weakly 
attached samples.  
 
 

2.3.1.2. Dynamic Mode AFM 
 

In contrast to CM, in AC or dynamic mode (AC-AFM) the AFM probe is 
oscillated at a high frequency above the sample. One advantage of this mode is 
that the probe does not contact at all or contacts very slightly and/or shortly 
with the sample surface.  

There are two main AC imaging techniques of AC-AFM, the acoustic 
(AAC) and magnetic (MAC) AC techniques. In AAC mode, a piezoelectric 
transducer is used to oscillate the AFM probe near its resonant frequency. In 
liquids, an amplitude vs frequency resonance sweep for an AFM probe that is 
driven to resonance in AAC mode is described as a “forest of peaks” (Fig. 1. a) 
[51]. This is because the transducer tends to vibrate not only the AFM probe, 
but also the surrounding environment and items that happen to be in close 
proximity to the transducer. This effect can make it difficult to find the true 
resonant frequency of the probe, and also to optimise other imaging parameters. 
With MAC mode, a special magnetically coated cantilever is driven by an 
oscillating magnetic field. There is low or no “forest of peaks” for amplitude vs 
frequency sweep using MAC mode in liquids (Fig. 1. b)[51,52]. The resonant 
frequency is cleanly resolved as a distinct single peak. The result is more 
effective, accurate and simpler probe tuning, thus, in MAC Mode compared to 
other AFM imaging modes, lower imaging forces and much less damage to soft 
samples occurs. As a result, the MAC mode allows to study samples on the 
molecular level and image delicate samples which often cannot be resolved with 
any other AFM imaging technique [11,12,53–55]. 

 
Fig. 1. AAC mode (a) and MAC mode (b) amplitude vs frequency sweep in liquid. [51] 
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2.3.2. Scanning Tunnelling Microscopy 
 
STM is the earliest, widely-adopted SPM technique. The STM works by 
scanning a very sharp metal wire tip over a surface. By bringing the tip very 
close to the surface, and by applying an electrical voltage to the tip or sample, 
the surface can be imaged at an extremely small scale – down to resolving 
individual atoms and point defects. The STM is based on the quantum chemical 
effect of electron tunnelling. The remarkable vertical resolution, up to the 
picometer range, of the device arises from the exponential dependence on the 
electron tunnelling current on the tip-substrate separation.  For electron tun-
nelling to occur, both the sample and tip must be conductive or semi-conduc-
tive. STM cannot be used on insulating materials. This is one of the significant 
limitations of STM, which has led to the development of other SPM methods, 
first of all – the AFM method.  

The working principle of in-situ STM is that of conventional STM, with the 
difference that in-situ STM equipment is designed to run so that the sample and 
the tip are placed in a liquid media:  the STM tip is dipped into an electrolyte 
filled electrochemical cell during the image recording. Well-defined in-situ 
experiments require the use of a bipotentiostat to independently control the 
electrochemical potential of the tip and surface relative to some reference 
electrode. In an electrochemical environment, the STM tip serves both as a 
tunnelling probe and as a microelectrode at the same time. Thereby, special 
attention must be given to the possible faradic reactions at the tip. These 
reactions may include redox events as well as deposition and dissolution 
processes. Under constant current imaging conditions, the set point current is 
maintained by a combination of electron tunnelling and the faradic process 
occurring at the tip. In order to reduce the faradic contribution at the tip, the 
sidewall of the tip must be electrically isolated. This is provided by a special tip 
coating, which leaves only the foremost part of the tip in contact with the liquid 
[56]. Soft glass, organic polymers, and Apiezon wax have been used for tip 
coating [57].  

The described-above AFM and STM methods are applicable for the 
examination of the surface morphology of PPy films with some restrictions. As 
PPy films are relatively soft, contact mode AFM is not the best method for the 
characterisation of the thin films in ex- or in-situ studies. There are relatively 
large vertical and lateral forces applied to the sample during CM-AFM imaging, 
which can damage the film surface and even partly or completely sweep off the 
PPy film. Therefore, intermittent- or non-contact AFM methods are preferred 
for AFM studies of PPy films and specially adsorbed layer of Py. Because of 
effective, accurate and simpler probe tuning in liquids, the MAC mode is at the 
moment the favourable method for in-situ AFM measurements. Generally, STM 
allows achieving higher resolution, up to molecular level, for the imaging/mea-
surements of thin PPy films or the adsorbed layer of Py. But there are also some 
serious problems. The adsorbed layer might be completely swept off by the 
scanning tip due to too high current densities and/or small distance between tip 
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and surface, if the adsorbed layer is not enough strongly adhered to the surface 
of electrode. Also, poor or absence of conductivity of the first stages of film 
growth may cause problems in STM measurements.  

