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Preface

It is a great pleasure for the Bulgarian
Electrochemical Society to present this special
issue of Bulgarian Chemical Communications in
honor of Prof. Zdravko Stoynov in appreciation
for his enormous contributions to the development
of the Electrochemical science and
Electrochemical Impedance Spectroscopy in
particular. On the occasion of Prof. Stoynov’s
80th anniversary, we celebrate his brilliant
academic career, which has lit over half a century
with the sparks of innovation.

The cross-disciplinary expertise of Prof.
Zdravko Stoynov covers a vast area of scientific
fields and disciplines. For his original experiments
and findings he develops non-standard and unique
equipment, writes specialized software and
applies sophisticated mathematical and statistical
tools. He introduced the application of digital
frequency response analyzers in electrochemistry
and pioneered the idea of impedance
measurements out of equilibrium. Together with
the team of Prof. Epelboin, he measured
impedance of batteries for the first time in the
world and continued with the development of the
now widely applied 4D non-stationary impedance
analysis. Two of the papers in this issue exploit
this advanced technique, which vastly increases
the information capability of impedance
spectroscopy. Stoynov’s Differential Impedance
Analysis ensures both structural and parametric
identification without the need of preliminary
working hypothesis. His Differential Coulomerty
Spectroscopy method for kinetic studies of
batteries entered in the newest equipment of Bio-
Logics (Fr). The Rotating Fourier Transforms,
cited in this issue by Boris Grafov and co-
workers, are already entering in huge application
area. In the moment, Prof. Zdravko Stoynov is
still hard at work, is developing new tools for
evaluation of state of health and lifetime of
batteries and fuel cells.

Prof. Stoynov’s activities are part of the joint
efforts of a unique generation of original scientists
from many countries, who established and
developed impedance society into an integral part
of the electrochemical society. Through the
Electrochemical Impedance Spectroscopy
Symposia and the European Electrochemical
Impedance Analysis Symposia, they have put EIS
on the map and have nurtured a community of

scientists in the field for the past 30 years. To this
day, Zdravko Stoynov’s voice is highly regarded
during those meetings as an insightful guide for
the next generation of scientists.

Prof. Stoynov has insightfully played an
integral role in the development of regional and
national electrochemical science during the last
decades. He has strongly been supporting the
electrochemists from South-East Europe in the
establishment of the Regional Symposium on
Electrochemistry – South East Europe (RSE-
SEE). He chaired the Bulgarian Electrochemical
Society with its biannual symposium Sofia
Electrochemical Days, focusing on the
representation and growth of the next generation
of Bulgarian electrochemists. He has also focused
on the integration of Bulgaria into the
International Electrochemical Society though the
establishment of the Bulgarian Section of IES.
We are happy to mark the strong contribution of
many scientists from these organizations in this
special issue of Bulgarian Chemical
Communications, which comprises 31 papers with
the participation of researchers from 12 countries
from Europe, Asia and America (Bulgaria,
Croatia, Czech Republic, France, Hungary, Italy,
Korea, Rumania, Russia, Serbia, Slovenia, USA).

Our intention as editors was to design a non-
standard and original issue, to reflect as much as
possible the unique person to whom it was
dedicated. We think that we succeeded thanks to
all the contributors who offered original papers
both as form and as content. The book was
designed to comprise several parts:

- “Stories” about electrochemistry in the
second part of the 20th century and the people
behind it, about the spirit and atmosphere created
by the “fathers” that developed the fundamentals
on which today’s electrochemistry germinated and
flourished. We are happy to announce that this
part, named “The Fathers”, came into being with
the strong contribution of Prof. Stoynov who
wrote about his teacher in electrochemistry –
Acad. Evgeni Budevski.

- Review papers in Electrochemistry. For the
realization of this part we would like to thank
another pioneer in impedance and in
electrochemistry – Prof. Digby Macdonald, as
well as to his younger colleagues Roxana Apetrei
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from Rumania, Zoran Mandić from Croatia and
Marin Pandev from Bulgaria.

- Scientific contributions in the field of
Electrochemistry - original results, not published
in other journals. We are happy to present 22
scientific contributions, which demonstrate the
vast application areas of electrochemistry, as well
as its continuing development.

- Letters to the editor – one classical
dissemination form applied strongly in scientific
journals in the last century, ensuring a platform
for discussions on some challenging and/or
contradictory topics. After consultation with Prof.
Stoynov, we are offering one topic in which the
question starts from the title.

In addition to those parts of the special issue,
you can find a review of Prof. Stoynov’s
multidisciplinary activities. The Bulgarian
Academy of Sciences awarded Prof. Zdravko
Stoynov with the special medal of the President of
BAS in recognition of his entire scientific and
academic activities: outstanding contributions to

electrochemical impedance science and its
applications in electrochemical power sources and
recognized exceptional service in favour to the
Bulgarian Academy of Sciences as an outstanding
national research center.

With this special issue including reviews and
latest achievements, the international
electrochemical community thanks Prof. Zdravko
Stoynov for his enormous contributions in the
development of the electrochemical science and
its scientific society.

For us as guest editors it was a great honor and
pleasure to coordinate the activities of the
international electrochemical community. We
would like to thanks them for the enthusiasm,
efforts and dedication in the preparation of the
papers. We would also like to thank the reviewers
for the precise and accurate work. We wish to
express our gratitude to Dr. Gergana Raikova, Mr.
Georgi Pchelarov, Dr. Milena Krapchanska and
Mr. Marin Pandev for devoting their energy and
time for the preparation of this issue.

Finally, we all join the wishes of Prof. Michel Keddam for Zdravko Stoynov’s 80th anniversary,
saying together:

”Please, keep on working hard…so many discoveries are still ahead”.

Guest Editors:

Daria Vladikova Višnja Horvat-Radošević Tamás Pajkossy

April, 2017
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Zdravko Stoynov - the scientist who turns curiosity into multidisciplinarity
D. Vladikova

Acad. E. Budevski Institute of Electrochemistry and Energy Systems, Bulgarian Academy of Sciences, 10 Acad. G.
Bonchev St., Sofia 1113, Bulgaria

It is not easy to write about the scientist
Zdravko Stoynov, about his achievements and
contributions, which stem from his vivid and
unconventional personality, about his original way
of thinking – sometimes too avant-garde for its
time, or as they say today – innovative, and thus not
at all easy to understand and accept. It is not easy,
however, it is downright challenging.

While trying to systemize his activities, I
realized that nearly everything Zdravko Stoynov
has set his mind on doing has turned into an
achievement on the cutting edge of science…. since
the beginning of his career at the age of 25, i.e. 55
years ago, when he developed the first analog
computer to calculate systems of differential
equations to the twelfth order after the decimal
point for his thesis at the Technical University of
Sofia. That took place in 1960 and now – 56 years
later he continues to introduce new methodological
algorithms and solutions which, when integrated
into his nonstandard equipment, register significant
unexplored phenomena in electrochemical power
sources – the latest area of his professional
interests.

Prof. Stoynov’s scientific achievements are not
only numerous and significant, but also cross
between different disciplines to redefine problems
outside normal boundaries and reach solutions
based on a new understanding of complex
processes - a novel approach in modern science
which usually involves different teams of scientists
from diverse backgrounds and fields. Zdravko
Stoynov’s research marries electrochemistry with
engineering, mathematics, computer sciences… he
suits the equipment he creates to his experimental
goals – from the development of unique hardware
and software to original methods for data analysis.
For example, he measured the underpotential pre-
nucleation of Ag on dislocation free surface of
single crystal face by constructing an ultra-sensitive
potentiostat with a voltage range of 10 mV and
sensitive current measurements. His precision
equipment and methodology registered impedance

on a single dislocation. His extensive inter-
disciplinary knowledge and skills reflect in his
academic degrees: Ph.D. in engineering
(automatization of the experiment) from the
Bulgarian Academy of Sciences (BAS); Doctor of
Technical Sciences (technical cybernetics) from
Zurich Polytechnical University, and Doctor of
Chemical Sciences from BAS.

I had been wondering for many years about the
source of Prof. Stoynov’s limitless scientific
curiosity and inexhaustible constructive energy to
define new topics and undertake seemingly
insoluble problems, transforming them into fertile
and attractive research fields. Finally, I found the
answer. While preparing my presentation for the
official 80th anniversary ceremony, I asked Prof.
Stoynov for some childhood photos… and there it
was… I saw the same expression, the curiously-
mischievous same smile - as open and playful at the
age of 3-4 as it was at the age of 70-80 (Fig. 1).
Throughout all this time, he has preserved and
developed this childish curiosity and disregard for
limits and taboos which, combined with
extraordinary intelligence and the multidisciplinary
knowledge accumulated during the years, makes
him an extraordinary scientist, just as it is in the
words of the renowned physical chemist Ivan
Stransky: “A scientist must possess the capability to
wonder. A scientist has to see voids where others
see nothing.”

Born in Kardjali on May 16, 1936, Zdravko
Stoynov spent his childhood in Stara Zagora, in the
family of his maternal grandfather Stefan
Коjuharov, the headmaster of the regional girls’
high school, founded in 1863 and famous for its
educational traditions since the time of the
Bulgarian cultural revival. Stefan Коjuharov’s
daughters were enthralled by literature – Zdravko’s
mother was a teacher, while her sister became a
poetess in the literary circle of Georgi Bakalov, a
famous Bulgarian literary critic and publisher from
the beginning of the 20th century. His father, Boris
Stoynov, was a lawyer, but both sons, Stefan and
Zdravko himself cut ties with the social science
family tradition and became engineers. Their
professional orientation took such a sharp turnTo whom all correspondence should be sent:

E-mail: d.vladikova@bas.bg
 2017 Bulgarian Academy of Sciences,  Union of Chemists in Bulgaria
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thanks to… a matador!... a children’s game,
which became their game in life. After completing
all levels of the “Matador” game, Stefan and
Zdravko began to ask questions themselves, solve
puzzles and complete tasks. When Zdravko
Stoynov constructed his first battery (the Volta

battery) at the age of 8, he didn’t have inkling that
batteries would become an integral part of his
professional destiny. This is how the “Matador”
technical construction game completely changed
Zdravko’s childhood and determined his
professional life - the life of an inventor.

Fig. 1. Zdravko Stoynov in: early 1940’s (left); 2010’s (right).

Hence, in 1960 Zdravko Stoynov graduated
from the Technical University of Sofia by
constructing the first in Bulgaria analog computer
to calculate differential equations to the 12th order
after the decimal point. In the next 2 years, he
established the “Computing and Modeling
Laboratory” at the Technical University and

constructed a large analog computer to calculate
non-linear differential equations up to the 120th

order. At the same time, he developed non-standard
equipment for researchers at the Bulgarian
Academy of Sciences. As a result, in 1963 Prof.
Todor Vitanov (a research fellow then), introduced
him to the team of Academician Evgeni Budevski,
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who was feverishly working on creating a
dislocation-free crystal. If successful, they would
create the first in the world “perfect crystal” and
confirm the Stransky-Kaischew theory of two-
dimensional nucleation.

Thus, in 1963 Zdravko Stoynov became part
not just of the Bulgarian Academy of Sciences, but
also of a talented world-renowned research team on
the verge of a significant discovery. In a matter of
months, he considerably increased the sensitivity,
precision and stability of the measuring equipment
and, albeit coming from a completely different
scientific field, started to actively participate in the
scientific work of the team. Zdravko Stoynov
himself enthusiastically described the atmosphere,
emotions, and dedication of the entire team during
those exiting times in his contribution for
Academician Evgeni Budevski in this special issue
of Bulgarian Chemical Communications.

In 1965, 33 years after the publication of the
Stransky-Kaischew theory, came its experimental
proof – the Budevski team successfully grew the
first in the world dislocation-free single crystal.
This accomplishment sparked extensive research of
electrochemical behavior in a new, experimentally
unexplored system with completely different
behavior from systems with dislocations in the

crystal lattice. Zdravko Stoynov actively
participated in the novel research by developing
models for surface diffusion and monoatomic layer
growth [1,2].

With such a strong scientific beginning, what to
do next?! By participating in the development of
ultra-sensitive equipment for a unique experiment,
Zdravko Stoynov fell within the orbit of
Academicians Rostislaw Kaischew and Evgeni
Budevski – an orbit which determined to a great
extent his professional path. His exceptional
engineering and mathematical background gave
him the unique independence to develop targeted
task-specific equipment. From then on, he had
freedom to choose what scientific peak to overcome
next. He selected to go into electrochemical
impedance spectroscopy (EIS) - a difficult and little
exploited at the time, yet exciting field full of
potential and enormous opportunities. In parallel,
he continued to work in a pure engineering field -
automatization of the scientific experiment,
developing a series of automated battery testing
equipment for the newly established Central
Laboratory of Electrochemical Power Sources with
Director Evgeni Budevski, founded in 1967 (Figs.
2-4).

Fig. 2. The nucleus of the newly founded Central Laboratory of Electrochemical Power Sources (from left to right):
Veselin Bostanov, Dechko Pavlov, Jordan Geronov, Evgeni Budevski  (standing), Todor Vitanov, Georgi Staykov
(standing), Zdravko Stoynov, Ilia Iliev.
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Fig. 3. The Electrochemical Methods Department,
founded by Zdravko Stoynov: 1976 (left); 2016 (right).

That equipment was implemented in the
Bulgarian lead acid batteries plants (in Dobrich,
Targovishte, Pazardjik). Prof. Stoynov’s power
potentiostats were introduced in the Laboratories
of the German and Czech Academies of Sciences.
During his specialization in Case Western Reserve
University in Cleveland, he developed a new-
generation ultra-fast power potentiostat (BC
6000), which was put into production in
Stonehard Ass. (USA) - the company owned by
the inventor of the fuel cell for the American lunar
rover.

Zdravko Stoynov never ceases to develop
unique non-standard equipment (Figs. 5,6), but it
serves as a means to a greater end as the focus of
his work shifts to experimental methodologies.

Despite his interest and work in various
scientific fields, his greatest and undying love
remains electrochemical impedance. He is
irresistibly drawn to this method by its
exceptional informative capabilities and numerous
exciting challenges. Electrochemical impedance
has the unique advantage of separating the
kinetics of the different steps describing the
phenomenon or process under investigation.
However, there are serious hurdles in the analysis
of the experimental data, which need a statistical
approach. Тhe challenge is two-fold and consists
in both the method and the system under
investigation… and Zdravko Stoynov has been
“digging” in both directions – for already more
than 40 years.

Fig. 4. Zdravko Stoynov’s computerized testing laboratory in CLEPS (1975)
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Fig. 5. Zdravko Stoynov’s “Hydrogen Laboratory”
in IEES (2015).

Fig. 6. Zdravko Stoynov and Massimo Schiavetti in
front of Stoynov’s equipment for impedance testing of
large batteries for accumulation of energy from solar
cells (ENEL- Pisa, 2014).

Nowadays, measuring electrochemical
impedance with frequency response analyzers is a
mainstream method used by all. However, few
know that they have to thank Zdravko Stoynov for
this; he implemented this equipment into
electrochemical measurements after a visit to the
Solartron company in 1968. The first two frequency
response analyzers were implemented by Prof.
Epelboin in his laboratory in Paris (CNRS-UPMC,
Université Pierre et Marie Curie) and by Prof.
Stoynov himself in CLEPS (Bulgarian Academy of
Sciences) – both in 1968.

Working in a "battery institute", Zdravko
Stoynov decided to investigate the impedance of
batteries – an object whose impedance was
considered impossible to measure at the time.
Under these circumstances, he started to
systematically chisel away at the scientific
taboos… and continues to do so to this day. For a
start, he introduced measurements outside the point
of chemical balance. Today, this is customary;

however, it was out of the question of about 40
years ago. Prof. Stoynov developed specialized
equipment and with his colleagues at CNRS in
Paris measured, for the first time in the world,
impedance of batteries – galvanostatically and
quasistrationary [3] (Fig. 7). A year later, he
measured the impedance of large-scale batteries. He
promoted the introduction of this method in
laboratories and practices of the European Space
Agency, the Soviet space program, as well as, in
the Lewis Center at NASA.

Fig. 7. The first publication for impedance on
batteries.

What would be the next challenge? Delving
deeper into the impedance of batteries, Prof.
Stoynov focused on the non-steady state of batteries
during the measurement process.

Non-stationary (4-D) impedance analysis

Based on the classical method of the Transfer
Function (TF), Electrochemical Impedance
Spectroscopy gives a local, linearized and full (in a
frequency aspect) description of the investigated
electrochemical system, which is assumed to be a
steady-state one. However, batteries behave as big
statistical systems with distributed parameters on a
macro and micro scale. During cycling, processes
of mass and energy transfer take place. They
change the object’s structure and parameters. Thus,
batteries show non-steady state behavior, which is a
restriction for correct impedance studies. For
further development of impedance of batteries, a
liberation from the restriction of steady state
conditions was needed and thus Zdravko Sotynov
developed non-stationary (4-D) impedance analysis
– a procedure which eliminates the delay errors
[4-8]. This approach is based on the assumption
that the state and the parameter space of the system
is a continuum. It corrects the errors arising from
the measurement delay during the frequency sweep.
In contrast to classical electrochemical impedance
spectroscopy, which works with a 3-dimensional
(3D) set of data, Zdravko Stoynov formulated a 4-
dimensional initial set of experimental data,
including the time of measurement. He
approximated every iso-frequency dependence with
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of chemical balance. Today, this is customary;

however, it was out of the question of about 40
years ago. Prof. Stoynov developed specialized
equipment and with his colleagues at CNRS in
Paris measured, for the first time in the world,
impedance of batteries – galvanostatically and
quasistrationary [3] (Fig. 7). A year later, he
measured the impedance of large-scale batteries. He
promoted the introduction of this method in
laboratories and practices of the European Space
Agency, the Soviet space program, as well as, in
the Lewis Center at NASA.

Fig. 7. The first publication for impedance on
batteries.

What would be the next challenge? Delving
deeper into the impedance of batteries, Prof.
Stoynov focused on the non-steady state of batteries
during the measurement process.