In summary, the best way to perform in-situ studies of PPy films or 
adsorbed layer of Py is to use MAC-AFM or STM. For ex-situ experiments NC-
AFM is the best choice in case of adsorbed layer or ultrathin films, but for the 
thicker films also IC-AFM is applicable. 

 
 
2.4. Preparation of well-defined electrode surfaces 

 
As a rule for the study of polymer film growth on an electrode using STM 
methods, both electrode-electrolyte interfaces and the surface of the polymer 
deposited must be well-defined and prepared reproducibly, and methods to 
investigate these must be established accurately. It is difficult to prepare in very 
reproducible way as well as to carry out experiments on the atomic scale using 
polycrystalline electrodes. Thus, well-defined single crystalline surfaces must 
be exposed in order to understand surface structure on the atomic scale. It is 
difficult to carry out experiments on the atomic scale using polycrystalline 
electrodes. At the moment, several methods are achieved to produce extremely 
well-defined, atomically flat surfaces of various electrodes made of noble 
metals, some base metals, and semiconductors. One of the widely used methods 
of preparing a single crystal Pt electrodes is melting of a Pt wire in the flame, 
which was established by Clavilier et al.[58]. Later, this technique was extended 
for Au [59], Ir [60], Rh and Pd [61].  

Gold films, which were thermally vapor-deposited in vacuum on heated 
cleaved mica surfaces, are the other way to produce reproducibly well-defined 
Au (111) single crystal electrodes [62–65]. These kinds of electrodes are 
frequently used as substrates for the study of biomolecular adsorbates [66], 
nanoparticle systems [67–69], and SAMs [70–72]. Popularity of these substrates 
based on simplicity of producing and preparation before experiment. For getting 
contaminant free atomically flat surface of these substrates only a flame 
annealing is needed [56,70,71]. The technology of production of reproducible 
high-quality Au (111) films on mica substrates was introduced in this work as 
well.  
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3. EXPERIMENTAL 
 

Pyrrole (Fluka), used for the adsorption of Py layer and synthesis of PPy films, 
was purified by distillation over calcium hydride under vacuum and stored in 
the dark under Ar atmosphere at low temperature. All the salts used as dopants 
(LiClO4, NaCl, NaBS, Nap-TS and NaNDS) were analytical reagent grade 
(mostly products from Fluka). Meso-tetra-(4-sulfonatophenyl)-porphine di-
hydrocloride purchased from Porphyrine Products, Inc. was neutralized with 
0.05 M NaOH before use. High purity MilliQ+ water was used for the prepa-
ration of solutions.  

Monocrystalline Au (111) films were deposited on mica substrates at 
elevated temperature using electron beam evaporator VS-17 (Vacuumservice 
OY). The mica substrates had been cleaved just before the preparation. Prior 
each experiment, the Au (111) electrode was shortly annealed in H2 flame.  

Adsorption of Py was carried out in a one-compartment electrochemical cell 
from aqueous solutions containing 0.1 M of Py and 0.1 M of LiClO4. Samples 
were exposed to the Py solution for 3 minutes at open circuit potential. After 
that the samples were rinsed thoroughly with MilliQ+ water and submerged in 
0.1 M LiClO4 solution for in-situ AFM measurements. All solutions and 
MilliQ+ water used in this work were previously saturated with Ar (99.999%, 
AGA). 