Non-stationary (4-D) impedance analysis

Based on the classical method of the Transfer
Function (TF), Electrochemical Impedance
Spectroscopy gives a local, linearized and full (in a
frequency aspect) description of the investigated
electrochemical system, which is assumed to be a
steady-state one. However, batteries behave as big
statistical systems with distributed parameters on a
macro and micro scale. During cycling, processes
of mass and energy transfer take place. They
change the object’s structure and parameters. Thus,
batteries show non-steady state behavior, which is a
restriction for correct impedance studies. For
further development of impedance of batteries, a
liberation from the restriction of steady state
conditions was needed and thus Zdravko Sotynov
developed non-stationary (4-D) impedance analysis
– a procedure which eliminates the delay errors
[4-8]. This approach is based on the assumption
that the state and the parameter space of the system
is a continuum. It corrects the errors arising from
the measurement delay during the frequency sweep.
In contrast to classical electrochemical impedance
spectroscopy, which works with a 3-dimensional
(3D) set of data, Zdravko Stoynov formulated a 4-
dimensional initial set of experimental data,
including the time of measurement. He
approximated every iso-frequency dependence with
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Fig. 5. Zdravko Stoynov’s “Hydrogen Laboratory”
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a formal model and applied two orthogonal iso-
frequency cubic splines respectively for the real and
the imaginary components. The interpolation (and
extrapolation) for a given time tj and a set of
frequencies ωi gives the corresponding estimates of
the real and imaginary parts.  Thus, the data of each
evolving diagram are reconstructed and the
corresponding impedance diagrams already
represent the impedances measured virtually at one
and the same time for all frequencies which, as it
can be seen in Fig. 8, in practice, corrects the
deformations due to the non-steady state evolution.

Fig. 8. Simulated impedance diagrams of evolving
simple Faradaic reaction deformed by measurement
delay errors: a) iso-frequency dependence for the lowest
frequency; b) fifth iso-frequency dependence (starting
from the lowest frequency). Reproduced with permission
from Z. Stoynov and D. Vladikova (2006) Nonstationary
differential impedance spectroscopy in energy sources.
In: Stoynov Z and Vladikova D (eds.) Portable and
Emergency Energy Sources, pp. 411–436. Sofia: Marin
Drinov Academic Publishing House.

The developed 4-D approach improved
significantly the impedance studies of batteries
[8-12]. It has also been introduced in the battery
testing software of Zahner Elektrik GmbH & Co.
KG and successfully applied by Mitsubishi in Li-
ion batteries research [13,14], as well as, for studies
of other time-evolving systems. Two of the papers
in this issue apply the 4D analysis and contribute to
further development of its application window
[15,16].

Rotating Fourier Transform (RFT)

The non-steady state conditions of the
electrochemical system during impedance
measurements penetrate deeper, affecting the
Fourier Transform (FT) which is the mathematical
kernel of every impedance analyzer of our days.
The FT is the best estimator of sinusoidal signals in
steady-state conditions. However, out of those
conditions, the FT produces specific errors
dependent on the frequency. After a profound
analysis of those errors, Stoynov succeeded to
develop theoretically an advanced generalized form
of this transform – the Rotating Fourier Transform.
This was the subject of his doctoral dissertation in
the Federal Institute of Technology – Zurich
[17,18]. The RFT was proved both in simulations
and in practice. The implementation of the RFT in
impedance spectroscopy provides for precise
measurements of time-evolving systems out of the
steady-state conditions. It opens a new horizon for
studies of batteries and fuel cells, corrosion and
many other systems. Although created 30 years
ago, in our days, the Rotating Fourier Transforms
are entering in their application area, exploring the
infra-low frequency range (down to the μHz  region),
where many important phenomena take place.

Differential Coulometry Spectroscopy

Battery testing is an important application-
oriented tool for evaluation of their operational
capability and performance as sources of energy
and power. The typical testing results give general
information that represents the overall behavior and
thus does not support the analytical understanding
of the processes taking place. To fill this gap,
Zdravko Stoynov developed the Differential
Coulometry Spectroscopy (DCS) which extracts
valuable information about the batteries' internal
kinetics, electrochemical design and life
degradation. This technique requires measurements
of the voltage changes with the time followed by
precise aperiodic function Spectral Transform
analysis. [18,19]. In order to separate the
thermodynamic kinetics from the masking dynamic
effect of the intrinsically connected transport
limitations, very slow rate galvanoctatic testing
(charge/discharge) is required. In principle, the
galvanostatic mode of testing is a sweep
coulometry and provides for the evaluation of the
quantity of electricity necessary for the propagation
of the investigated process or its steps. DCS was
found to be a useful tool for investigation of the
electrochemical behavior and performance of
rechargeable batteries based on intercalation
materials (Fig. 9). Recently, it was included in the
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analysis package of BioLogic Science Instruments
latest EC-Lab software version V11.01 [20].
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Fig. 9. Four volts Li-ion sample with nominal
capacity of 2200 mAh: (a) Slow sweep voltage–time
charge curve (h = 100 hours); (b) Capacity spectrum of
the slow sweep voltage–time charge and discharge
curves (h = 100 hours). Reproduced with permission
from Z. Stoynov and D. Vladikova (2006) Differential
Coulometry spectroscopy In: Stoynov Z. and Vladikova
D. (eds.) Portable and Emergency Energy Sources, pp.
411–436. Sofia: Marin Drinov Academic Publishing
House.

Differential Impedance Analysis (DIA)

Although electrochemical impedance as a TF
gives a local, linear and full description of the
system under study, this information has to be
extracted from the experimental data, since
impedance does not directly measure the processes
caused by the perturbation signal, i.e. it is not a
physical reality, but an information property of the
object. The commonly applied approach for the
interpretation of the experimental data is the
construction and confirmation of a preliminarily
derived hypothetical model. The model structure is
chosen a priori, and thus the identification
procedure is only parametric.

The main efforts towards the improvement of
the impedance data analysis are focused on the
advancements of the identification procedure. In
this direction, Zdravko Stoynov’s achievements
concern the development of the original Model
Reduction Method [20]. However, the data analysis
advancements by improvements in the parametric
identification did not satisfy him because of the
principle discrepancy between the power of the

impedance measurement technique, which ensures
a large volume of precise data, and their analysis,
based on the formulation of hypotheses, often built
on subjective or oversimplified assumptions.

In Technical Cybernetics the Structural
Identification approach is applied for data analysis.
It does not require an initial working hypothesis
and provides both structural and parametric
identification.  However, the application of this
procedure to electrochemistry creates a multitude of
problems, which for a long time had been accepted
as insoluble. This challenge attracted Zdravko
Stoynov and to overcome it, he developed the
technique of Differential Impedance Analysis
(DIA), introducing the Structural Identification
approach in the frequency domain [21-28].

The DIA procedure starts with the initial set of
experimental data (angular frequency, real and
imaginary components of the impedance), and thus
can be applied to previously measured data. The
kernel is the local scanning analysis, performed
with the so-called local operating model
(LOM) with a simple structure consisting of a
resistance R1 in series with parallel connection of
capacitance C and resistance R2. The effective time-
constant T = RC is also introduced as a LOM
parameter. In contrast to the classical parametric
identification, which is performed over the entire
frequency range and estimates the parameters’
vector as a preliminary chosen model structure, the
identification of the LOM parameters’ vector by
local analysis is carried out within a narrow
frequency range, regarded as an operating window.
When the window width is a single frequency
point, the solution is purely deterministic. The
procedure of the structural and parametric
identification can be described by the following
steps:

- Scanning with the LOM throughout the
whole frequency range with a scanning window
of a single frequency point;

- Parametric identification of the LOM at
every working frequency. Since the number of the
independent data available inside the observation
window is smaller than the number of the
unknown parameters, the initial set of impedance
data is extended with two additional terms - the
derivatives of the real and imaginary components
of the impedance with respect to the frequency.
Thus, the set of equations for determination of the
LOM parameters estimation becomes solvable;

- Frequency analysis of the LOM parameters’
estimates. The results are presented in the so-
called temporal plots, which give the frequency
dependence of the LOM parameters’ estimates
(Fig.10). If the LOM parameters estimates are
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frequency-independent in a given frequency
region, the sub-model corresponding to this
frequency segment follows the LOM structure,
i.e. it is described with a parallel combination of
capacitance and resistance, which determine a
time-constant. Thus, the number of the plateaus
gives the number of the time-constants in the
model (Fig. 10b). The results may be transformed
in spectra, where the plateaus are depicted as
spectral lines (Fig. 10c, d) [25-28].
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Fig. 10. DIA of three step reaction: (a) equivalent
circuit and complex-plane impedance diagram; (b)
temporal plots (c) spectral plots; d) time-constant spectra
of motor oil Mobil Delvac MX 15W40: new (); after
10000 km. (). Reproduced with permission from Z.
Stoynov and D. Vladikova (2005) Differential Impedance
Analysis. Sofia: Marin Drinov Academic Publishing
House.

The presence of frequency dependence in the
temporal plots marks either the regions of mixing
between two phenomena or frequency dependent
behavior. Those segments are additionally
examined by Secondary DIA [25,27,28]. The
procedure, known as differential temporal analysis,
includes the differentiation of the LOM parameters'
estimates with respect to the log frequency. It
recognizes frequency-dependent elements (CPE,
Warburg, Bounded Warburg etc.), as well as, their
presence in more complicated models. DIA opens
new horizons for EIS by increasing its information
capability. It is successfully applied in
electrochemical power source studies and other
systems [28-37].

Today’s Challenges

In the last 15 years Zdravko Stoynov is
“divided’ between batteries and fuel cells. Water
behavior in solid oxide fuel cells (SOFC) is as
much important, as difficult. By performing precise
impedance measurements with high accuracy at
low frequencies (down to 1 mHz) he could monitor
the formation, transport and evacuation of water in
a new SOFC design [37]. In the moment he is
developing new tools with increased sensitivity and
enhanced information capability for “zoomed”
monitoring and more accurate diagnostics of state
of health of batteries and fuel cells (Fig. 11).
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Fig. 11. DIVA of SOFC: (a) I-V curves; (b) spectral
transform of the Differential Resistance dR (dU/dI).
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The new analysis (DIVA) is based on the
classical current-voltage (I-V) characteristics and
surprises with its simplicity and originality. It
works with the derivative of the voltage in respect
to the current, which is more sensitive to small
deviations and thus ensures increased sensitivity
and noise immunity. The method can
give information about the origin of the degrading
phenomena via combination with impedance
measurements in selected characteristic
working points and numerical modeling. The
analysis is about 10 times more sensitive than the
classical evaluation of fuel cells degradation based
on voltage decrease measurements at constant
current.

International Activities

Although engulfed in practical and applied
research, Zdravko Stoynov is no less valued as a
"social scientist" with an acute sense of
establishment, with excellent teaching skills and an
unwithering enthusiasm to educate and pass on his

knowledge and skills. He is one of founders - a
similarly minded enthusiastic group of colleagues
fascinated by the potential of electrochemical
impedance, who established an international
impedance society. For over 30 years, it has been
gathering within the framework of two international
conference chains:

- The International Electrochemical Impedance
Spectroscopy Symposia, dating from 1989 (Fig.
12);

- The International Electrochemical Impedance
Analysis Symposia, dating from 1988 (organized in
Bulgaria in 1991, 1994, 2014, Fig. 13).

On a regional level, he strongly supported and
aided in the establishment of the Regional
Symposium of Electrochemistry – South-East
Europe (RSE-SEE) and acted as its co-organizer in
2015 (Fig. 14). Starting in 1996, Zdravko Stoynov
established the national electrochemical event with
international participation “Sofia Electrochemical
Days” (Fig. 15).

Fig. 12. (a) International Symposium on Electrochemical Impedance Spectroscopy
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Fig. 12. (b) Official Dinner, Algarve, Portugal, 8th

EIS Symposium, 2010; (c) Lecture, A Toxa, Galicia,
Spain,,10th EIS Symposium, 2016.

To this day, Prof. Stoynov continues to
invigorate these scientific forums with his
innovative and avant-garde ideas.

Scientific management

In the first difficult years after the changes in
Bulgaria, the Central Laboratory of
Electrochemical Power Sources, as well as the
Bulgarian Academy of Sciences as a whole
were functioning under the impending doom of
being closed down and a great number of
researchers left Bulgaria to seek professional
realization in Western Europe and the Americas.
However, during those troubling times, Prof.
Stoynov's sense of duty towards Bulgarian science
and his remaining colleagues did not let him
emigrate. Instead of packing his suitcases for
California, where he was expected to joint Stanford
University, he undertook the responsibility to
preserve and develop the scientific legacy of his
greatest teachers, Rostislaw Kaischew and Evgeni
Budevski, accepting the position of Director of
CLEPS in 1992. Four years later, he was elected as
Chairman of the General Assembly (GA) of
the Bulgarian Academy of Sciences - the executive
body which needed to reform the Academy in order
to preserve its existence.

Prof. Stoynov once again united seemingly
disparate fields such as electrochemistry,
management, economics, and policy-making.

Fig. 13. International Symposium on Electrochemical
Impedance Analysis (EIA) (a) Castle Trest, Moravia,
Czech Republic, 5th EIA Symposium, 2008; (b)
Welcome party, Red Island, Croatia 9th EIA
Symposium, 2011; (c) Opening session, Borovetz,
Bulgaria, 10th EIA Symposium, 2014.
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Fig. 14. 5th Regional Symposium on Electro-
chemistry- South East Europe (RSE-SEE5), Pravets,
Bulgaria, 2015.

Fig. 15. Opening of Sofia Electrochemical Days,
2012.

He applied his rich experience from impedance
studies of energy systems, knowing that they
behave like large statistical systems with distributed
parameters on a micro and macro scale, that due to
mass and energy transfer, those systems change
their structures and show non-steady state behavior.
In spite of these severe restrictions, he saw great
potential and developed new and more
sophisticated tools. Well, the scientific
infrastructure, being a large statistical system of
similar behavior, could be described in a similar
way. The tool he offered for this system on a micro
and macro scale (IEES and BAS) was a new type of
scientific management based on: (i) microeconomic
reforms; (ii) stable project financing; (iii) global
scientific market participation; (iv) high-quality and
high-level scientific products with a new positive
emphasis on applied research still adequately
balanced with fundamental studies.

Now, 25 years later, this socio-economic
experiment which Prof. Stoynov took an active
leading role in, has been proven successful. Not
only did the Central Laboratory of Electrochemical

Power Sources grow into the Institute of
Electrochemistry and Energy Systems - one of the
most successful BAS institutes with strong
participation in the European Research Area, but
also the Bulgarian Academy of Sciences withstood
the turmoil of the post-communist transition period
and strengthened its position as a national research
center with 150-year history and a bright future
ahead.

Here are some facts to illustrate this point: in
comparison with 1996 – the starting year of
Stoynov’s chairing of the GA in 2008 (his 3rd
mandate), BAS' self-funding increased about 30
times. In a few short years, IEES also attained a
balanced income with about 50% self-funding.

Zdravko Stoynov established the Innovation
Centre at BAS, which has been a long-term partner
in Enterprise Europe Network. He initialized the
establishment of BAS Education Center, through
which the Bulgarian Academy of Sciences obtained
its accreditation for training and education. Noting
the weakening of the BAS institutes in terms of the
most valuable resource of any effective scientific
infrastructure - the expert human resource, Prof.
Stoynov implemented pro-active policies for career
advancement and maintenance of the scientific staff
above critical levels. While such policies sound
trivial today, they were almost unheard of in
Bulgaria during the 90's and the beginning of the
21st century.

It is a quite rewarding experience to be able to
reap what you have sown. Today Zdravko Stoynov
reaps the respect and appreciation of his friends and
colleagues from IEES, BAS, and all over the world,
who joined together physically and virtually to
celebrate his 80's birthday, turning it into a joyous
and heartwarming event (Fig. 16). The Bulgarian
Academy of Sciences honored his exceptional
service with the special medal of the President of
BAS (Fig. 16).

The international electrochemical community
and Bulgarian colleagues express their gratitude to
Prof. Zdravko Stoynov for his avant-garde, and
insightful contributions to the development of
electrochemical science and its applications with
this special issue of Bulgarian Chemical
Communications.

Wishing Prof. Stoynov good health and high
spirits, I would like to conclude with the greeting
from Digby Macdonald, one of his closest friends
from the circle of EIS pioneers:

“Zdravko Stoynov has been a giant in
electrochemical impedance spectroscopy and we
look forward to his future contributions”.
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studies of energy systems, knowing that they
behave like large statistical systems with distributed
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mass and energy transfer, those systems change
their structures and show non-steady state behavior.
In spite of these severe restrictions, he saw great
potential and developed new and more
sophisticated tools. Well, the scientific
infrastructure, being a large statistical system of
similar behavior, could be described in a similar
way. The tool he offered for this system on a micro
and macro scale (IEES and BAS) was a new type of
scientific management based on: (i) microeconomic
reforms; (ii) stable project financing; (iii) global
scientific market participation; (iv) high-quality and
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Now, 25 years later, this socio-economic
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in Enterprise Europe Network. He initialized the
establishment of BAS Education Center, through
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Bulgaria during the 90's and the beginning of the
21st century.
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Fig. 16. Celebration of Zdravko Stoynov’s 80th Anniversary (16.05.2016): the official part and award (pictures 1,2);
with the group (picture 3); dancing at the party  (picture 4)
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Rostislaw Kaischew and his trace in the fundamental science. A brief historical
overview of the genesis and rise of Sofia School of crystal growth

M. Michailov
Rostislaw Kaischew Institute of Physical Chemistry, Bulgarian Academy of Science, Аcad. G. Bonchev Str., bl. 11, 1113

Sofia,Bulgaria

The process of nucleation and growth of crystals
is one of the most exotic phenomena in nature.
Starting from disordered ensembles and small
clusters of single atoms and molecules, matter
organizes itself in beautiful figures and shapes with
immaculate symmetry and ordering, ideal cubes,
pyramids, needles, dendrites. These ensembles of
crystal shapes and their divine beauty attend our
entire being and consciousness, our entire life, they
are everywhere around us. This incredible art of
nature is generated spontaneously, without any
influence of human mind, thinking, desire or action.
Why is this occurring and how? Where the science
meets the unfathomable loveliness and marvelous
aesthetics of the art of crystal growth? A substantial
contribution in answering these fundamental
questions of condensed matter physics is given by a
very bright generation of Bulgarian scientists in the
last century [1-8].