Potentiodynamic method was used for the polymerisation of the adsorbed Py 
layer. Galvanostatically synthesized PPy films for STM and XPS measurements 
were deposited at constant current density: j = 0.12 mA·cm–2. For XPS 
measurements, the potentiostatically synthesized film was deposited at constant 
potential 0.75 V. Electrochemical experiments were carried out using 
potentiostat/ galvanostat Model 263A (PAR). Mica substrates or Au wire as 
working electrode, platinum wire as counter electrode and Ag/AgCl reference 
electrode were used. The estimation of the polymer film thickness was done 
considering that depending on different dopant anions about 0.2–0.4 C·cm–2 is 
consumed for deposition of 1 μm thick film. [73,74] 

The surface morphology of working electrodes was studied by a SPM 
measurement system 5500 (Agilent Technologies) and Autoprobe CPII (Veeco). 
In-situ AFM experiments were performed in MAC Mode using MACLeversTM 
type I cantilevers (Agilent Technologies). For ex-situ AFM measurements were 
used UltraleverTM (PSI), NSG11S series (NT-MDT) and SSS-NCHR (Nano-
sensorsTM) type cantilevers. All AFM images were recorded in non-contact or 
intermittent contact mode. The in-situ AFM experiments were carried out in  
0.1 M LiClO4 supporting electrolyte in a modified hermetic cell. All images 
were registered at open circuit potential. For ex-situ AFM experiments, the 
samples were rinsed thoroughly with MilliQ+ water and air-dried. STM 
measurements were carried out with a SPM measurement system 5500 (Agilent 
Technologies) equipped with electrochemical STM (EC-STM) option. The in-
situ STM experiments were carried out in 0.1 M Na2SO4 supporting electrolyte 
in a modified hermetic electrochemical cell using insulated Pt/Ir STM tips from 
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Agilent Technologies, declared having leakage current il < 70 pA. The ex-situ 
STM experiments were carried out in ambient conditions using etched or cut 
from Pt/Ir20 wire (Ø 0.25 mm; NanoScience Instruments) tips. All STM images 
were recorded in constant current mode with tunnelling currents ranging from 
1.3 to 19 nA. The GwyddionTM ver. 2.19 [75] free software and WSxM 
software [76] were employed for image processing. All AFM and STM images 
were processed by 1st order flattening for background slope removing, and if 
necessary, the contrast and brightness were adjusted.  

XPS measurements were carried out with a UHV surface analysis complex 
having SCIENTA SES-100 spectrometer with detection angle of 90. For 
excitation, an unmonochromated Mg K X-ray source (incident energy =  
1253.6 eV; power 300 W) was used. The pressure in the analysis chamber was  
~5·10–8 Pa. While collecting the survey spectrum, the following spectrometer 
parameters were used: binding energy range from 600 to 0 eV, pass energy Ep = 
200 eV, energy step size E = 0.5 eV. High-resolution photoelectron peaks of 
interest were scanned in the appropriate energy ranges with energy step of E = 
0.1 eV using the same pass energy value. The number of scans over the 
spectrum energy range used was chosen basing on getting reasonably good 
statistics of the spectra, and ranged from 2 to 4 for survey spectra and 10 to 40 
for high resolution spectra. For the elements, atomic ratio evaluation, 
experimental line heights were determined and elements’ sensitivity factors 
[77,78] were taken into account.  
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4. RESULTS AND DISCUSSION 
 

4.1.  Adsorbed layer and first stages of polymerisation  
of Py on Au (111) 

 
AFM and STM images of a typical Au (111) electrode are presented in Fig. 2. It 
can be seen that the electrode surface is formed by atomically flat (111) terraces 
limited by monoatomic steps (see the height profile in Fig. 2), and that the 
terraces are considered to be large enough for detailed studies of Py adsorption 
and polymerisation. Note that the bare electrode has sharp and typical for the 
(111) orientation triangular step edges. 
 

 
Fig. 2. Typical non-contact AFM (a) and STM (b) images and cross-section profile (c) 
of Au (111) electrode. Insert in (a): an atomic resolution STM image of a similarly 
pretreated Au (111) electrode, the left part – raw image, 3 × 3 nm2, and the right part – 
FFT pattern of the same image. The RMS surface roughness value measured in image a 
was 0.17 nm. All images were taken in air condition. 

 
 

Pyrrole (Py) adsorption and following electropolymerisation processes onto 
partially atomically flat Au (111) surfaces from aqueous solution of 0.1 M Py 
plus 0.1 M LiClO4 have been investigated by non-contact atomic force 
microscopy. Adsorption of Py was carried out in a one-compartment electro-
chemical cell. Samples were exposed to the Py solution for 3 minutes at open 
circuit potential. After that the samples were rinsed thoroughly with MilliQ+ 
water and submerged in 0.1 M LiClO4 solution for in-situ AFM measurements. 
All solutions and MilliQ+ water used in these experiments were previously 
saturated with Ar. 
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Fig. 3. In-situ non-contact AFM images (a,b) and cross-section profile (c) of adsorbed 
Py layer on Au(111) electrode measured in solution of 0.1 M Py + 0.1 M LiClO4. 