In the 1930s in Bulgaria originated the famous
Sofia School of Crystal Growth, founded by the
Bulgarian scholars prof. Iwan Nikolow (Nicola)
Stranski and prof. Rostislaw Atanasov Kaischew.
Brilliantly developed later, it is among the few
internationally known substantial Bulgarian
contributions in the world’s scientific history. How
this school has been established? How an
internationally acknowledged scientific team,
setting up the fundamentals of a novel theory in the
field of solid state physics, phase formation and
crystal growth is affirmed in times of wars,
communist regimes and Berlin wall? How do the
names of its founders Iwan Stranski and Rostislaw
Kaischew manage to stand abreast with the names
of Josiah W. Gibbs, Walther Kossel, Yakov I.
Frenkel, Max Volmer and Frederick C. Frank?
Exploring these questions and primarily unriddling
the genesis of the scientific schools by the
psychological and personal image of their founders

has great educational, historical and moral standing.
This is because the birth and rise of the scientific
schools and their ideas mirror the noetic values of
mankind at the actual historical time [9-12].

Prof. Iwan Stranski and prof. Rostislaw
Kaischew, the founders of the most famous
Bulgarian scientific school have a dramatic
personal and scientific destiny. Their illustrious
academic and research activity plays a key role in
Bulgarian science as well as in the development of
the most important scientific institutions – the „St.
Kliment Ohridski“ University of Sofia and the
Bulgarian Academy of Sciences [2,4,5].

Iwan Nikolow (Nicola) Rostislaw Atanasov
Stranski Kaischew

Prof. Rostislaw Atanasov Kaischew was born on
February 29th 1908 г. In Sankt Petersburg in the
family of captain Atanas Kaischew and Mrs.
Anastassia Hadjimarinova. Both the genealogical
lines of the Kaischew’s and the Hadjimarinov’s
families are rather interesting. The roots of the
Kaischew’s ancestry have a history time line of
more than 250 years in the Rhodope’s village of
Chokmanovo, near Smolyan – a calm, peculiarly
picturesque site in the Rhodope mountain, beyond
the vanity and temptation of the modern world,
urging the human mind to thoughtfulness,
contemplation and existentialism, exciting curiosity
and cognition [13,14].

This small mountain village with almost 100
inhabitants (94 in 2011, but 941 in 1934), placed on
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sunny hills around green meadows and with several
small churches, has given birth to a remarkable
number of scientists, writers, art directors,
physicians, musicians, artists. The Chokmanovo
village manifests specific intellectual singularity
with all the gifted persons born there. Only the
people with academic rank and degree, originated
from this very small village, are more than 20 [14].
The Kaischew’s family also belongs to this unique
ensemble of remarcable personalities.

Chokmanovo village and the Kaischew’s family house,
2014 г.

Portrays of general Atanas Kaischew and prof. Rostislaw
Kaischew in the municipality of Chokmanovo village.

In 1905, the father of prof. Kaischew, Captain
Atanas Kaischew is recruited to Sankt Petersburg,
where he graduates with excellence „summa cum
laude“ from the General Staff Military Academy. A
few months after Rostislaw was born in 1908, the
family returns to Bulgaria. General Atanas

Kaischew takes part in the first and second Balkan
wars and World War 1, later he is promoted as a
Chief of the Military Academy in Sofia, professor
in the General Staff Academy and one of the most
prominent Bulgarian military experts. The mother,
Mrs. Anastassia Hadjimarinova also originates
from a famed Bulgarian family of large landowners
and merchants from the region of Stara Zagora. In
1913 the family moves to Sofia. Their son
Rostislaw graduates from high school in Sofia and
matriculates at the Department of Physics and
Mathematics of Sofia University. In his third years
he attends the lectures in physical chemistry of
Iwan Stranski, recently appointed as a professor at
the University.

Iwan Stranski Rostislaw Kaischew, 1939

At that time, Stranski involves Kaischew in
scientific activity and between them grows a tight
collaboration and, later, an amity. Their first joint
paper, entitled “On the equilibrium shapes of
homopolar crystals”, initiated already in the time of
the student years of Kaischew, is published in 1931
[15]. After his graduation from Sofia University,
Kaischew accepts a Humboldt scholarship,
recomended by Stranski, and in 1930 leaves for
Berlin to the famous scholar and keen connoisseur
of thermodynamics, Francis Simon.

Simon is a person with exeptional individuality
and flavor, disciple of Walther Nernst, the founder
of the Third Law of Thermodynamics. In 1931
Simon becomes a professor of physical chemistry at
the Laboratory of Low Temperatures at the
University of Breslau (presently, Wroclaw,
Poland). Two years later, in 1933, he moves to the
famous Clarendon Laboratory at the University of
Oxford, invited personally by Frederic Lindemann.
Later, in 1956, he becomes head of the Laboratory.
Simon performs extraordinary, pioneering research
in the field of low temperature physics. He
succeeds to liquefy helium for the first time in the
world by means of a system of magnetic cooling,
based on adiabatic demagnetizing. Together with
his assistant, Nicolas Kurti, he attains
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sunny hills around green meadows and with several
small churches, has given birth to a remarkable
number of scientists, writers, art directors,
physicians, musicians, artists. The Chokmanovo
village manifests specific intellectual singularity
with all the gifted persons born there. Only the
people with academic rank and degree, originated
from this very small village, are more than 20 [14].
The Kaischew’s family also belongs to this unique
ensemble of remarcable personalities.

Chokmanovo village and the Kaischew’s family house,
2014 г.

Portrays of general Atanas Kaischew and prof. Rostislaw
Kaischew in the municipality of Chokmanovo village.

In 1905, the father of prof. Kaischew, Captain
Atanas Kaischew is recruited to Sankt Petersburg,
where he graduates with excellence „summa cum
laude“ from the General Staff Military Academy. A
few months after Rostislaw was born in 1908, the
family returns to Bulgaria. General Atanas

Kaischew takes part in the first and second Balkan
wars and World War 1, later he is promoted as a
Chief of the Military Academy in Sofia, professor
in the General Staff Academy and one of the most
prominent Bulgarian military experts. The mother,
Mrs. Anastassia Hadjimarinova also originates
from a famed Bulgarian family of large landowners
and merchants from the region of Stara Zagora. In
1913 the family moves to Sofia. Their son
Rostislaw graduates from high school in Sofia and
matriculates at the Department of Physics and
Mathematics of Sofia University. In his third years
he attends the lectures in physical chemistry of
Iwan Stranski, recently appointed as a professor at
the University.

Iwan Stranski Rostislaw Kaischew, 1939
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experimentally a temperature of 1K (one micro
kelvin), which is considered as a feat of the
experimental physics at the time. Simon
investigates and introduces the basic method for

separation of uranium isotopes via gaseous
diffusion and production of uranium-235. He is one
of the principal scientists, taking part in the
physical design and creation of the nuclear bomb
with the so-called „Manhattan Project“ [16].

Sir Francis Simon (the man with the hat at the second row) at the annual meeting of the Bunsen Gesellschaft, may 1928
in Munich, accompanied by Walther Kossel, Kazimierz Fajans, Peter Debye, Fritz London. (G.F.Hund,

https://commons.wikimedia.org).
As a disciple of Francis Simon, Kaischew lands

in the surroundings of notable researchers and gains
a great opportunity for academic development and
scientific life. In Berlin he attends lectures by
Nernst, London, Simon and Bodenstein. In March
1931 Francis Simon is invited to head the Institute
of Physical Chemistry at the University of Breslau
and his entire research group, including the
assistants Nicolas Kurti and Kurt Mendelson as
well as the doctoral students Heinz London (brother
of the famous Fritz London who introduced
London‘s forces) and Rostislaw Kaischew, moves
there.

Rostislaw Kaischew at the University of Breslau, 1931.

Reining in that group are excellent scientific
ambiance and sincere, artistic relations. There,
Kaischew starts for the first time in the world the
study of the basic thermodynamic properties of
liquid and solid helium. In these pioneering studies,
he determines experimentally the density and the
heat of fusion of solid helium in equilibrium with
the liquid phase, its specific thermal capacity,
compressibility and other fundamental physical
quantities. These experiments open up a way to
estimate the so-called „zero entropy“ in the Nernst’
theorem – a subject of a large discussion at that
time. Kaischew‘s results will be used later in the
interpretation of the Nernst-Simon formulation of
the Third Law of Thermodynamics, in the form that
a thermodynamic process, bringing a system to the
absolute zero temperature by means of a finite
number of steps, is impossible [16].

Kaischew defends his doctoral thesis on
November 7th, 1932 with excellence „summa cum
laude” and becomes the first doctor of the Institute
of Physical Chemistry at the University of Breslau.
The results of his dissertation are published in the
famous journal “Nature” in 1934 in collaboration
with Francis Simon - „Some thermal properties of
condensed helium“. Let us point out that it has been
possible to publish even preliminary results in
“Nature” in these years [17].

During his stay in Breslau, Kaischew maintains
active correspondence with Stranski, who is in
Berlin at that time. In this way is completed their
first theoretical study. The paper ”On the
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equilibrium shapes of homopolar crystals”,
published in “Zeitschrift für Physikalische Chemie”
in 1931, marks the beginning of the theory of mean
separation works [6, 15]. It is shown for the first
time in this paper, that only atoms or molecules
bound stronger than in the site of half-crystal
position (kink), can belong to an equilibrium crystal

shape. This definition of equilibrium formulated in
a completely new way, different from that of the
classical thermodynamics of Gibbs, i.e. by the
binding energy of a separate single element of the
crystal lattice (atom or molecule) will lay the
cornerstone of the entire construction of the new
molecular theory of crystal growth.

The doctoral thesis of Kaischew, Breslau, 1932 (left), Kaischew at the Low Temperatures Laboratory, Breslau, 1931,
(middle), the publication of Kaischew and Simon in Nature, 1934 (right).

The time spent in Breslau, in Simon‘s group,
shapes the basic path of scientific evolution of
Kaischew’s life characterised by deep involvement
in the world of scientific thought. Being a part of a
research team in which many of its members Heinz
London, Nicolas Kurti and Kurt Mendelson will
become Fellows of the British Royal Society, and
Nicolas Kurti its vice-president (1965-1967),
Kaischew gains a remarkable start for scientific
activity and career. Furthermore, he shapes his
personality in environment of extremely variegated
and often exotic cultural interests. Besides his
achievements in the field of low temperature
exprimental physics, Nicolas Kurti becomes one of
the founders of the so-called “molecular cuisine”,
moderates a number of cooking shows on BBC and
organizes the first colloquium on “Molecular and
Physical Gastronomy”, held in Erice, Italy in 1992
[18]. Kurt Mendelson becomes famous with his
treatise on the origination and construction of the
Egypt Pyramids, too [19].

Already affiliated intellectually to the cultural
and scientific values of the Western world,
Kaischew returns to Bulgaria and enters the
Department of Physical Chemistry of Sofia
University, headed by prof. Iwan Stranski.
Kaischew starts his career as a volunteering

assistant, without any emolument. Only six months
later, the efforts of Stranski with the Ministry of
Education succeed and Kaischew is inaugurated as
a full-time assistant at the Department. At that time,
the oldest scientific colloquium in Bulgaria is
instituted, still existing today as the „Stranski-
Kaischew Colloquium on phase formation and
crystal growth”. This informal forum of
discussions, with its first members Iwan Stranski,
Rostislaw Kaischew, Stefan Christov, Lubomir
Krastanov, Dimitar Totomanow, will play later a
key role in the creation of entire generation of
researchers. The topics of the discussions are not
restricted to phase formation and crystal growth,
but cover a broad range of contemporary, cutting-
edge problems of condensed matter physics and
physical chemistry.

The time between 1933 and 1936 is the most
valuable period of the research collaboration
between Kaischew and Stranski. This remarkable
scientific communion and empathy result in a
ceaseless friendship. Thus, in a sequence of five
papers in 1934, are presented the basic ideas and
models of the theory of mean separation work [6,
20-24]. The new theoretical model of Stranski and
Kaischew considers for the first time the
equilibrium and the growth of the new phase at the
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molecular level, from the viewpoint of the kinetics
of elementary steps in phase formation and crystal
growth. Furthermore, it complements in a perfect
way the classical Gibbs thermodynamic model of
phase formation, demonstrates the identity of the
two models and thus attains a great physical
importance. 60 years later these envisaged model
concepts will be visualized at the atomic level by
the brilliant Scanning Tunneling Microscopy
experiments of Joost Frenken, presented at the first
“East-West Surface Science Workshop”,
EWSSW‘94 in Bulgaria.

In 1935 Kaischew leaves for three months to
Kharkiv, to the Physical and Technical Institute of
Ukraine, recommended by Martin Rueman, senior
assistant of Simon. There Kaischew works on the
adiabatic effect of nitrogen expansion at liquid
helium temperatures. During his stay in Kharkiv, he
gives a lecture on the method of mean separation
work, presenting the results obtained under the
guidance of Iwan Stranski. There he meets for the
first time the famous theoretical physicists Lev D.
Landau and Evgeni M. Lifshitz, who take part in
the discussion of his lecture.

The original record and part of the lectures presented at the Colloquium of Physical Chemistry in 1932/1933 at the
Department of Physics and Mathematics of Sofia University.

After five years career as a full-time assistant at
Sofia University, Kaischew attains the possibility
for a sabbatical year abroad. So, he leaves for
Germany in 1937 with a Humboldt scholarship to
prof. Klaus Clusius at the Institute of Physical
Chemistry of Munich University. Clusius is a
student of Arnold Eucken of Göttingen, and later is
the leading scientist and the head of the German
experiments on the production of heavy water.
Together with his assistant Gerhard Dickel he
develops the method of separating isotopes by
means of thermal diffusion. In the Clusius group,
Kaischew retains his interest in the field of low
temperature physics and investigates the
crystallization of carbon monoxide by slow
condensation from the gaseous phase and the
conversions of condensed hydrogen halides by
means of polarization microscopy. These studies
are published in the “Zeitschrift für Physikalische
Chemie” in 1938 and 1939. This sabbatical year in
Munich spent in the bachelor company of two other
scholarship fellows and his friends Sazdo Ivanov
and Georgi Bradistilov is one of the happiest
periods in the life of Kaischew. With his return to

Sofia at the end of September 1938 comes the end
of his romantic student’s life. From now on, he
starts his own, individual way, the most important
and most interesting part of his life leading to the
creation of the Sofia School of crystal growth.

Looking into Kaischew‘s life in science, it is
important to consider the more general question,
that of the birth and rise of scientific schools. Is it
an individual feat and goal of a single highly
erudite person, just a prodigy, or a natural,
synergetic process of self-organization of highly
capable and motivated team of researchers
following the same scientific ideas in the presence
of a distinguished leader with strong personality
and character? How does the generation,
development and recognition of a scientific society
which designates the tracks of scientific vogue in a
given field depend on the enviroment in which it
exists? A retrospective survey on the Sofia School
of crystal growth would throw a light on these
heuristic questions.

Science is a luxury exercise of the human soul,
set up with time, assiduity, curiosity and moral. It is
a state of constant dreaming. Allegiance to science
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and the affiliation to the academic world is, in
itself, a great human privilege, based on the desire
and ability to study oneself in relation to the
structure, logic and aesthetics of the world outside.
It is a far, long-distance mental horizon
overreaching the everyday existence and the
personal life. However, the individual ability of
contemplation and reasoning is not sufficient for
the construction of cognitive image of the nature.
The retrospection shows that fundamental human
knowledge is often formed not by individual
achievements and discoveries, but by scientific
schools that provide direction, style and meaning of
the scientific research. The formation and
development of these schools determines the
understanding of fundamental laws of the ambient
world for prolonged periods of time. This process
of self-organization of knowledge is an archetype
of the human soul, occurring as a result of the
capability of thought to arrange and construct
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their evolution in different temporary and spatial
directions. Therefrom stems the essence of the
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knowledge in a particular scientific field, creation
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a particular historical moment. In this way the
scientific schools outline and decorate the ranges of
human knowledge in historical context [9-12].

A basic feature of every scientific school is its
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gifted researchers. Teams of scientists exist in
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history of human knowledge, we observe that the
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phenomenon, grounded on an ensemble of
scientific paradigms, competence, imagination,
academic freedom and particular taste for research.
These characteristics, however, are still not enough.
The presence of a glamorous, authoritative and
influential personality is compulsory to attract
researchers, to focus scientific curiosity and most of
all to guarantee academic freedom and unrestricted
discussions for all researchers. This excites a strong
synergetic behavior along with cognitive and
mental processes leading to a very distinctive
heuristic state of the scientific school. In that state,
as a result of interaction and integration between

knowledge and intuition of separate investigators,
the specific scientific school has the opportunity to
create a more general (to some extend) picture and
scenario of the phenomena in a given field, to
depict the outlines of the future scientific reserarch
and finally to rationalize the scientific curiosity.

Let us point out that the outstanding feature of
such ensemble of sinergy-associated shcolars
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assembling of well-known theoretical and
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skilled researchers. The only real recognition of any
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its achievements. Furthermore, the great scientific
schools are distinguished not only by their
contribution to specific field of knowledge, but also
by their impact on the entire human knowledge and
human values [9-12].

In line with the above psyhological path of the
genesis of scientific schools, the birth and evolution
of the Sofia School of crystal growth could be
classified scientifically, thematically and
historically in three time periods, each of them
having its specific scientific achievements and own
research glory and drama. It is important to stress,
however, that Kaischew’s great supervisory power
and style are natively governing the scientific
ambience in all these periods. In some cases his
attendance is a strong motivation for the
researchers, in others it is a wall against mediocrity,
speculation and conjecture, and in others it is just a
great emotional reminiscence of the old times of
nascence of the School.

The first period (1927 – 1944), marked by the
initial development of the molecular theory of
crystal growth, has a remarkable pre-history. The
time when Kossel and Stranski introduced the
concept of ‘kink’ or ‘half-crystal position’ that
would play a fundamental role in the study of the
nucleation and growth of crystals, is a time of
impetuous rise of new ideas and discoveries in the
physical sciences.

In 1927 the Belgian Jesuit cleric Georges
Lemaître creates the Big Bang theory for the birth
of the Universe. The principles of the quantum
theory are formulated in 1925 - 1927 and accepted
by the international physical community, after
dramatic discussion, at the 5th Solvay Conference in
1927. The electron microscope is invented by Ernst
Ruska in 1933, Paul Dirac predicts the existence of
antimatter in 1928. Entirely new model concepts
about the crystal structure are developed by the
solid state physics. In 1918 Erwin Madelung
studies the interactions in the crystal lattice of
sodium chloride and defines the “Madelung
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constant”, relating the electrostatic potential of
interaction to the parameters of the crystal lattice.
Max Born and Otto Stern introduce in 1919 the
definition of surface energy by means of the energy
of creation of new surface at splitting the crystal
along a certain, well-defined crystallographic plane.

Walther Kossel                     Iwan Stranski

The Wulff theorem for the polar diagram of the
specific surface energy of a crystal is introduced in
1901 (it has been proved much later by Herring,
1956) [7,8,25,26]. All these impressive scientific
discoveries prepare the creation and development
of a new molecular-kinetic theory of crystal growth
as one fundamental theoretical model in the solid
state physics. The introduction of this theory is not
an accidental phenomenon. It follows however the
heuristic logic and appears as a part of the whole
remarkable ensemble of scientific achievements
generated during the thirties and forties.

Such is the dynamics of the physical research in
the world, when the Department of Physics and
Mathematics of Sofia University becomes one of
the international scientific centers, where the
molecular-kinetic theory of crystal growth emerges
and develops (1927 – 1941). At that time Kossel
and Stranski introduce the separation work of the
crystal building units as a measure of the crystal
lattice energy and determine the separation work
for an individual structural element in the special,
“kink” position on the crystal surface. These
quantities are crucial for understanding the
proposed new model of crystal growth at the
molecular level. They form the basis of the theory
of mean separation works, developed later in the
thirties, which demonstrates the first kinetic
treatment of the equilibrium and growth of crystals.
A remarkable advantage of this theory is that it
gives for the first time a clear notion of the basic
phenomena in crystal growth at the molecular level
by considering a maximally simplified model
crystal, namely the Kossel crystal. Furthermore, the
new theory opens the way to estimate the
interaction energies between the particles setting up
the crystal lattice. One of the most beautiful

outcomes of the theory of Stranski and Kaischew is
that it reveals and proves the identity of the
classical Gibbs thermodynamic approach with the
kinetic treatment of phase formation. On that
background, the most fundamental and intriguing
problems in nucleation, equilibrium shape and
growth of crystals, thin film formation and epitaxy
may be studied in great detail.

Stranski and Kaischew publish their great
theoretical papers in the field of phase formation
and crystal growth during the period 1931 – 1936.
As already mentioned, in their first joint paper,
published 1931 in Zeitschrift für Kristallographie,
„On the equilibrium shape of homopolar crystals“,
they show that only atoms, bound more strongly
than those in the kink position, can belong to the
equilibrium shape [15]. On the basis of these
calculations, the method of mean separation works
is introduced, which reveals a remarkable
agreement of the theoretical with the
experimentally observed shapes of various metal
crystals, grown via condensation from the gas
phase. The introduced mean separation work, a
quantity determined from the disassembling of the
outermost rows of growth units at the periphery of a
two-dimensional crystal, provides the possibility to
formulate, by means of kinetic reasoning, the
Gibbs-Thomson equation for the equilibrium of
small, finite-size crystals, as well as the Gibbs-
Wulff theorem for the equilibrium shape of
crystals. With the mean separation works, it
becomes possible to determine the supersaturation
dependence of the energy barriers for attachment or
detachment of growth units (atoms or molecules) at
various positions on the crystal surface. In this way,
the probabilities of nucleation and dissolution of
arbitrarily sized two-dimensional and three-
dimensional nuclei on a crystal surface can be
calculated. Thus, the crystal nucleation and growth
rates are determined for the first time from kinetic
point of view. Kaischew publishes the first papers
on the kinetic treatment of the nucleation of crystals
and gaseous bubbles together with Stranski in 1934
[6].

One of the most famous and striking
achievements of the Sofia School of crystal growth
during this period is the unveiling of one of the
basic mechanisms of nucleation and growth of thin
epitaxial films. The mechanism of layer-by-layer
growth of ionic crystals of NaCl is unravelled in
detail in an original paper of 1939, summarizing the
PhD thesis of Lubomir Krastanov, done under the
supervision of Iwan Stranski. Although the
phenomena of epitaxial growth are not directly
discussed in a proper way in the paper,
the mechanism of nucleation and growth of lattice
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planes of heteropolar ionic crystals, proposed
therein, represents a realistic physical model of
heteroepitaxial growth. This gives a reason
to Ernst Bauer in 1958, in his classification of the
basic growth modes of thin epitaxial films
grounded on the subtle competition between
the surface energy of the substrate, the film, and
the interface between them, to name the
Stranski-Krastanov growth mechanism this
extremely frequently occurring mechanism of
heteroepitaxial film formation [27-29].

This mechanism explains the initial stages of
transition from two-dimensional, layer-by-layer

growth mode (Frank-Van der Merve) to three-
dimensional (Volmer-Weber) mechanism of
heteroepitaxial films formation. Thus, depending on
the ratio of cohesion and adsorption energies of the
atoms of the crystalline phase and on the misfit
between the lattices of substrate and film, one
or several two-dimensional, entirely completed
monolayers are formed at the epitaxial interface,
followed by the nucleation of three-dimensional
clusters. This very frequently encountered mecha-
nism of growth of thin epitaxial films follows
directly from the remarkable paper of Stranski and
Krastanov in 1939.

The “great trinity” – Rostislaw Kaischew (left), Iwan Stranski (middle) and Lubomir Krastanov, the dissertation of
Krastanov (middle), and the original Stranski-Krastanov paper of 1939 (right).

The achievements of Stranski, Kaischew and
Krastanov, the “great trinity” (see the picture) in the
field of phase formation, presented so far, mark the
beginning of the Sofia School of crystal growth.
Kaischew is appointed as a private docent
(associate professor) at Sofia University in 1941,
regular docent in 1944, and professor in 1947.
During that time, as well as for a long time after, he
is involved in extensive teaching and university
activity. In the period 1944 - 1962 he is head of the
Department of Physical Chemistry at Sofia
University. His lectures on physical chemistry,
delivered many years keep on being a basic source
for the education of young researchers and doctoral
students in this field. It can be stated that at the end
of the 1930s, having published the main papers on
the model of mean separation work, Kaischew is a
well-established scientist already. From this time on
begins the second period in the rise of the Sofia
School of crystal growth, covering the time from
1944 to 1990.

The endowment of Kaischew to organize
scientific investigations, to formulate problems, to
introduce significant topics, to assess and involve
gifted people in research teams around himself and
most of all to make science according to West
European standards develops and expands in

admirable way when the Department of Physical
Chemistry is constituted at the Institute of Physics
of the Bulgarian Academy of Sciences (BAS) in
1947. As head and founder of the Department, he
appoints his first collaborators: Jordan Malinovski,
Boyan Mutaftchiev and Dimitar Nenov, as well as
the laboratory assistant Valentin Hitov. Later,
Alexey Scheludko, Georgi Bliznakov and Evgeni
Budevski join them. These Kaischew’s disciples
become the core of the established later, in 1958,
Institute of Physical Chemistry of BAS. In the
following years some of them, doing pioneering
research, succeed to launch brand new directions in
the physical chemistry of surface phenomena (A.
Scheludko), photographic processes (J.
Malinovski), electrochemical kinetics (E.
Budevski), quantum theory of electrode processes
(S. Christov). These new research lines comprise
the image of the Bulgarian physical chemistry
during the twentieth century. As mentioned, the
Department of Physical Chemistry of the Institute
of Physics has been transformed in the autonomous
Institute of Physical Chemistry in 1958, and prof.
Rostislaw Kaischew is appointed as its first
Director. Herewith begins the best organized,
scientifically and thematically structured period in
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the development of the already existing Sofia
School of crystal growth.

The foundation of the Institute of Physical
Chemistry follows the line of natural expansion of
successful scientific investigations. The aim was to
concentrate and motivate tightly the research in the
fields of thermodynamics and kinetics of phase
formation and crystal growth on the ground of
already well-established scientific teams and their
proven achievements. Five departments are formed
under the leadership of prof. Kaischew: Department
of Phase Formation and Crystal Growth,
Department of Surface Phenomena and Dispersion
Systems, Department of Physical Chemistry of
Photographic Processes, Department of
Electrochemistry, and Department of Kinetics and
Catalysis. The initial subject line of the Institute
follows the development of the existing theory of
phase formation and the model experiments
planned to prove the fundamental concepts in the
field of crystal growth. Leading role at this stage of
the history of the Institute plays the remarkable and
versatile scientific erudition of Kaischew, allowing
infallible and intuitive treatment of the core of
scientific problems. His direction follows the sense
and the clear formulation of the problems, the
collaborators are always included in the process of
discussion and decision making – a feature, which
is often lacking in the scientific management of
researcher teams.

Kaischew’s scientific and administrative
management transform the Institute of Physical
Chemistry into a leading scientific structure in
Bulgaria, where the development of the school of
crystal growth founded by Stranski and himself is
maintained. How should an internationally
respected scientific institution be constructed to
become an academic standard in the Bulgarian
science? As already mentioned, two basic
prerequisites are necessary for that – availability of
a competent and leading personality and capable
assistants. Kaischew owns both. His talent and
willingness to fascinate young people for research
is remarkable. Kaischew lures his collaborators not
with rapid career or monetary promises, but with
the sense of what they are doing. The strength of
this talent is revealed not only by his purely
personal qualities, but most of all by his ability to
point out and demonstrate the horizon of any
scientific research. The particular problems are
turned to merely steps towards the main task of the
scientific study. This feature of Kaischew‘s
scientific style is a strong motivation for his
collaborators. Kaischew does not allow for
mediocrity and sets extremely high scientific
criteria at the Institute of Physical Chemistry. This

large-scale scientific style would be impossible
without another feature, which is ever less
frequently encountered in our time. This is his
uncompromising honest attitude towards the results
of any research. His erudition does not allow
scientific dodging. But maybe most impressive is
his aptitude to acknowledge his own fault, when
something turned to be different from his ideas.
Kaischew never published incomplete results or
results without clear physical interpretation.
Furthermore, Kaischew requires himself to be
deeply and tightly convinced in the physical
rationality of the models providing the results. A
good example of this attitude is the so-called
“rebellion of the young”. At the end of the 1950s
part of the young collaborators - Malinovski,
Scheludko, Budevski, Bliznakov - express their
discontent, because they have worked hard and
accumulated a huge amount of experimental results,
which however are not published, because not
everything has been explained and interpreted.
Kaischew reacts emphatically: “Out of question,
you may publish! I do not object. But without me!”
[4]. It is difficult to find a better proof of scientific
style and honourability. This is the ambiance, in
which begin the most important years in the
development of the Sofia school of crystal growth.

The scientific style of Kaischew, built up in
Europe and directed towards fundamental scientific
problems, is in clear conflict with the formal
scientific policy of the communist regime in
Bulgaria in the 1960s, known as “science for the
people”. Kaischew succeeds to find a compromise
and to preserve the fundamental studies at the
Institute. In a very clever way, he constitutes a
special department for applied research, thus
formally consenting with the required public image
of “studies for the practice and for the national
economy”. In this way his collaborators doing
fundamental research are not compelled to deal
with, often preposterous, applied and industrial
problems. However, the most important
achievement and great benefit of this fine and
complicated process of juggling are the very good
relations between the collaborators dealing with
fundamental and applied research. He persuaded all
scientists in the institute that the applied studies can
be successfully performed only in close relation and
interaction with the fundamental investigations.
This was also proven by a number of excellent
works done by the Department of Electrochemistry
that solved in spectacular way many
technologically essential problems. Possessing a
good understanding about the significance and the
long distance horizon of fundamental science,
Kaischew succeeded to keep it at the Institute and
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to ensure calm and comfortable environment for
research. In this environment, his most gifted
disciples Evgeni Budevski, Jordan Malinovski,
Boyan Mutaftchiev, Ivan Gutzow, Svetoslav
Toschev, Dimitar Nenov and later on Dimo
Kashchiev, Ivan Markov, Stoyan Stoyanov,
Alexander Milchev, Christo Nanev form their own
research style and notable scientific achievements.
In this way, a remarkable reputation for the Institute
is built up in the country and internationally, too.
One of the most distinguished students and a
coworker of Kaischew, Boyan Mutaftchiev after
emigration in France conducts in the 1980-90s a
number of Laboratories and research teams in the
field of phase formation and crystal growth at the
French National Center for Scientific Research,
CNRS, (Centre National de la Recherche
Scientifique) in Marseille, Nancy and Paris. The
raising of collaborators with their own scientific
face and profile is a particularly important quality
of Kaischew style, which proves to be very
significant for the creation of scientific school.

In this atmosphere at the end of the 1950s and
the beginning of the 1960s starts up the
development of unique experimental methods for
studying morphological changes of crystal surfaces
and determining their growth rate, the double-pulse
method for kinetic investigations of electrochemical
nucleation, the capillary technique for
electrochemical growth of single crystals. All these
novel methods play a key role in the later long-time
experimental investigations of various aspects of
the nucleation and crystal growth phenomena. New
studies are initiated revealing the impact of
adsorption of foreign particles during the growth of
crystals and the role of the active centers for
condensation in the formation of crystal nuclei.

One of the most remarkable achievements of the
Kaischew School in the 1960s are, however, the
brilliant experiments on electrocrystallization,
revealing the mechanisms of crystal growth by two-
dimensional nucleation and spiral growth. The
capillary method of growth of silver single crystals
with separate dislocation-free crystal faces, created
by Kaischew, Budevski and their collaborators, as
well as the obtaining of crystal faces intersected by
a single screw dislocation allow to demonstrate,
study and prove in a spectacular way the two basic
mechanisms of crystal growth, namely, the layer-
by-layer growth by two-dimensional nucleation and
the screw dislocation growth [6,30-33]. These
experiments settle one of the most famous scientific
discussions open by Sir Charles Frank during the
Bristol conference of the British Royal Society in
1949 about the role and significance of these two
fundamental mechanisms of crystal growth. These

experiments of the Sofia School are presented today
in every textbook on crystal growth.

In the middle of the 1960s, Jordan Malinovski
and Ivan Konstantinov started new exciting
investigations of the mechanism of the
photographic processes in silver bromide single
crystals. They made a notable contribution in the
study of the “latent image” in the photographic
processes, i.e. the invisible image, formed by
irradiation of photosensitive materials, which is
visualized later by means of chemical or physical
development. The unique results demonstrate the
essential role of the so-called photo-holes the
generated by light irradiation modification of silver
halides. The formulated new theory is
acknowledged in the photographic science as the
“Malinovski symmetric scheme”, which accounts
for the contribution of both electrons and photo-
holes.

This impressive development of the studies in
the field of phase formation and crystal growth at
the Institute of Physical Chemistry gives birth in
1967 of two new, separate Laboratories – the
Central Laboratory of Electrochemical Power
Sources and the Central Laboratory of
Photographic Processes. Founders and leaders of
these laboratories are the most brilliant disciples of
Kaischew – Evgeni Budevski and Jordan
Malinovski. These two internationally recognised
scientists initiate entirely new directions in the
fields of electrocrystallization and photographic
processes. It has to be noted however, that the new
scientific organizations appear undoubtedly as a
result of Kaischew’ scientific role and style,
academic spirit and uncompromising, tight
scientific criteria. These laboratories, graduated
from the Kaischew School with “summa cum
laude”, turn to be the prodigy of the Institute of
Physical Chemistry. Another of the most promising
colaborators, Georgi Bliznakov, heads the Institute
of General and Inorganic Chemistry in 1960, and
the Department of Kinetics and Catalysis moves
there. Later, in 1983, this Department is
transformed into a separate Institute at the
Academy of Sciences. With the creation of these
individual scientific institutions begins the time of
expansion of the Sofia School of crystal growth.

In the 1960-70s the closest collaborators of
Kaischew succeeded to attract young physicists and
chemists, talented and well-motivated, just
graduated students, to the Department of Phase
Formation and Crystal Growth. They join the
Kaischew team with a great ardor and eagerness to
grow up in knowledge. The Kaischew team of this
Department is called by their colleagues from other
academic institutions “the Kaischew gang”. They
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have the attitude that they belong to a different
scientific environment, maintaining high scientific
criteria, free communication, good-humored
curiosity and profound knowledge. A particular role
plays the still active Colloquium on Phase
Formation and Crystal Growth founded by Stranski,
as mentioned, as far back as in the 1930s. This
Colloquium keeps on being the academic location
for specialized discussions of a broad range of ideas
not merely from the field of crystal growth, but also
from materials science, soft matter physics,
biophysics and computer modelling.

Enirely new leading lines of investigations are
formed in the following years at the Institute of
Physical Chemistry. Studies on formation and
development of morphological instability of the
growing crystals, the atomistic theory of nucleation
in electrocrystallization, theoretical and
experimental studies of non-stationary effects in
nucleation, the mechanisms of epitaxial growth,
atomic structure and properties of epitaxial
interfaces, surface diffusion phenomena turn to be
dominant accents. An expression for the non-
stationary nucleation rate is derived, which is
widely used in the understanding of the results on
crystallization kinetics. A general theorem of
nucleation is proven, connecting the nucleation
work, supersaturation and nucleus size. Being
generally accepted in the literature and it is used in
studying the formation of bubbles, droplets and
crystals, since it does not involve any theory to
determine the nucleus size. Studies are initiated in
the field of glassy state, crystallization of glass and
new materials of glassy ceramics.

Investigations of the processes of phase
formation by means of computer modelling start at
the Institute of Physical Chemistry in the 1980-
90s. For the first time it is possible to solve exactly
a number of “insolvable” problems that could not
be approached theoretically due to the unavoidable
approximations needed for the formulation of
the theory. With this novel and powerful method,
complex phenomena in thermodynamics and
kinetics of crystal growth are studied, such as two-
dimensional phase transitions, atomic surface
roughness, growth of epitaxial films,
two-dimensional surface alloyng at epitaxial
interfaces, thermodynamic properties of atomic
clusters, nanocrystals, structure and properties
of quantum nanowires and nanocomposite
materials, diffusion transport phenomena, structure
of interfaces, macromolecular and biological
systems.