 
 

Fig. 3 shows in-situ AFM image of the Au (111) electrode surface in solution of 
0.1 M Py and 0.1 M LiClO4. The surface of the electrode is covered with Py 
layer. The low sharpness of the image shows that this outer layer is very soft. In 
order to examine the structure of the Py layer in more detail we dissolved outer, 
probably softer part of the Py layer and continued experiments only with inner 
part of the adsorbed Py layer. 

Fig. 4, and Fig. 5 show AFM images of the Au (111) electrodes surfaces 
covered with Py after exposing them in solution containing 0.1 M of Py and 
0.1 M of LiClO4 and after rinsing them with MilliQ+ water. Images in Fig. 4 are 
taken in-situ in 0.1 M LiClO4 solution, but images in Fig. 5 are taken ex-situ in 
air atmosphere after drying the samples. These images show clearly that the 
surfaces of the electrodes are fully covered with an adsorbed Py layer, but the 
character of the layer in liquid and in air is somewhat different. Essential 
increase of the root-mean-square (RMS) roughness values calculated for in-situ 
and ex-situ measured electrode surfaces comparing to RMS value calculated for 
bare Au (111) electrode surface, also confirms the presence of an adsorbed layer 
of Py (see Tab.1). Homogeneous surface coverage with Py nanoislands with 
diameter of~20 nm and height of 1–2 nm was investigated in dried conditions. 
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Fig. 4. In-situ non-contact AFM images (a,b) and cross-section profile (c) of adsorbed 
Py layer on Au(111) electrode measured in solution of 0.1 M LiClO4 after rinsing in 
water.  

 
 

Table 1. RMS roughness data for Py adsorbed layer and polymerised Py adsorbed layer. 
 

 RMS (nm) 
Scanned area 

(µm) 
Bare  

Au (111) 
Adsorbed Py 

layer  
in-situ 

Adsorbed Py 
layer  
dried 

Polymerised 
 Py layer  

in-situ 

Polymerised 
Py layer  

dried 
1x1 0.17 0.73 0.70 1.09 0.69 

 
 
In liquid environment, the adsorbed layer consists of bigger or smaller nano-
islands too with diameter from 10 to 50 nm, but there can be found also tiny 
chain or fibre like protrusions. The latter ones could be linear monomer clusters 
or accidentally generated oligomer chains, e.g. caused by adsorbed light quanta 
or by any other stray source. It is a remarkable tendency, that both the nano-
islands and other small details of the adsorbed layer are imaged in liquid with 
less sharper borders than in dried condition in air. This shows, that the adhesion 
of the adsorbed material onto the Au (111) electrode is rather weak, as even 
very small interactive forces generated by oscillating tip of the AFM cantilever 
sensor working in the non-contact mode are capable to somewhat disturb the 
layer.  
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Fig. 5. Ex-situ non-contact AFM images (a,b) and cross-section profile (c) of adsorbed 
onto Au (111) electrode Py layer. 

 
 

Electropolymerisation of adsorbed layer of Py was carried out in 0.1 M LiClO4 
solution with potential sweep from 0.0V to 0.75 V with scan rate 50 mV·s–1 and 
it causes remarkable changes in the morphology of this layer (Fig.-s 6 and 7). 
Nanoislands of diameter > 10 nm mostly disappear and a pre-structure of well-
known cauliflower-like morphology of PPy appear [20,43,46,79,80]. This pre-
structure consists of sub-micrometer aggregates of polymer nanoglobules, 
having diameter of 5–10 nm (see Fig. 7b), and this aggregates are concentrated 
preferable near the edges of substrate terraces – especially well visible in Fig. 7 
part a, in which also the substrate structure is well imaged. Similar aggregates 
are present in the polymer layer imaged in the electrolyte environment (Fig. 6 
part a) but there the edges are surrounded with a thinner fibre-like layer, which 
in some places has honeycomb-like structure, see Fig. 6 part b. Differently 
orientated fibril layers were observed in initial stages of PPy growth on HOPG 
also by Yang, Evans et al. [13]. Why the fibre-like structure is absent in the Fig. 
7 part a is not clear yet – it is possible that during the layer drying process the 
thinner part of it was modified or even exfoliated from the electrode. 
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Fig. 6. In-situ non-contact AFM images (a,b) and cross-section profile (c) of electro-
polymerised Py-adlayer on Au (111) electrode. 