The third period in the development of the Sofia
School of crystal growth starts in the 1990s,
coinciding with the withdrawal of prof. Kaischew

from active scientific work and administration as a
Head of the Institute in 1989.

Still, the large-scale way of thinking inherited
from Kaischew, leads and motivates his
collaborators in the establishment of new
interdisciplinary topics that expand the scientific
activity of the Institute of Physical Chemistry.
Several research teams are formed dealing with the
crystallization of proteins, electrochemical
formation of conductive polymer films and metal-
polymer nanocomposites, atomistic simulations of
diffusion phenomena at epitaxial interfaces,
modelling the structure and thermodynamic
properties of nano-sized atomic clusters, quantum
nanowires and polymer systems. Applying basic
thermodynamic and kinetic models of the classical
theory to new objects, such as protein crystals or
thin conductive polymer films, quantum atomic
nanowires, biopolymers and biological systems,
results in revealing new important regularities in
Nature.

The scientific ideas and results of the scientists
belonging to the Sofia school of crystal growth are
presented in thousands of publications in renowned
international journals, book chapters, monographs
and review papers. Since the formation of the
Institute of Physical Chemistry in 1958, its
members have published over 3 400 scientific
papers in specialized and referred scientific
editions, cited over 35 000 times by other authors.
Distinguished disciples of prof. Kaischew, icluding
Evgeni Budevski, Boyan Mutaftchiev, Ivan
Gutzow, Ivan Markov, Dimo Kashchiev, Alexander
Milchev, Georgi Staikov, issued in most renowned
scientific publishers their monographs as
originating from the Department of Phase
Formation and Crystal growth at the Institute of
Physical Chemistry [34-40]. Collaborators and
disciples of Kaischew in the Department of Crystal
Growth, including Andrey Milchev, Stoyan
Stoyanov, Christo Nanev, Isak Avramov, Vessela
Tsakova, Michail Michailov, have been invited to
write book chapters and reviews, devoted to
modern fields in surface physics, crystal growth,
electrocrystallization, computer modelling of
interfaces, crystallization of proteins, etc., based on
the investigations in the Institute of Physical
Chemistry [41-52]. The inherited scientific style
motivates the members of the Kaischew School to
keep this publication activity, despite of the grave
financial pressure and the public contempt felt by
the scientific community in Bulgaria during the last
twenty years.

The story of creation and raising the Institute of
Physical Chemistry and particularly the Department
of Phase Formation and Crystal Growth has one
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extra dimension besides the purely scientific
features. It is due to the remarkable charm and
strong personality of Rostislaw Kaischew. Without
taking into account this dimension, the narrative of
the general development of the Sofia School of
crystal growth and the Institute of Physical
Chemistry would have an ordinary, commonplace
and maybe even trite, character. Following this
phychological line, it is worth noting one of the
most striking features of prof. Kaischew’s
character. This is his fine ability to mix the
academic discussions with human sentimentality.
On the face of it, this sentimentality seems to be in
conflict with the exacting academic view of
Kaischew, his strong physical and psychological
presence, the scientific erudition and strong, tight
physical argumentation during the discussions.
Simultaneously, Kaischew possessed a very
emotional nature and this was by far not pretended.
Being immanent to his inner world, this
extraordinary sentimentality was aroused from his
attitude toward music, mountains, skiing, nature
and the personal life of his collaborators. The
mixture of academic rigor and fine, delicately
discernible emotion turns Kaischew into a
fascinating example for all his collaborators. His
presence in the soul and being of the collaborators
was evident in the everyday meetings and
conversations, but exclusively in the time of the
unforgettable workshops and symposia in Varna,
Gyulechitsa and Pamporovo, organized
enthusiastically by all collaborators of the Institute.
Kaischew could narrate unobtrusive and captivating
interesting stories about his life as young man, his
mentors and meetings with celebrated scientists, his
travels and wanderings in Rila or Pirin mountains,
the musical analysis on Bach, Schubert, Brahms
and Chopin, the interpretations of Glenn Gould and
Dinu Lipatti. The haughtiness of sagacity, usually
emitted by the elderly was lacking in these
narrations.

The scientific conversations with him have
always been exceptionally interesting. During the
discussion of a particular problem, Kaischew was
able intuitively to create a specific dramaturgy and
to incite curiosity, invoked by philosophical,
historical and moral topics parallel with the
research problem. He was able to dominate, even to
obsess the scientific imagination of the audience.
His presence in the Institute created in everybody
confidence and feeling of affiliation to a unique
research team, an ambiance not existing in the other
academic institutions. The members of the
Department of Phase Formation and Crystal
Growth were dubbed among the colleagues
“the classicists” or “the Kaischew gang”. Kaischew

demonstrated that for him happiness and gladness
are a question of character, but the sense lies
in the seeking. There were, of course, such people
who could not accept his academic enchantment,
intelectual power and scientific erudition. Most of
all, those were people far below his class, who were
simply envious.

The discussions in the Colloquium of Phase
Formation and Crystal Growth presented
an emanation of Kaischew’s criteria and style in
science. His comments on the reports and lectures
always touched the physical core of the problem
and demonstrated a remarkable insight into
the scientific value and the limits of validity of
the problem discussed. Even without entering into
the details of some model investigation with
more complex mathematics, Kaischew succeeded
to find its place in the general physical image of
the phenomenon and, before all, whether
the results of the study are in conflict with the
physical reality or the scientific paradigm.
As a result of this enormous erudition, he was
capable of formulating the scale of the
investigation. In this way, the researchers could
build a notion about the horizon of their particular
tasks and thus to find and enhance their own
motivation.

The formulation of the molecular theory of
crystal growth and the following dynamic
developments at the Institute of Physical Chemistry
have created a great reputation for Kaischew
abroad. In 1992 on the occasion of the EWSSW
international conference on surface physics,
organized by the Department in Pamporovo Ski
Center, I received a letter from Sir Charles Frank
(FRS), the famous Frank who created the theory of
dislocation growth of crystals, where he writes: “It
would give me great pleasure to participate in an
event, celebrating the 85th birthday of my old
friend, Professor Kaischew“.

The respect of Frank was not only expressed in
the words “my old friend”, it has been a respect to
Kaischew’s work together with Stranski. It can be
seen in the original edition of the British Royal
Society „The Growth of Crystals and the
Equilibrium Structure of their Surfaces“, by W. K.
Burton, N. Cabrera, F. C. Frank [7].

In this remarkable survey on more than 60
pages, cited more than 5000 times in the scientific
literature, published in 1951 in Philosophical Trans-
actions, only 34 fundamental studies in the field of
crystal growth are referenced. Among these
carefully selected papers, next to the names of
Gibbs, Kossel, Bethe, Volmer, Onsager, Frenkel,
Kramers, Knudsen and Max von Laue
are the names of Kaischew and Stranski with
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their papers, published in Z. Phys. Chem. 136, 259
(1928) and Z. Phys. Chem. (B) 26, 31, (1934).
With these papers, Kaischew and Stranski

were already a part of the world history of phase
formation and crystal growth.

A letter of Sir Charles Frank to Michail Michailov on the occasion of the 85th birthday of prof. Kaischew and
his participation in the „First East-West Surface Science Workshop“, EWSSW 1994, in Pamporovo,

Bulgaria, organized by the Department of Phase Formation and Crystal Growth.

Between many foreign scientists and friends
such as the notable Max Volmer, the great
electrochemist Alexander Frumkin, the Nobel Prize
holder Jaroslav Heyrovsky, Peter Rebinder, the
encyclopedic Yakov Zeldovich, there were two
who have a special place in Kaischew’s heart and
played significant role in his life – Heinz Bethge
and Alexander Chernov.

Kaischew and Bethge proved to be persons of
similar size and spirit as people and scientists. In
the 1980s, Heinz Bethge studies experimentally in
great detail and visualizes a number of basic
phenomena in crystal growth, including model
concepts of the molecular theory, by means of
scanning, reflection and transmission electron
microscopy, (SEM and TEM) in Halle, East
Germany. Particularly, the decoration with gold
atoms at monoatomic steps and screw dislocation
on the surface of sodium chloride crystals was of
great importance. The relation between Kaischew
and Bethge was particularly strong and was based
not only on their personalities, but also on
significant scientific interest. Heinz Bethge was
President of the famous German National Academy

of Sciences “Leopoldina” from 1974 till 1990.
Kaischew was a member of that academy since
1968 and was awarded with the prestigious
“Cothenius” medal. The Academy „Leopoldina“
was founded in 1652 and its members were Albert
Einstein, Charles Darwin, Otto Hahn, Ernst
Rutherford, Max Planck, etc. It was the only
scientific institution, common for East and West
Germany at the Communism times.

The scientific interests and the close amity
between Kaischew and Bethge were the
background of the joint seminars, organized by the
Institute of Physical Chemistry, Sofia and the
Institute of Electron Microscopy, Halle. These
scientific workshops organized ardently by the
collaborators of both Institutes were held regularly,
every three years in Halle and Gyulechitsa. Besides
the intimate friendship between the coworkers of
Kaischew and Bethge, the seminars ensured a
wonderful ambiance for social life and scientific
discussions. Always at these meetings, the favorite
song of Kaischew “I’m a pirate, I’m a pirate…”
was sung traditionally by him in the company of his
coworkers.
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Prof. Heinz Bethge and prof. Rostislaw Kaischew. Joint seminary of the Institute of Physical Chemistry,
Sofia and the Institute of Electron Microscopy, Halle, GDR in Gyulechitsa, 1987.

German-Bulgarian seminar, Gyulechitsa, 1987. The favorite song of prof. Kaischew
“I’m a pirate, I’m a pirate…” From left to right: M. Michailov, S. Stoyanov, E. Mihaylov, R. Kaischew,

A. Milchev, Chr. Nanev.

Remarkably close were his relations with
another great name in the field of nucleation
and crystal growth – Alexander A. Chernov. As
a brilliant and encyclopedic scientist, Chernov
originates from the most rigorous school in
theoretical physics, the school of Landau and
Lifshitz. Kaischew considered him as his disciple,
since he had directed Chernov to join the Institute
of Crystallography at the Russian Academy of
Sciences and had recommended him to prof.
Shubnikov who headed the Institute at that time. In
the following years, Chernov achieved an
outstanding scientific career in the fields of
thermodynamics and kinetics of nucleation,
morphological instability and kinetic coefficients in
crystal growth, computer modelling, crystallization
of proteins and biological minerals. An exceptional
quality of prof. Chernov was his capability

during discussions on specific problem, even
without knowing the answer, to turn the discourse
in a direction that would get closer to that answer.
In fact this is an element of the Kaischew
School and it is not incidentally that Chernov
referred to Kaischew as the “Patriarch”. Since 1992
Alexander Chernov works in the USA as a research
director at the most renowned American research
centers as NASA; George C. Marshall Space Flight
Center, Huntsville, Alabama; Lawrence Livermore
and Lawrence Berkeley National Laboratories,
California.

In the 1990s and the beginning of the new
century, Kaischew is the main person that attracts a
number of renowned scientists in condensed matter
physics to influential international scientific
forums, organized by the Institute of Physical
Chemistry.
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Prof. Alexander Chernov and prof. Rostislaw Kaischew.

The so-called “Stranski-Kaischew” conferences
in Bulgaria bring together leading world scientists
in the field of surface physics and crystal growth.
Among the regular lecturers and participants are
David Landau (Georgia, USA), Kurt Binder
(Mainz, Germany), Robert Sekerka (Carnegie
Melon, Pittsburg, USA), Boyan Mutaftchiev (Paris,
France), Kenneth Jackson (Arizona, USA), Joost
Frenken (Leiden, Holland), Theodor Einstein

(Maryland, USA), Doon Gibbs (Berkley, USA),
Alexander Chernov (NASA; George C. Marshall
Space Flight Center, Alabama, USA), Raymond
Kern (Marseille, France), Matias Scheffler (Max
Planck Institute, Berlin, Germany), Martin Henzler
(Hanover, Germany), Ellen Williams (Maryland,
USA), Erio Tosatti (Trieste, Italy), Harald Ibach
(Jülich, Germany), Harald Brune (Lausanne,
Switzerland).

Prof. David Landau, Georgia University and prof. Theodor Einstein, Maryland University at the third
„Stranski-Kaischew” Workshop in Surface Science, SKSSW 2005, Pamporovo, Bulgaria..

Particularly impressive was the scientific
workshop “EWSSW 94” in Bulgaria, at which
Joost Frenken from Leiden University in Holland
demonstrated for the first time the diffusion
dynamics of individual metal atoms in the vicinity
of monoatomic steps on crystal surfaces. The
brilliant experiment performed by high temperature
scanning tunneling microscopy (STM) revealed that
growth and dissolution of crystals is indeed
accomplished by attachment and detachment of
individual atoms at the theoretically predicted kink

positions in the monoatomic steps. Kaischew, who
was 86 at the time, deeply moved during the lecture
said: “I have never imagined that in my live I
would see with my eyes a direct experimental proof
of our notion with Stranski about the mechanism of
crystal growth. Despite of its simplicity, our model
created in 1934 seems to be true”. Here, a general
distinctive characteristic of the scientific ideas of
Stranski and Kaischew, developed in the classical
molecular theory of phase formation and crystal
growth, is emphasized. It is their simplicity.
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Prof. Kaischew at the Workshop in Pamporovo, 1994, devoted to his 85 anniversary (left). Prof. Robert F.
Sekerka (left), Carnegie Melon University and prof. Kenneth A. Jackson, University of Arizona, lecturers at

the same conference (right).

These notions follow elegantly the concept of
Karl Popper about the substance of science and
scientific theories stating that “The methods of
scientific knowledge are related to our attempts to
describe the world by means of simple theories.
The complex theories may fail to be proved even
when they turn to be true. The science itself may be
described as the art of systematic simplification –
the art to discern what can be initially excluded“.

To the end of his life, Kaischew remained a
classical university professor and scientist, keeping
the academic tradition in its genuine style, namely
searching and trying to understand the general
regularities and the fundamental reasons for the
processes and phenomena in Nature. He succeeded
throughout the years to avoid vanity and popularity
of speculative, unprincipled attractive study that
brings fast but evanescent fame just because of the
lack of scientific depth and meaning. For Kaischew
the understanding, assembling and spreading
fundamental scientific knowledge was much more
significant than the loud engagement in modern,
technologically oriented projects which bring
attractive financing. He had no taste for monetary
success and luxury, lived modestly and did not care
for the banal socialists’ living standards – lodging,
car, country house. He was probably the only
Member of the Academy who did not possess a
summerhouse. The personal life of Kaischew
followed largely the excellent verse by Pasternak -
„Быть знаменитым, некрасиво“ (it is not lovely to

be famous). He used to say to his collaborators and
students that “science is made with worn out pants”
and that was no airs and graces. The ambiance of
his home was build up by the music of Bach,
Brahms and Schubert, Vihren mountain peak and
Vasilashki lakes in Pirin, the beautiful
Chokmanovo in Rhodope, the moderate sadness
and nostalgia for the old Europe, the restrained,
self-controled indignation to the communist regime.
This way of life was amazingly shared by the
qualities and values of his wife, Milka Kaischewa,
an extremely cordial, fine and highly educated
woman, daughter of the famous Bulgarian
mathematician, Lubomir Chakalov, Member of the
Academy. Mrs. Kaischewa dedicated her entire life
wholeheartedly and delicately to create calmness,
placidity, silence and warmth for her husband,
consecrated and ardent to science.

Rostislaw Kaischew was the last person of the
outstanding generation of the „Great Masters“ W.
Kossel, I. Stranski, M. Volmer and F. Frank who
laid the foundations of the modern theory of crystal
growth. He knew to the end of his life what he
leaves behind, and this was not only the
contribution to the theory of phase formation and
crystal growth. Kaischew left a scientific school
and through it – respect, disciples, friendship,
devotion, scientific standards, style of research and
academic dignity. All of this under the rule of a
communist regime, at a time inauspicious for the
footloose investigating spirit. Nevertheless, he

M. Michailov: Rostislaw Kaischew and his trace in the fundamental science. A brief historical overview…

38

Prof. Kaischew at the Workshop in Pamporovo, 1994, devoted to his 85 anniversary (left). Prof. Robert F.
Sekerka (left), Carnegie Melon University and prof. Kenneth A. Jackson, University of Arizona, lecturers at

the same conference (right).

These notions follow elegantly the concept of
Karl Popper about the substance of science and
scientific theories stating that “The methods of
scientific knowledge are related to our attempts to
describe the world by means of simple theories.
The complex theories may fail to be proved even
when they turn to be true. The science itself may be
described as the art of systematic simplification –
the art to discern what can be initially excluded“.

To the end of his life, Kaischew remained a
classical university professor and scientist, keeping
the academic tradition in its genuine style, namely
searching and trying to understand the general
regularities and the fundamental reasons for the
processes and phenomena in Nature. He succeeded
throughout the years to avoid vanity and popularity
of speculative, unprincipled attractive study that
brings fast but evanescent fame just because of the
lack of scientific depth and meaning. For Kaischew
the understanding, assembling and spreading
fundamental scientific knowledge was much more
significant than the loud engagement in modern,
technologically oriented projects which bring
attractive financing. He had no taste for monetary
success and luxury, lived modestly and did not care
for the banal socialists’ living standards – lodging,
car, country house. He was probably the only
Member of the Academy who did not possess a
summerhouse. The personal life of Kaischew
followed largely the excellent verse by Pasternak -
„Быть знаменитым, некрасиво“ (it is not lovely to

be famous). He used to say to his collaborators and
students that “science is made with worn out pants”
and that was no airs and graces. The ambiance of
his home was build up by the music of Bach,
Brahms and Schubert, Vihren mountain peak and
Vasilashki lakes in Pirin, the beautiful
Chokmanovo in Rhodope, the moderate sadness
and nostalgia for the old Europe, the restrained,
self-controled indignation to the communist regime.
This way of life was amazingly shared by the
qualities and values of his wife, Milka Kaischewa,
an extremely cordial, fine and highly educated
woman, daughter of the famous Bulgarian
mathematician, Lubomir Chakalov, Member of the
Academy. Mrs. Kaischewa dedicated her entire life
wholeheartedly and delicately to create calmness,
placidity, silence and warmth for her husband,
consecrated and ardent to science.

Rostislaw Kaischew was the last person of the
outstanding generation of the „Great Masters“ W.
Kossel, I. Stranski, M. Volmer and F. Frank who
laid the foundations of the modern theory of crystal
growth. He knew to the end of his life what he
leaves behind, and this was not only the
contribution to the theory of phase formation and
crystal growth. Kaischew left a scientific school
and through it – respect, disciples, friendship,
devotion, scientific standards, style of research and
academic dignity. All of this under the rule of a
communist regime, at a time inauspicious for the
footloose investigating spirit. Nevertheless, he

M. Michailov: Rostislaw Kaischew and his trace in the fundamental science. A brief historical overview…

38

Prof. Kaischew at the Workshop in Pamporovo, 1994, devoted to his 85 anniversary (left). Prof. Robert F.
Sekerka (left), Carnegie Melon University and prof. Kenneth A. Jackson, University of Arizona, lecturers at

the same conference (right).

These notions follow elegantly the concept of
Karl Popper about the substance of science and
scientific theories stating that “The methods of
scientific knowledge are related to our attempts to
describe the world by means of simple theories.
The complex theories may fail to be proved even
when they turn to be true. The science itself may be
described as the art of systematic simplification –
the art to discern what can be initially excluded“.

To the end of his life, Kaischew remained a
classical university professor and scientist, keeping
the academic tradition in its genuine style, namely
searching and trying to understand the general
regularities and the fundamental reasons for the
processes and phenomena in Nature. He succeeded
throughout the years to avoid vanity and popularity
of speculative, unprincipled attractive study that
brings fast but evanescent fame just because of the
lack of scientific depth and meaning. For Kaischew
the understanding, assembling and spreading
fundamental scientific knowledge was much more
significant than the loud engagement in modern,
technologically oriented projects which bring
attractive financing. He had no taste for monetary
success and luxury, lived modestly and did not care
for the banal socialists’ living standards – lodging,
car, country house. He was probably the only
Member of the Academy who did not possess a
summerhouse. The personal life of Kaischew
followed largely the excellent verse by Pasternak -
„Быть знаменитым, некрасиво“ (it is not lovely to

be famous). He used to say to his collaborators and
students that “science is made with worn out pants”
and that was no airs and graces. The ambiance of
his home was build up by the music of Bach,
Brahms and Schubert, Vihren mountain peak and
Vasilashki lakes in Pirin, the beautiful
Chokmanovo in Rhodope, the moderate sadness
and nostalgia for the old Europe, the restrained,
self-controled indignation to the communist regime.
This way of life was amazingly shared by the
qualities and values of his wife, Milka Kaischewa,
an extremely cordial, fine and highly educated
woman, daughter of the famous Bulgarian
mathematician, Lubomir Chakalov, Member of the
Academy. Mrs. Kaischewa dedicated her entire life
wholeheartedly and delicately to create calmness,
placidity, silence and warmth for her husband,
consecrated and ardent to science.

Rostislaw Kaischew was the last person of the
outstanding generation of the „Great Masters“ W.
Kossel, I. Stranski, M. Volmer and F. Frank who
laid the foundations of the modern theory of crystal
growth. He knew to the end of his life what he
leaves behind, and this was not only the
contribution to the theory of phase formation and
crystal growth. Kaischew left a scientific school
and through it – respect, disciples, friendship,
devotion, scientific standards, style of research and
academic dignity. All of this under the rule of a
communist regime, at a time inauspicious for the
footloose investigating spirit. Nevertheless, he



M. Michailov: Rostislaw Kaischew and his trace in the fundamental science. A brief historical overview…

39

succeeded to conserve the meaningful and to
decline cleverly the commonplace and mediocre.
Kaischew was not merely a scientist, he was an
institution. Together with Iwan Stranski, he left one
of the few uncontestable, substantial Bulgarian
contributions to the world scientific history of
mankind.

Each scientific school has its own glorious rise
and inevitable fall. The dynamics of these rises and
falls is determined not only by the unavoidable
drama of the particular scientific paradigm, but also
by the dominating values of the time of its
existence. During the last two decades, the science
and research in Bulgaria are rather subject to
Caesar’s rules (Matthew 22:15-22), than to the
classical genuine moral, ethic and academic values.
Nowadays, the dominating aims of knowledge are
cynically utilitarian, technologically oriented and
directed toward consumerist society. The science
increasingly serves technologies of wealth and
pleasure. This is a metaphysical, fundametal
contradiction with the genuine meaning of the
human knowledge, trying to find the place of man
in the architecture and ordering of the world, in its
wonderful structure, logic and aesthetics. Possibly,
because of that the contemporary scientific schools
cannot exist in their classical form anymore. They
are rather high-tech engineering centers, founded
and developed by economic and financial reasons
and interests. At the present time, science and
research are motivated by the usefulness and not by
knowledge. „Gaudeamus igitur, vivat academia,
vivant professores“ turn to emotional, historical
mental impressions, memories, retrospections
carrying the nucleus of knowledge, but ineligible
and eliminated in the name of the benefit. This is
the fate of the famous Stranski-Kaischew Sofia
School of crystal growth, too. It was however, a
remarkable intellectual phenomenon during the
twentieth century and its existence, success and
resplendency give moral and cognitive sense to
many people, particularly to that not tempted by
vanity, lucre and riches, sentimental and worthy
research academic community in Bulgaria, for
which, as stated in the widely held Bulgarian
anthem of knowledge, „science is a sun shining
within the souls“ or, as it sounds in Bulgarian,
„науката е слънце, което в душите грей”.

Acknowledgment: The present paper is a
modified translated edition of the review chapter
devoted to prof. Rostislaw Kaischew and Sofia
school of crystal growth in the forthcoming book
celebrating 90 years of the Physical Chemistry
science in Bulgaria; Prof. M. Drinov Publishing
House, Sofia (in press).

The author is thankful to Willy Obretenov for
valuable help throughout the preparation of the
English version of the manuscript.
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Academic ranks and grades of prof. Rostislaw
Kaischew

Doctor, 1932, Breslau University, Germany.
Assistant, 1933, Department of Physics and
Mathematics, University of Sofia.
Docent, 1944, (private docent since 1941),
Department of Physics and Mathematics,
University of Sofia.
Professor, 1947, Department of Physics and
Mathematics, University of Sofia Corresponding
Member of BAS, 1947.
Full Member (Academician) of the Bulgarian
Academy of Sciences, 1961.

Leading positions of prof. Rostislav Kaischew

Head of Chair “Physical Chemistry”, University of
Sofia, 1944-1966.
Dean of the Department of Physics and
Mathematics, University of Sofia, 1955-1956.
Director of the Institute of Physical Chemistry,
BAS, 1958-1989.
Secretary to the Section of Chemical Sciences of
BAS, 1961.
Vice-President of the Bulgarian Academy of
Sciences, 1961-1968.

Membership of prof. Rostislaw Kaischew in
international scientific institutions

Member of the German Academy of Sciences,
1957.
Member of the Czech Academy of Sciences, 1966.
Member of the Saxon Academy of Sciences, 1968.
Member of the German National Academy of
Sciences “Leopoldina”, 1968.
Vice-President of the International Union of Pure
and Applied Physics, 1975-1980.

Government and academic awards of prof.
Rostislaw Kaischew

Grand gold sign of honor for merits to Austrian
Republic, 1983.
“Cothenius” gold medal of the German National
Academy of Sciences “Leopoldina”, 1987.
Order ”Cyril and Methodius” – I grade, 1958, 1963.
Sign of honor from the city of Sofia, 1978.
Sign of honor from the University of Sofia, 1988,
1998.
Sign of honor “Marin Drinov” from the Bulgarian
Academy of Sciences, 1999.
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Honorary Member of the Bulgarian Academy of
Sciences, 2002.
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In Memoriam to my brother,
Academician Evgeni Budevski (1922-2008)

“I would like to start with the deepest roots,
because the roots shape the personality afterwards.
The start will be with the Evgeni’s grandfather,
Gancho Budevski, brother of Adriana Budevska.
Following the Liberation of Bulgaria in 1878, many
young passioned Bulgarians look for education
abroad, everyone according to his interests and the
possibilities to acquire free education.

Gancho and Gergana Budevski (seated) and their
children Bogdan (Evgeni’s father), Galina, Stephen,
Peter and Karan sometimes at the beginning of the XX.
Century.

Gancho studies in Sankt Peterburg, attending a
military school of explosives. When returned, he
loses interest in the army and starts his own
business with signaling flares. He wins all auctions
with his ingenuity. Maybe that is the first contact of
the family with chemistry eventually better defined
as solid state chemistry. Barium blazes in green,
strontium in red and so on.

This is the beginning of the XX century. Gancho
Budevski makes friends with Kemal Ataturk, by
this time a military attache of Turkey in Burgas.
The two are passionate backgammon players. Then
the World War I breaks, after which Ataturk seizes
power in Turkey in the lead of the so called ”young
turks”, and makes Turkey a secular state – forbids
the burkas and replaces the arab script with latin.
Kemal remembers Gancho and summons him to
Istanbul to establish an explosive materials plant for
the needs of the new Turkish state. Gancho
develops a grand facility together with his sons
Karan, Bogdan and Peter. Tens of turning machines
are belt-driven by a common steam machine,
bombs and shells are produced.

After the death of Kemal and also of Gancho (in
1932), there is no place for Bulgarians in the
turkish military industry anymore. Bogdan and his
brothers return to Bulgaria, well compensated with
money. Bogdan makes one plant, then second. Very
enterprising and skilled. Here a diversion about
Evgeni’s mother – Dima. First in mathematics in
the Lovech College, she is sent to study architecture
in Belgium. However, the World War returns her to
Bulgaria and her education remains uncompleted
after her marriage to Bogdan. Bogdan himself
suffers the same destiny – he studies math for a few
semesters, but is sent to the front and he fights at all
fronts. Herewith, I would like to emphasize the
inclination of both parents of Eugeni towards
mathematics.

Besides, Bogdan is very good in chemistry. His
chemical articles are widely scientifically
backgrounded. He introduces for the first time in
Bulgaria a potentiometric pH-meter with a platinum
quinhydrone electrode (1937-1939).

To whom all correspondence should be sent:
E-mail: zistoynov@gmail.com

 2017 Bulgarian Academy of Sciences,  Union of Chemists in Bulgaria
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The parents of Evgeni Budevski – Dima and Bogdan
Budevski.

Dima and the children: Eugeni, Nadja and Omurtag
(in the Thirties).

By this time Evgeni attends the Deutsche Schule
and helps his father in the understanding the
device’s handbook, which is in German. This is
maybe the first contact of Evgeni with
electrochemistry. It’s a pity for this historical
appliance that has been derelicted to some attic. It
could be an excellent showpiece now at the
Institute of Electrochemistry.

Deutsche Schule is a corner stone for the
development not only of Evgeni, but also of a
number of his classmates – all of them future
engineers, doctors, professors. The basic
requirement there is to think independently and the
second – strong mathematics. After graduating
(1943) straight to the military – The academy for
reserve officers in Bankja, faculty of artillery.

Mathematics should have been strong there too - to
calculate the ballistics. The raving World War II
involves Evgeni in both of its phases. He guides the
shooting of the Bulgarian artillery being located
before the front line –under the fire of the German
machine guns. Unfortunately, the communication
with the monitoring point is broken and the
monitoring officer cannot execute his functions. He
sends one effective, second effective – nobody
wants to try. Crowling between the two front lines,
under the muzzles of the German machine guns,
Evgeni finds the broken cable. He returns to the
point and takes the monitoring over. For this he is
awarded а military cross and a St George cross.

Thanks God he returns from the front safe and
sound with the first group of soldiers to his father’s
house in Midjur street, met with the happy tears of
all of us and mostly of our dear mother Dima. The
stay at the front helps for his admittance to study
chemistry at the Sofia University. There he wins the
admiration of prof. Kaischew, who invites him to
start as an assistant at his chair. However the
bourgeois origin is an impediment. Fortunately
right then Adriana Budevska returns from exile in
Argentine on the invitation of Georgi Dimitrov
himself. Things are arranged simultaneously for
two future academicians – Evgeni Budevski and
Jordan Malinovski.

Adriana Budevska (1878-1955), sister of Gancho
Budevski.

Further on, the carrier of Evgeni follows the
predestined path – Ph. D, professor, Dimitrov’s
award for achievements in the fields of



Z. Stoynov, W. Obretenov: Academician Evgeni Budevski

44

electrochemistry, corresponding member of BAS
and academician. He puts enormous organizational
and creative power in the formation of the Central
Lab of Electrochemical Power Sources. I would
skip the details of this part, because they are well-
known.

Another feature of Evgeni is his devotion to
sports. He was an excellent skier, summoned to the
national team by the Austrian coach Peter
Radecher. Only the War prevent his participation at
the Olympics. He also revealed great capabilities in
organizing both the summer and the winter holidays
of his friends. And not only of his friends – later he
organized the holidays of all fellows of the CLEPS
in a tent lager at Gradina Beach. It all started with
the famous „Lawless camp” at the Alepu Beach,
where about 15 – 20 admirers of the wild nature
had wonderful adventures for more than 20 years
with spearfishing (he was the best), water ski,
yachting, surfing. He was my greatest supporter in
my efforts to build a self-made windsurf and to
impress the entire coast with flying over the waves
with it.”

Omurtag Budevski, 13 October 2007

Biographical notes about acad. Evgeni Budevski
by his brother, prof. Omurtag Budevski.

THE BEGINNING

Passed through the check of manhood of the
World War, young Evgeni enrolled to study
chemistry at Sofia University. Still in his second
year, he chooses the specialization of physical
chemistry, led by professor Kaischew himself.
During his study Evgeni Budevski enhances his
knowledge and develops excellent capability of
scientific reasoning. After graduating from the
Faculty of Chemistry, he is selected by prof.
Kaischew as his assistant. And when Kaischew
establishes the Institute of Physical Chemistry in
1958, he invites Evgeni Budevski as an Associate
professor and head of the section Electrochemistry
at the new Institute.

25 years have already passed since the
formulation of the two-dimensional nucleation
theory by Stanski and Kaischew. All this time
Rostislav Kaischew urges his assistants and
collaborators to prove the theory experimentally.
After many trials and small, step-by-step successes
it becomes clear that electrochemistry should be
most appropriate for experimental proof of the
theory, due to the most precise control of the
experiments. Thus the recently formed section of
Electrochemistry under the management of Evgeni

Budevski had one primary goal – experimental
proof of the theory of two-dimensional nucleation.

THE CRYSTAL

Understanding the problem to attack and
knowing the previous achievements, Budevski
acknowledges that the task is multidisciplinary. An
intimate and new fundamental mechanism of
crystal growth must be studied in an
electrochemical environment. The potential of the
growing crystal, used as one of the electrodes of the
electrochemical cell should be controlled precisely
and very low values of electrochemical current
should be measured at high rates.

Evgeni Budenski affronts these problems
directly. First of all he expands the section of
electrochemistry with specialists from other fields –
one metallurgist - Vesselin Bostanov, one
experienced electrochemist - Todor Vitanov and, a
little bit later, one electrical engineer - Zdravko
Stoynov. On the other hand, Budevski personally
takes the task to find and purchase top-level (for the
time) instrumentation – the best quality optical
microscopes, high resolution recording
galvanometer, state-of-the-art oscilloscope. What
cannot be purchased is created and built in the
laboratory – specialized appliance for zone melting
of single crystals, device for precise optical
orientation of the single crystal according to the
main crystallographic axes, electronic circuit for
controlling the cell potentials with very high
precision. The use of triple distilled water is
introduced. These all lead to detailed mastering of
the capillary method of growing silver single
crystals decisively improved by these
enhancements.

Strenuous work begins. Working time is often
not enough – experiments are done until late in the
evening. Soon a technology for decoration the
existing dislocations, intersecting the crystal face
observed in the microscope is developed. This
allows the dislocations to be registered with the
optical microscope and their coordinates to be
determined. A method for removing the existing
dislocations is also found. By a purposeful
modification of the growing potential the Burgers
vector of the dislocation may be reoriented and the
dislocation intersection point starts moving across
the crystal face with successive growth. Finally, it
can reach the periphery and thus leave the crystal
face observed.

The method is operative, the number of
dislocation can be reduced. However their initial
concentration is too high and an absolutely
dislocation-free crystal face cannot be produced.



Z. Stoynov, W. Obretenov: Academician Evgeni Budevski

45

Then Budevski starts form the beginning again.
Everything must be extremely clean and more
precise. Each step of the experimental technology is
assessed and perfected. A new furnace for
preparation of the initial single crystals, a new
device for orientation of the crystal and processing
with a watchmaker’s precision turning machine. A
more elaborated glass capillary with careful
finishing of the front edge. A new electronic circuit
with enhanced precision and stability. Electronic
pulse generator, synchronized with the
oscilloscope. And many experiments. Up to 10-15
hours per day. In shifts. Refinement of the optical
microscope, allowing observation in polarized light,
providing an extreme resolution of the optics.

Gradually, the experiment turns to a laboratory
technology, purposely elaborated with a number of
technological appliances and measurement
technique. This creates the possibility to make
many experiments quickly. The investigators are
learning quickly from the results and understand
what is there to improve even more. And another
set of experiments…

And so, in one wonderful autumn late afternoon
comes the success.

When observed with the microscope, the crystal
is grey, growth layers and spirals are constantly
moving – the crystal lives. But in this afternoon the
miracle occurs. In an instance a glittering golden
mirror flashes in the microscope. No layers, no
movement. As if that’s another crystal. A frozen
golden mirror. And then comes the understanding
that this is what is ever looked for. Predicted by
Stranski and Kaischew 33 years ago. One gets the
creeps.

THE SUCCESS

The dislocation-free face of the silver single
crystal is an extremely delicate object. Each casual
slip, an unintended pulse or an intrinsic
contamination can become the source of a new
dislocation. With careful treatment, however, the
dislocation-free face can persist for days and allows
unique experiments.