 
Fig. 7. Ex-situ non-contact AFM images (a,b) and cross-section profile (c) of electro-
polymerised Py-adlayer on Au (111) electrode. 
 
 

4.2. Formation of PPy film on Au (111): A STM and  
XPS Study  
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4.3. Dependence of PPy film morphology on  
different dopant anions. 

 
The morphology of PPy films doped with different anions was studied by NC-
AFM and IC-AFM. The PPy films were electrochemically deposited on gold 
wire electrode. Thickness of these films was ~ 1 µm. All experiments were 
carried out ex-situ in ambient conditions.  

Differences in PPy film morphology, synthesised in the same conditions, 
were investigated using very different by size dopant ions – Cl– and TPPS4. The 
electropolymerisation of PPy films were carried out from two different aqueous 
solutions: 0.1 M Py + 0.1 M NaCl; and 0.1 M Py + 2 mM TPPS4 + 0.1 M NaCl. 
PPy films were deposited on gold wire electrode during potential sweep from 
+0.45 V to +0.7 V with v= 1 mV·s–1. AFM images of these PPy films are 
presented in Fig.15. From these images it is clear that TPPS4 substantially 
changes the morphology of the surface making it rougher, thus increasing the 
effective surface of the polymer layer. PPy/Cl film shows uniform globular 
structure with globule size from 30 nm to 80 nm, and RMS roughness 4.5 nm, 
but PPy/TPPS4 films surface consists of disordered fibre like structures. RMS 
roughness of PPy/TPPS4 film was 27.5 nm. 
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Fig. 15. Ex-situ IC-AFM images and cross-section profiles of PPy films on gold wire 
electrodes formed during potential sweep from +0.45 V to +0.7 V with v= 1 mV·s–1 in 
aqueous solution of: (a) 0.1 M Py + 0.1 M NaCl; (b) 0.1 M Py + 2 mM TPPS4 + 0.1 M 
NaCl. 

 
 
Investigations of differences in morphology of PPy films doped with relatively 
similar aromatic sulphonate anions have been done using IC-AFM. All PPy 
films for the AFM measurements were prepared in the same conditions: by 
galvanostatic electropolymerisation in aqueous solutions containing 0.1 M of Py 
and 0.1 M of supporting electrolyte: NaBS, Nap-TS or NaNDS. Typical surface 
images are presented in Fig. 16 and the values of the RMS roughness parameter 
and the dimensions of larger globules are presented in Table 2. From Fig. 16 
and Table 2 one can see that the roughness parameter depends on the 
dimensions of the area used. If large globules are excluded (scanned area 1 µm 
x 1 µm), the RMS is relatively low. If large globules are included (scanned area 
6 µm x 6 µm) values of RMS are much larger. But in all cases the PPy films 
doped with NDS– have larger roughness. At the same time, the globules are 
largest on the surface of the PPy/NDS films. All this is supporting the statement 
that PPy films doped with NDS– anions have a more heterogeneous structure. 
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Fig. 16. Ex-situ AFM images from the surface of PPy films doped with BS (a), pTS (b) 
and NDS (c). 

 
 

Table 2. AFM data for PPy films with various dopant anions. 
 

 BS– p-TS– NDS– 

Scanned area (μm) RMS (nm) 
6×6 45 45 106 
1×1 13 15 30 

Globule height (nm) 245 203 278 
Globule width (nm) 1300 1200 1400 

 
 

Possible changes in the morphology of the BS– doped PPy films on the 
thickness and electrodeposition rate were also studied. PPy films for AFM 
measurements were prepared by galvanostatic electropolymerisation in aqueous 
solutions containing 0.1 M of Py and 0.1 M of supporting electrolyte: NaBS. In 
these experiments, PPy films were deposited at two current densities: 0.4 and at 
4 mA·cm–2 with the total charge passed 0.08 C·cm–2 and 0.4 C·cm–2. Con-
sidering that about 0.4 C·cm–2 is consumed for the deposition of 1 µm thick 
films [74,92], the estimated thickness of the PPy films is approximately 0.2 and 
1.0 µm. The typical AFM images are presented in Figs. 17 and 18. In the case of 
the thinner films (deposition charge 80 mC·cm–2), the morphology depends 
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rather weakly upon the deposition current density: the values of the roughness 
factor RMS are close: 4.4 and 4.6 nm in the case deposition current of 4.0 and 
0.4 mA·cm–2, respectively.  
 