Before all the Stranski-Kaischew theory of two-
dimensional nucleation must be checked. With a
suitable potential pulse, a two-dimensional nucleus
should be formed and should propagate to form a
monoatomic layer. The experiment reveals an
initial linear increase of the current through the
electrolytic cell (of the order of nanoamperes) and
after reaching a maximum, the current decreases,
describing a specific curve. These decreasing
curves are different and this induces a suspicion
about the precision of recording the current. It turns

out, however, that independently of the shape of the
curve, the integration of the current transient yields
an amount of electricity, exactly equal to the
calculated value for one single monoatomic layer.
The theory of two-dimensional growth of a perfect
crystal is verified. After 33 years.

Budevski suggests that the different shapes of
the curves are due to the formation of the nucleus at
different places on the crystal face. The equations
are derived and solved for a single evening. The
experimental curves follow the numerical solutions.
This indicates further that there are no preferred
locations for the nucleation process and the nuclei
are formed at arbitrary places. Therefore the crystal
surface is homogeneous, there are no atomic-scale
defects and it is atomically smooth. In this sense the
crystal surface is perfect.

The electrochemical behavior of dislocation-free
crystal faces can now be investigated. The double
layer capacity, the adsorbed silver atoms capacity
and the zero charge potential are estimated. The
experimental data do not correspond with the
literature data, but the previous studies are carried
out in the presence of dislocations and other rough
defects. This finding provokes a great interest in the
international electrochemical community. And
simultaneously initiate a whole series of
investigations by Budevski and his coworkers.

It is established already with the initial
experiments that the exchange current is
concentrated around the growth mono -atomic steps
(more exactly in a small area around them) and the
hypothesis of surface diffusion controlled growth is
disproved.

Studies of the structure of the double electrical
layer, the growth rate of monoatomic steps, the
impedance of single screw dislocations and of pre-
nucleation states on the crystal face set up the
carriers and the habilitations of many members of
the team and their pupils further on. And acad. R.
Kaischew with prof. E. Budevski are awarded with
the highest governmental prize for science in
Bulgaria.

The creation of a dislocation-free single crystal
face arises a great scientific and technological
interest. Leading electrochemists from Moscow,
Berlin, Prague, Paris, London etc. visited the
Institute to take a look in the microscope and to see
this “marvelous” crystal. Just a year after the first
success, Budevski was invited to give lectures in a
number of American universities. He visited 15
different universities in various cities in just 14
days. Meeting an extraordinary interest and full
halls. At that time (1966-1967) the influence of
dislocations in the crystal structure was a red-hot
problem for the electronics and critical factor for
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the miniaturization of transistors and other
electronic elements. The production of transistors in
Botevgrad according to a French license dealed
with up to 10 000 dislocations per square
centimeter, while the Americans from Texas
Instruments have reduced this number to 600 on a
silicon wafer. Only a single year after the
Budevski’s lectures this company started the
production of dislocation-free silicon single
crystals, by modifying our electrochemical method
into a thermal one. The door for the development of
the microelectronics is open. A typical example of
scientific interrelations.

CLEPS – THE YOUNG DIRECTOR

The second half of the sixties is marked by a
new stage in the development of the Bulgarian
industry – the creation of Bulgarian computing
industry. The mastermind basis for this
development is a report of the Institute of
Economics by the Bulgarian Academy of Sciences
which stated that part of the investments in heavy
industry must be redirected towards intellectual
products, where the percentage of highly qualified
labour is high and where the profitability is
enhanced. The mega-project ISOT was created – a
big industrial complex of over 30 plants for
production and export of computers and elements.

Leader of this development became prof. Ivan
Popov – a man with two university educations
(Germany and France), improbable working
capacity and a broad managing experience. By this
time the first Bulgarian computers have already
been constructed (both analogous and digital), the
first computing center has been established, the first
digital computer has been imported from the Soviet
Union.

Parallel to this development started a process of
reorientation of the available scientific potential
towards R&D activities – the university personal as
well as the scientists from the Academy of
Sciences. Branch scientific institutes and R&D
laboratories were formed with purely applied
orientation, their number gradually reached 600.

In the frames of the valid international
agreements (COMECON -The Council for Mutual
Economic Assistance), Bulgaria has already been
specialized in the field of gross production of lead
acid batteries and electric fork lifts. The industrial
complex of Balkancar with its 36 plants became the
largest world producers of electric fork lifts – the
production of 1 000 000 electrical fork-lifts was
achieved for the first time. Bulgaria was fourth in
the list of world producer of lead acid batteries.

One of the first newly established units at the
Academy (altogether more than 10) was the Central
Laboratory of Electrochemical Power sources. The
new Laboratory had to support scientifically
Balkancar and the battery industry – by improving
the production of lead acid batteries and by creating
novel, non-lead batteries for electric traction. Prof.
Evgeni Budevski was appointed director of the new
Laboratory.

In this way, two years after the great success of
producing the dislocation-free crystal and
verification of a brilliant Bulgarian theory, Evgeni
Budevski was entitled to build up a practically
applied institution and in a brand new field. There
were no specialists in this area by that time. The
young Director started do build his Laboratory with
enthusiasm and great assiduity, involving his whole
enormous intellect. He had to switch from a small
scientific section with 7-8 coworkers to an Institute
with planned personal of 240 employees.

Using his experience about the advantages of a
multidisciplinary team during the studies of the
single crystal, Budevski enhanced this concept for
the formation of the CLEPS – he needed chemists
(from the University) as well as chemical
engineers, physicists, mechanical and electrical
engineers. Even two mathematicians were drawn
in. For a couple of years CLEPS swelled to 60, later
to 80 employees. Dozens of young specialists found
their realization in the new Laboratory.
Experienced middle level staff was attracted from
the battery industry and engineers for the
mechanical department were recruited.

For the successful work of all those people,
specialized machines and devices are needed. At
that time the purchase of facilities had to be
planned – preparation and acceptance of proposals
and delivery two years later. A set of mechanical
machines, electronic measuring devices and
analytical apparatus were acquired. Construction
and production of specialized test benches for
starter and traction batteries was initiated.

It was decided that a new building will be
constructed for CLEPS. A number of set-bacs are
surmounted – location, specific design, enhanced
construction. The building is finished in about two
years and the machines start arriving.

The most important question, however, is the
subject. Subject is of a strategical importance in
creating a novel establishment. In the novel
establishment there is no experience, no tradition,
no assignment of the leading specialists. Everything
is new.

The first new mission was the creation of an
iron-air battery. Budevski imported the
technological concept from Germany. A broad
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working group of about 80 people was formed,
external collaborators were also involved. A
classical version was employed for the iron
electrode, (from the iron-nickel batteries), but the
air electrode was new. After sedulous work came
the first success – in about 18 months an iron-air
traction battery of 6 kW power was created and
tested on a real electrical fork-lift. The idea of
building a large plant for the production of iron-air
traction batteries started to hover.

Meanwhile, another applied job was assigned to
CLEPS – a technology for the production of tube-
shaped separators for the novel type of tubular
traction batteries, which had to be mastered by the
industry. Budevski accepted the assignment,
formed a small, but strong team and the
development was finished within a year. The
technology was successfully implemented by the
industry. This was the first gross contribution of
CLEPS to the Bulgarian industry.

Later, experimental investigations have shown
that the iron-air batteries are not suitable for
traction purposes due to their low energy
efficiency. The projects for a new plant were
discarded.

Stephan Rashkov, Rostislav Kaischew, Evgeni
Budevski, Jordan Malinovski, Sofia, 1978.

The idea of another novel type of batteries pop
up – zinc-air. This mission was connected to a
larger task at a national level – the creation of an
electrical car with a zinc-air battery. Several other
applied institutes took part in the project – The
Institute of Electrical Industry, the Institute of
Motors and Automobiles, and others. The
elaboration is made for a single year – an original
electrical automobile was created with a novel
battery and a novel type of engine – a “statorless”
electrical motor by which both rotor and stator
rotate. This makes the mechanical differential
unnecessary. The battery was new, elaborated by
CLEPS – zinc-air with 25 kW power. The electrical
automobile covered 240 km in spite of its large

weight. This was a new success of CLEPS and it
found a response in the whole world. It is to be
noted, that General Motors created its electrical
automobile with a zinc-air battery six months later.

THE INTERNATIONAL SCIENTIST

Budevski had a sort of natural gift to create
friendly relations. He had a command of three
languages – perfect English and German and a little
French. His command of the German language was
especially profound – he could give nuances to the
sentences in his letters to emphasize his respect or
his friendliness to his correspondent. This allowed
him easily to turn new acquaintances to friendship
and eventually to collaboration.

He learned English for two years. Before our
eyes. The dictionaries were always on the shelf
behind his back. In only two years he could
advance so much, that he could maintain his
correspondence and write his scientific
publications. Afterwards he continued to improve
his English language.

Still later he loved to play with us a game, he
called “buzzy word”. He chose a relevant new word
(or rather a term) and challenged us to learn it and
to use it in our presentations and publications. Then
we regularly exchanged our experience with the
application of the term in different context. And
afterwards – another “buzzy word”.

He spoke French too – although difficult, but
clean. And he loved to switch languages in the
middle of the conversation – English, German,
English again… and when he switched to French
his interlocutor was compelled to admit his
outstanding intelligence.

Well, his Russian was rather bulgarian-church-
slavonic. But he was always so enthusiastic, that
our Russian colleagues, who understood the general
sense of his talks, decided that the Bulgarian
language is too close to the Russian…

These achievements seem to be almost fantastic
from the outside, but behind them lurks enormous
labour and much attention.

Budevski maintained contacts with an
extraordinary large number of foreign scientists.
From Tokyo through Novosibirsk, Moscow and
Kiev, Riga, Vilnius, Bucharest and Istanbul,
Belgrade, Zagreb, Graz, Budapest and Vienna , the
entire Germany, the entire France, Geneva, Bern,
England, USA and as far as Argentina. I have tried
to count these scientists, but after reaching 100 I
have always given up. But Budevski knew
everyone of them personally and was informed
about their welfare. Frequently, after my travel
abroad he questioned me if I met someone “new”
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and what is my opinion about his intellect, field of
interest and professional activity. Those
conversations enriched us both.

Budevski payed special attention to his letters to
his new acquaintances. Sometimes he labored all
day long on a particular nuance. And finally wrote
down the elaborated variant. Thus Prof. Evgeni
Budevski was well-known to his colleagues in the
world.

I have also taken advantage of this huge human
capital. Only his name and that I am his long-time
coworker have opened for me the doors of many
Laboratories and Universities. And even of
Embassies…

Budevski participated actively in the
international living of the physical chemistry and
electrochemical society. He was member of
International Society of Electrochemistry (ISE) and
fellow of the American Electrochemical Society,
member of the “Leopoldina” and “Surface”
Academies… He attended more than 200
international congresses and workshops, mostly
with plenary lectures. He was invited to give three-
monthly cycles of lectures in Tokyo, Japan,
Lausanne, Switzerland and Cleveland, USA.

He was good in organizing international events
too. The German-Bulgarian “Fischer” Symposium
lasted for more than 30 years, the XX ISE
Congress, held in Bulgaria, and many others. He
was elected Vice-president of ISE.

Budevski loved his foreign friends and always
invited then to his home, when they visited Sofia.
Although not big, his quarters have been
illuminated by his vivid intellect and his spouse,
Lilly enchanted the guests with her flawless
English, exquisite food and broad culture.

THE MATURE SCIENTIST

There is a period of maturing in the carrier of
the scientist, when his interests and possibilities are
balanced. After a decade of intensive activity,
switching the hot topics and achieving goals,
CLEPS was already an established scientific
institution, worldwide known. And Prof. Budevski
was already a distinguished Director and one of the
best electrochemists in the world.

Various applied tasks are solved by the CLEPS
and the Director is responsible for the successful
completion. During all this time, however, parallel
to all his engagements, Budevski does not forget his
first and favorite topic – electrocrystallization. In
the continuing efforts, different faces of silver and
cadmium single crystals are grown to be
dislocation-free. It is established that the parameters
of the double electric layer and the zero charge

potential are different at the different crystal faces.
This explains the observed differences on non-
perfect metal electrodes. Especially interesting
were the investigations of the adsorption of foreign
atoms on atomically smooth crystal faces, carried
out with our crystals.

These investigations gave rise to the
development of a new subject, that later becomes
especially actual in the electrochemistry – the
underpotential deposition of structured monoatomic
layers. However, this process can be investigated
precisely only on a crystal face with exactly defined
structure, such as our crystal faces. A particular role
in these investigations played the long-term
collaboration with the Laboratories of prof.
Wolfgang Lorenz in Karlsruhe, Germany and prof.
Eberhard Schmidt in Bern, Switzerland.

A little bit later this collaboration gave rise to a
novel and innovative subject – Scanning Tunneling
Microscopy of the perfect single crystal faces. Prof.
Schmidt and prof. Siegenthaler had collaboration
with the creator of the Scanning Tunneling
Microscope, the Nobel prize winner, prof. Rohrer
in Switzerland. This tripartial collaboration with the
participation of other our colleagues resulted in the
successful application of STM in-situ, in the
electrolytic environment, for the first time in the
world. The investigations indicated that the
monoatomic steps of growth are not smooth.
Studies on a copper single crystal, carried out in
Argentina showed a high degree of fractality of the
monoatomic growth steps. This explains the results
about the exchange current on monoatomic growth
steps, obtained in the first year after obtaining the
dislocation-free face.

These studies laid the foundations of an entirely
new field, which is actual today as well – local
surface electrochemistry. They have also another
importance, creating a positive feedback with the
method of scanning microscopy, enhancing the
perfection of this technique.

So the general topics of Budevski and his team
changed, each one creating the background for the
next. The results of this topic chain were
generalized in a monograph by Budevski, Lorez
and Staikov [11]. It was highly appreciated and is
still actual today. The chain of topics, reflecting the
scientific interests of Budevski rolled on. When the
nanotechnologies became extremely actual in the
world, he was not late to switch to this field. There
he showed an intense activity on national level. He
initiated the creation of Center for
Nanotechnologies, consolidating Bulgarian
scientists from different fields. Budevski was its
chairman and CLEPS was the first basic
organization of this ‘virtual’ structure. This
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scientific and coordination council involved more
than 50 scientific and industry structures of the
country as members and organized annual
conferences, this tradition continued even today.
This was the foundation for one of the basic
scientific directions of the Bulgarian Academy of
Sciences, unifying a number of Institutes in the
field of materials science.

And this was not all. In a next and unfortunately
last phase of his activity he turned his unappeasable
interest towards the hydrogen energy and fuel cells.
Maybe he was prepared for this change, since he
was long time counselor of UNESCO on this topic.
As a top rated electrochemist he quickly made his
way in the field of fuel cells and suggested a unique
model cell, combining the properties of a fuel cell
and an electrolyzer. This cell, called „Easy test” is
patented and produced by a small firm and is
applied by several foreigner Laboratories. Another
idea of his was the so-called “green house”, an
energy independent household, combining
renewable energy with fuel cells. Today such
projects are funded by a number of investors
abroad.

Together with Budevski matured his Institute
also. And the people of the Institute. The initial
coworkers, then their follower and the new
disciples. Some of them worked on the basic topics,
others organized the branching, ensuring the
necessary synergy. Budevski worked together with
everybody. More intensively with the younger ones
– he spared more time for them. For the more
experienced he cared in other way – tried to
stimulate them to attend international congresses, to
prepare and give lectures, he was always interested
in their successes.

He had worked out a special technology for
assessment. When a distinguished scientist visited
the Institute for a week for instance, Budevski
prepared him a program for the first two days
only. The guest visited each of the departaments for
two hours. In the next couple of days the guest
was free to choose the laboratories, where he
wanted to spend more time. And in the end of the
week Budevski invited him to dinner in an
exquisite restaurant, where, in a friendly
atmosphere, the impressions of the guest were
discussed. A wonderful form of assessments –
objective estimates by specially selected referees –
leading scientist in the field of electrochemistry. I
would like to emphasize that these guests were
about a dozen annually. A system of mutual
enrichment and mutual assessment. Without special
effort and useless written reports. In this way we
learned the international relations and
collaboration.

Then the Berlin wall fell, the democracy came
and the borders were wiped out. And many of our
coworkers emigrated. The young ones emigrated,
just getting their Ph.D., some experienced
emigrated – habilitated or ready to habilitate. More
than 60 scientists – a ready set for a separate new
Institute… This bleeding created many difficulties
for the CLEPS, now Institute of Electrochemistry
and Energy Systems. But it has a positive side too.
Everyone of our coworkers abroad carried with him
the lessons of Budevski and maybe because of that
he usually found a warm reception. And gave these
lessons further. In this way the Budevski school
disseminated to Germany, Switzerland, USA and
Japan. As Plamen Atanasov says (our alumnus,
long ago a professor in the USA and Vice president
of the World Electrochemical Society): “Here
(in the USA) each Bulgarian electrochemist,
disciple of prof. Budevski is estimated as a nugget
of gold.”

That is why all of us, who were lucky to work
together with academician Budevski are favoured
by the fate that we could touch the reef of gold
called Evgeni Budevski.
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AFTERWORD

Reading those lines over I ask myself the inevitable question – where comes this inexhaustible energy
from? I try to find the answer in particular pictures and conversations, emerging in my memory. And I start
to understand.

Bursting vigour and blossoming intellect. Devoted to science – his favorite science. And following the set
goal – tirelessly and despite of everything. And a favoured fate.

Fate loves the one, who does his work with love. And who completes the mission, he was born for.
Evgeni Budevski was born for science.

What about the role of Kaischew? Well, without professor academician Kaischew there would be no
professor academician Budevski. Like a teacher and disciple. Like a father and son.

Recently, I discussed with a colleague of mine the phenomenon of Kaischew and his scientific school.
We reached unanimously the decision that this is a special phenomenon – a perfect singularity.

I was there, however. I saw and I understood. I saw how Evgeni Budevski grew. And how Rostislav
Kaischew grew – even as a great leader he learned from the behavior of the perfect crystal. And I understood
that “The man is a product of his deeds” (according to Cervantes). I understood how the man can evolve and
refine. Just like the crystal. If the man can clean out his dislocations/complexes he will start to grow by
perfect layers. Step by step. Layer by layer. Just like the perfect crystal.

Well, none of us is Rostislav Kaischew. And nobody will be. Nobody can foster 120 professors in his
lifetime, as academician Kaischew did. But if one fosters several capable disciples, despite of the recent
conditions about science, he will at least approach the great academicians Kaischew, Budevski and
Malinovski. This is our engagement and our mission.