 
 
Fig. 17. AFM images of PPy/BS film deposited at current density: (a) jd = 0.4 mA· 
cm−2; Qd = 400 mC·cm−2 and (b) jd = 4.0 mA·cm−2; Qd = 400 mC·cm−2. 
 
 
The differences increase with the increase of the thickness of the film: the larger 
globules of “cauliflowers” reach 0.8 µm for the PPy films deposited at  
0.4 mA·cm–2 versus only 0.5 µm if the deposition current was 4.0 mA·cm–2. 
AFM measurements of PPy/BS thicker films morphology, synthesised in the 
different conditions using two different current densities, show that higher 
synthesis current density changes the morphology of the surface making it 
rougher. 



38 

 
 
Fig. 18. AFM images of PPy/BS film deposited at current density: (a) jd = 0.4 mA·cm−2; 
Qd = 80mC·cm−2 and (b) jd = 4.0mA·cm−2; Qd = 80mC·cm−2. 
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5. SUMMARY 
 

The aim of the present work was to investigate the first stage of polypyrrole 
(PPy) growth for better understanding of the film formation mechanisms, and 
also the study of the dependences of PPy film morphology on the nature of 
dopant anions. For these purposes, electrochemically polymerised PPy films 
were used. Morphology of these films was studied by scanning probe 
microscopy (SPM). The essential results of these investigations can be listed as 
follows:  
 In- and ex-situ atomic force microscopy (AFM) measurements in non-

contact imaging mode showed that Au (111) electrode surface is covered 
with a polymolecular layer of pyrrole (Py). This layer is not ideally smooth 
but is formed from Py nanoislands with diameter of 10–50 nm and height of 
1–3 nm. 

 Electropolymerisation of this layer causes some typical changes: the 
nanoislands of diameter > 10 nm mostly disappear, and fibre-like or 
honeycomb-like structure appears. This new structure is formed not from 
single polymer chains but is more coarse-fibred. 

 The results of in-situ AFM measurements showed clearly that the formation 
of the primary PPy layers during electropolymerisation from Py solutions of 
moderate concentration occurs from Py molecules previously adsorbed on 
the electrode. 

 In-situ scanning tunneling microscopy (STM) studies of ultrathin PPy films 
deposited from aqueous Na2SO4 solution and low concentrations of Py onto 
Au (111) showed that in the first step of electrodeposition, the electrode still 
tends to be covered with continuous ultrathin adsorbate film as it was shown 
by in-situ AFM experiments. 

 It was shown that the ultrathin polymer films can be studied in detail with in-
situ STM if the polymer chains are bonded to the substrate surface with the 
help of sulphate ions adsorbed together with the first adsorbate species, 
improving their adhesion.  

 Using the STM technique, then island-like growth of PPy film on the 
continuous adsorbate sublayer was demonstrated for the first time.  

 Comparison of ex-situ and in-situ STM images of the same galvanostatically 
deposited films showed that in dry conditions the island material has lower 
electrical conductivity than the continuous layer.  

 X-ray photoelectron spectroscopy (XPS) studies showed that PPy films 
synthesized galvanostatically from concentrated Py solutions contains a 
remarkable amount of sulphate anions as dopants, while films synthesized 
with the same amount of charge but from diluted Py solution had no dopant 
but contained carboxyl groups instead, thus were overoxidized.  

 AFM measurements of PPy film morphology, synthesised in the same 
conditions using very differently sized dopant ions – Cl– and TPPS4, show 
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clearly that TPPS4 substantially changes the morphology of the surface 
making it rougher. 

 AFM investigations of differences in the morphology of PPy films doped 
with relatively similar aromatic sulphonate anions (BS–, p-TS– and NDS–) 
synthesised in the same conditions show that PPy films doped with NDS– 
anions have a more heterogeneous structure. 

 The AFM experiments showed increased globularity for thicker films 
deposited at higher current densities in case of BS– doped PPy films 
synthesised under different conditions. 
 

Galvanostatic deposition of PPy from diluted solutions of Py under conditions 
of the parallel overoxidation reaction taking place allows the single-step 
production of nanometric overoxidised PPy films applicable in various sensors.  
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SUMMARY IN ESTONIAN 
 

POLÜPÜRROOLKILEDE ELEKTROFORMEERUMINE:  
IN-SITU AFM JA STM UURINGUD 

 
Elektrit juhtivaid polümeere on viimaste aastakümnete jooksul intensiivselt 
uuritud kui uut orgaaniliste materjalide generatsiooni, milles on metallidele ja 
pooljuhtidele omased elektrilised ja optilised omadused ühendatud tava-
polümeeride selliste omadustega nagu lihtne süntees ja paindlikkus töötlemisel. 
Polüpürrooli (PPy) peetakse üheks elektrit juhtivate polümeeride klassikaliseks 
esindajaks tänu selle püsivusele ja võimalusele seda polümeeri kergelt sün-
teesida nii keemiliselt kui elektrokeemiliselt vesi- ning orgaanilistest lahustest. 
PPy-d kasutatakse juba paljudes kõrgtehnoloogilistes rakendustes, näiteks, 
keemiliste- ja biosensorite, päiksepatareide, akude, korrosioonitõrje katete, 
superkondensaatorite, molekulaarsõelte, jne valmistamisel. Samuti loetakse 
polüpürrooli lootustandvaks materjaliks kunstlihaste valmistamisel.  

Käesoleva töö eesmärgiks oli uurida polüpürrooli kile moodustumist, seal-
hulgas ka pürrooli (Py) adsorbtsiooni monokristalsetel Au (111) elektroodidel 
erineva pürrooli sisaldusega vesilahustest ning erinevate dopantioonide mõju 
kile pinna struktuurile paksemates polüpürrooli kiledes. Uuringud viidi läbi eri-
nevaid in- ja ex-situ skaneeriva teravikmikroskoopia ning röntgen-fotoelektron-
spektroskoopia (XPS) meetodeid kasutades.  

Olulisemad tulemused: 
 In- ja ex-situ aatomjõu mikroskoopia (AFM) mõõtmiste tulemusena näidati, 

et 0.1 M Py vesilahuses on Au (111) elektroodi pind kaetud polümole-
kulaarse Py kihiga. See kiht ei ole ideaalselt sile vaid koosneb Py saare-
kestest mõõtudega: 10–50 nm diameeter ja 1–3 nm kõrgus. 

 In-situ AFM mõõtmised näitasid kindlalt, et mõõduka kontsentratsiooniga Py 
lahustes elektropolümeriseerimise käigus tekkivad esimesed PPy kihid moo-
dustatakse eelnevalt elektroodile adsorbeerunud molekulidest. 

 Näidati, et üliõhukesi PPy kilesid on võimalik in-situ skaneeriva tunnel-
mikroskoopia (STM) meetodil detailselt uurida kui elektroodi pinnale 
adsorbeerunud polümeeri ahelad on sulfaatioonide abil tugevamini sub-
straadi pinnaga seotud. 

 Esmakordselt näidati PPy kile saarelist kasvu pideval adsorbsel kihil kasu-
tades STM-i. 

 Galvanostaatiliselt sünteesitud PPy kilede XPS uuringutel tehti kindlaks, et 
kontsentreeritumast (0.1M) Py lahusest sadestatud kiled sisaldavad 
märkimisväärsel hulgal dopantiooni, samas kui väiksema Py kontsentrat-
siooniga (1mM) lahusest samadel tingimustel sadestatud kiledes dopantiooni 
ei leitud vaid need sisaldasid karbonüülrühmi, mis näitab, et viimatimainitud 
kiled olid üleoksüdeeritud. 
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 Suhteliselt „paksude“ kilede (kuni 1 m) AFM uuringud näitasid, et 
sünteesitingimuste muutmine, dopantiooni iseloom ja kile paksus mõjutavad 
tugevalt kile pinna struktuuri. 
 

Uuringute käigus avastati uus väga lihtne meetod üliõhukeste üleoksüdeeritud 
kilede valmistamiseks. Niisugused kiled on kasutatavad erinevates sensorites. 
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