Zdravko Stoynov

Sofia, 2016
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This present paper was prepared in honor of the contributions of Dr. Zdravko Stoynov to electrochemical impedance
spectroscopy (EIS) on the occasion of his eightieth birthday. Recognizing the seminal contributions that Prof. Stoynov
has made to EIS, in this paper, we illustrate the application of EIS in the analysis of impedance data for passive metal
systems; in particular, the impedance of copper in sulfide-containing granitic rock ground water that will exist in the
repository for High Level Nuclear Waste (HLNW) in Sweden and Finland. We demonstrate the feasibility of optimizing
the Point Defect Model (PDM) upon experimental impedance data to extract values for important model parameters,
which in turn can be used to calculate the steady state barrier layer thickness and passive current density as a function of
voltage. These quantities are required for determining the corrosion rate of copper in contact with the repository sulfide-
containing ground water and hence in estimating canister life-time, which is designed to be of the order of 100,000
years.

Key words: electrochemical impedance spectroscopy, copper, point defect model, optimization.

INTRODUCTION

Professor Zdravko Stoynov was one of the early
pioneers of the modern form of electrochemical
impedance spectroscopy (EIS) and has contributed
greatly to the rich fabric of this important subject.
His many, impressive accomplishments are
cataloged in the scientific literature, including this
Special Issue commemorating his 80th birthday, and
serve as a beacon for those who follow in his
footsteps. In this paper, we review how EIS is now
used to define the mechanism of the formation of a
passive film on a metal surface; in this case, the
formation of Cu2S on Cu in sulfide-containing
brine. The present work was performed to provide a
scientific basis for estimating the lifetimes of
copper canisters in crystalline rock repositories in
Sweden that are used for the disposal of high level
nuclear waste (HLNW). The paper is presented in
honor of the many profound contributions that
Professor Zdravko Stoynov has made to
electrochemical impedance spectroscopy.

THEORY

The Point Defect Model was developed over the
past thirty-five years by Macdonald and coworkers
as a mechanistically-based model that could be
tested analytically against experiment [1-3]. The

PDM is now highly developed and, to our
knowledge, there are no known conflicts with
experiment, where confluence between theory and
experiment has been first demonstrated. Indeed, the
model has predicted new phenomena that have
subsequently been observed, including the photo-
inhibition of passivity breakdown (PIPB) [4-7], and
has provided a theoretical basis for designing new
alloys from first principles [8, 9]. The PDM has
been previously used to interpret electrochemical
impedance data by optimizing the model on the
experimentally-determined real and imaginary
components of the interphasial (metal/passive
film/solution) impedance, with considerable
success [10-14]. An earlier version of the model has
been extensively used to analyze data obtained in
this laboratory on a program defining the
electrochemistry and corrosion behavior of carbon
steel in simulated concrete pore water. Our early
work [13,15,16], used the commercial DataFit
software [16] for optimization, which employs the
Levenberg-Marquardt [17] method of minimiza-
tion, in order to estimate values for various model
parameters. The optimization work described in the
present paper was performed using the much the
same physico-electrochemical model derived from
the PDM as in our previous work, with the
exception that the model describes a bi-layer film.
However, the optimization itself is performed using
the newer, more powerful method of optimization;
Differential Evolution (DE), using custom software
[18].This algorithm resolves many of the issues
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associated with parameter optimization of functions
of this type, including being less susceptible to
being “hung-up” on minima other than the global
minimum. Consequently, the quality of solution is
vastly improved (several orders of magnitude
reduction in the chi-squared error over gradient-
based methods). The mechanics of the Evolutionary
Algorithm methods are presented in Ref. [19].
Although gradient-based methods are
computationally much faster than evolutionary
methods, such as DE, without operator experience
and the requirement for non-intuitive knowledge

about a highly dimensional system, they are not
operationally more efficient. The man-hours saved
more than makes up for any shortcomings in terms
of computational speed.

THE POINT DEFECT MODEL

As noted above, the PDM was developed to
provide an atomic-scale description of the
formation and breakdown of passive films [1-5].
The physico-chemical basis of the PDM is shown
in Figure 1.
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Fig. 1. Interfacial defect generation/annihilation reactions that are postulated to occur in the growth of anodic
barrier oxide films according to the Point Defect Model. ≡ metal atom, ≡ cation vacancy on the metal sublattice
of the barrier layer, ≡ interstitial cation, ≡ metal cation on the metal sublattice of the barrier layer, ∙∙ ≡
oxygen vacancy on the oxygen sublattice of the barrier layer, ≡ oxygen anion on the oxygen sublattice of the barrier
layer, ≡ metal cation in solution.

Briefly, the model postulates that defect
generation and annihilation reactions occur at the
metal/barrier layer (m/bl) and the barrier layer/outer
layer (bl/ol) interfaces, which are separated by a
few nano-meters, and that these reactions, as
depicted in Figure 1, establish the point defect
concentrations within the barrier layer. The charged
point defects are envisioned to migrate across the
film in a direction that is consistent with their
charge and the sign of the electric field. Thus,
positively-charged oxygen vacancies and metal
interstitials migrate from the m/bl interface, where
they are generated by Reactions (2) and (3),
respectively, to the bl/s interface, where they are
annihilated by Reactions (5) and (6), while
negatively-charged cation vacancies migrate in the
reverse direction. The electric field strength for
oxides is ε = 1-5×106 V/cm, but is lower by about
an order of magnitude for the more polarizable
sulfides. In both cases, the field strength is such that
the defects move by migration, not by diffusion.
The field strength is postulated to be buffered by
Esaki, band-to-band tunneling, possibly via inter
band-gap states, and hence is insensitive to the
applied voltage and the thickness of the barrier

layer. Finally, it is assumed that the potential drop
across the bl/s interface (∅ / ) is a linear function
of the applied voltage and pH∅ / = + + ∅ / (1)

such that the potential drop across the m/bl
interface is given as∅ / = (1 − ) − − − ∅ / (2)

where L is the thickness of the barrier layer and∅ / is a constant. The form of Equation (1) is
dictated by electrical double layer theory for
oxide/solution interfaces. Other assumptions and
postulates are contained in the original publications
[4,5].

The electron current density, I, which is sensed
as an electron current in the external circuit, is
expressed in terms of the kinetics of all reactions
that produce or consume electrons and, hence, is
written as:= + + + ( − )+( − ) + ( − ) (3)
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where LC is the concentration of cation vacancies
at the m/bl interface and 0

iC is the concentration of
cation interstitials at the bl/ol (bl/s) interface. Note
that Equation 3 does not depend upon the
concentration of oxygen vacancies or upon the rate
constant for Reaction (6), Figure 1. Thus, no
relaxations in the impedance response involving
oxygen vacancies is predicted, but this is essentially
an artifact of considering Reactions (3) and (6),
Figure 1, to be irreversible. If this reaction was
assumed to be reversible, then a relaxation
involving oxygen vacancies would be present.
Furthermore, the concentration of H+ is considered
to be constant, corresponding to a well-buffered
solution, and is included in the definition of k7, as
indicated in Equation 6, below. Parenthetically, we
note that the inclusion of reversible reactions would
allow the PDM to also account for the reduction of
passive films, albeit at a considerable cost in
mathematical complexity.

Using the method of partial charges, the rate
constants for the reactions in the presence of a
porous, resistive outer layer are found to be of the
form [20]:

= [ ( − ) − ], i = 1, 2, 3 (4)

= [ ( − )], i = 4, 5 (5)

and = [ ( − )] (6)

where n is the kinetic order of barrier layer
dissolution with respect to H+. In deriving these
expressions theoretically, it is assumed that a
resistive outer layer, Rol, exists on the surface of the
barrier layer and that the passive current flows
through the outer layer to a remote cathode, which
is the normal experimental configuration. Because
of this, the potential that exists at the bl/ol interface
must be corrected from that applied at the reference
electrode located at the outer layer/solution
interface by the potential drop across the outer
layer, where Rol (Ω cm2) is the specific resistance of
the outer layer. The coefficients in the rate constant
expressions are summarized in Table 1.

Table 1. Coefficients for the rate constants for the reactions that generate and annihilate point defects at the m/bl
interface [Reactions (1) – (3)] and at the bl/s interface [Reactions (4) – (6)], Figure 1, and for dissolution of the film [3-
5]. pHcLbVa

ii
iii eeekk 0

Reaction ai (V -1) bi (cm -1) iC Units of o
ik

(1) α1(1-α)χγ -α1χΚ -α1βχγ
s
1

(2) α2(1-α)χγ -α2χΚ -α2βχγ
scm

mol
2

(3) α3(1-α)χγ -α3χΚ -α3βχγ
scm

mol
2

(4) α4αδγ α4βδγ
scm

mol
2

(5) α5αδγ α5βδγ
s

cm

(6) 2α6αγ α6βδγ
s

cm

(7) α7α (δ-χ)γ α7(δ-χ)βγ
scm

mol
2

Let us assume that the applied potential changes
sinusoidally around some mean value (V ) in
accordance with Equation (7):

tjVeVVVV   (7)

where ω is the angular frequency and V is the
amplitude. The bar over a letter refers to the
corresponding value under steady-state conditions.
Accordingly, in the linear approximation the
independent variables have the following response

j tf f fe    , where f represents current density,

evMVm mM
k

M
1   

  evMm mi
k2 

 eV
2

Mm ..
OM

k3 


  eVMM M
k

M )(4 

  eMM k
i )(5 

 H2OOHV O
k

2
..

O
6

  eOHMHMO k )(
2 22/

7 


 

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I, and values on which I depends, namely, L, 0
iC ,

LC , and the various rate constants.
Our task, then, is to calculate the faradic

admittance, YF, which is defined as:

V
I

V
I

Z
Y

F
F 





1

(8)

where ZF is the faradic impedance. Note that I, is a
function of the potential at the bl/ol interface (U),
but the potential that is modulated is that at the
outer layer/solution (ol/s) interface (V), or close to
it, depending upon the exact placement of the tip of
the Luggin probe. The two potentials are related by

IRVU ol (9)

It is evident, then, that,

olFF RYY
111

0  or 0

0

1 Fol

F
F YR

YY


 (10)

where 0
FY is the admittance calculated in the

absence of the outer layer, assuming that the
potential at the bl/ol interface is U under steady-
state conditions. We see that 0

FF YY  as 0olR 

and olF RY /1 for o
FY  ; that is, the

interphasial impedance becomes controlled by the
outer layer in the limit of an infinitely large outer
layer specific resistance or infinitely small barrier.
The values of U and other steady state values can
be easily calculated. Assuming some arbitrary value
of U , we can immediately calculate ik , i = 4, 5, 7
from Equations (5) and (6). From the rate equation
for the change in thickness of the barrier layer,
which is written as

73 kk
dt
dL

 (11)

we have 73 kk  , i.e.




































 








 


n

H

H
SS C

C
k
k

b
pH

b
CCU

b
aaL 00

3

0
7

33

37

3

37 ln1 (12)

After that, the values ik (i = 1, 2) can be
calculated by using Equations (4).

The values of the steady-state concentrations
LC , 0

OC and 0
iC (concentrations of metal

vacancies at the m/bl interface and of oxygen
vacancies and metal interstitials at the bl/ol
interface, respectively) can be found by equating
the rates of formation and annihilation at the two
interfaces to yield:

4

1

L
v

kC
k
 (13)

0 2

5
i

kC
k
 (14)

and

0 3

6
O

kC
k
 (15)

Equations (13) to (15) follow from the condition
that steady state fluxes of cation vacancies, cation
interstitials, and oxygen vacancies, are the same at
the two interfaces; otherwise time-dependent defect
accumulations would occur.

Finally, we calculate the values of

1 2 3 4

0
5 7

( )

( ) ( )

L
v

i

k C k k k
I F

k C k

    

   

       
     

(16)

and

IRUV ol (17)

i.e. we calculate the polarization behavior as the
dependence )(VI . As the actual value of U , we

will choose the value at which V equals the
prescribed value, because no outer layer is assumed
in defining the impedance of the barrier layer, in
this analysis. Practically, the task is reduced to the
solution of the single equation )(UIRUV ol

relative to the unknown value U (the voltage at the
bl/ol interface).

It is important to recognize that, if we have a
code for calculating the admittance of the system in
the absence of the outer layer, 0

FY , we can derive
the admittance in the presence of the outer layer,

FY , by using Equation (10), assuming that 0
FY is

calculated at the steady state applied potential that
equals U (but not V ).

Derivation of 0
FY

From Equation (3) we can write, in the linear
form:

U
CI

U
CI

U
LII

U
I

U
IY i

i

L
vL

vLUF 















0
00


 (18)

where

1 1 2 2 3 3 4 4

0
5 5 7 7

( )

( ) ( )

L
v

U
i

a k C k a k a k a
I F

k a C k a

    

   

       
     

(19)
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 332211 bkbkCkbFI L
eL   (20)

1kFI L
v  (21)

0
5( )iI F k   (22)

Here, it is assumed that the imposed voltage
varies sinusoidally, tjUeUUUU  
and the four terms on the right side can be
attributed to relaxations with respect to the applied
potential V, the thickness of the barrier layer with
respect to the voltage at the bl/ol interface, U,
cation vacancies, LC

, and cation interstitials, 0
iC ,

respectively. Note the absence of a term for the
relaxation of oxygen vacancies, because, again, the
concentration of oxygen vacancies does not appear
in the current [Equation (3)], because of assuming
that Reaction (3), Figure 1, is irreversible.
Physically, though, the oxygen vacancies carry at
least part of the current, so that the concomitant
transport impedance must be accounted for. This is
done be adding a Warburg impedance (ZW) element
in series with the Faradaic impedance (ZF) as
explained later in the paper. Thus, the Faradaic
impedance is redefined as being ZF + ZW.

Let us now derive expressions for

U
C

U
C

U
L i

L
v








 0

and, . For reasons that will become

apparent below, it is convenient to start with
U
L

 .

The rate of change of the thickness of the barrier
layer is described by Equation (11). Thus, by taking
the total differential of Equation (11), we obtain

3 7

3 3 3 3 7 7( )

j td L j Le k k
dt

k a U k b L k a V


  

  

    

  
(23)

or

33

7733 )(
bkj
akak

U
LLU 









(24)

which is the desired result.

Derivation of

The flux density of interstitials is

ii
i

ii KCD
x

CDJ 



 (25)

In this expression, Di is the diffusion coefficient
of the cation interstitials, K = Fε/RT, where ε is the
electric field strength of the barrier layer, and T is

the temperature. The continuity equation is then
written as:

x
CKD

x
CD

t
C i

i
i

i
i












2

2

(26)

which must be solved subject to the boundary
conditions

0at5 xKCD
x
CDCk ii

i
ii 



  (27)

Substitution tj
iii eCCC  into Equations

(25) to (27) and linearization of the boundary
conditions relative to ΔU and ΔL yields:

x
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KD
x

C
Cj i

i2
i

2

i 
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









 (28)

or

0 0
5 5

0

0        at      0

( ) i
i i i

x

i i

Ck C a U C D
x

D K C x


 
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(29)
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       at
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i

x L
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i i

Ck a U b L D
x

D K C x  L


 
        

  

(30)

Analytical solution of the linear boundary
problem (28) – (30) is easily obtained and the
sought value UC i  /0 can be presented in the
following form:

U
LCC

U
BA

U
C 0

iL
0
iU

0
i











 (31)

where

21122211

12112212210 )()(
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aabaabC UU
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 (32)

21122211

121120 )(
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D/j4KK

r i
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1 2

11 1 5 12 2 5

21 1 22 2
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i i

r L r L
i i

a r K D k a r K D k

a r K D e a r K D e

 

 
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   
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0
1 5 5 2 2 2 2 2 2, ,U i U Lb k a C b k a b k b    (36)

and
U
L


 is given by Equation (24).

UC i  /0



D. Macdonald et al.: Review of the extraction of electrochemical kinetic data from electrochemical impedance data using…

58

The reader should note that the expressions
given above for cation interstitials can be shown to
be the same as those for oxygen vacancies, with the
oxidation number,  , being replaced by 2,
Subscript 2 being replaced by Subscript 3, and
Subscript 5 being replaced by Subscript 6, so as to
identify the correct reactions in Figure 1.

Derivation of L
vC / U

By analogy with the above it can be shown that:
21 2

r LL r L r L

L L
vV vL

C Ae Be
U U

LC C L
U

 
 

 

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
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and, again,
U
L


 is given by Equation (24).

By substituting Equations (24), (31) and
Equation (37) into Equation (18) we have the
result:

0

0 0 0

( )
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L L L
F U L U v vU vL U

i iU iL U

Y I I L I C C L

I C C L

      

  
(43)

The Swedish plan for the isolation of high-level
nuclear waste (HLNW) calls for encapsulation of
spent nuclear fuel in a copper canister located
within bore holes within a crystalline bedrock
repository at a depth of about 500 m. The
groundwater is a brine containing bi-sulfide ion
(HS-), which is known to activate the corrosion of
copper [21]. The current plan calls for emplacement
of spent fuel in an inner cast iron canister shielded

with a 50 mm thick outer layer of metallic copper
[22–24], which, in turn, is surrounded by a layer of
compacted bentonite. After emplacement of the
canisters in the boreholes in the floors of the drifts
(tunnels), the remaining space will be backfilled
with a compacted bentonite clay buffer [22]. The
role of the inner cast iron layer is to provide
mechanical strength as well as radiation shielding,
while the copper outer layer provides corrosion
protection. Hydration of the bentonite layer
produces a highly impervious barrier to the
transport of deleterious species, such as HS-, to the
copper surface, representing one barrier in the
multi-barrier concept for HLNW disposal. Thus, in
the anoxic groundwater environment, corrosion
mechanisms involving sulfides have been identified
by SKB (the Swedish vendor of the disposal
technology) to be important in controlling canister
lifetime [24]. Sulfide species, such as bisulfide ion
(HS-), are present in groundwater in the near-field
environment and hence in the vicinity of the copper
canisters. As noted above, these species are
powerful activators of copper corrosion [21] by
inducing a partial anodic reaction (2 + →+ + 2 ) at a potential that is about 600
mV more negative than that for the formation of the
oxide (2 + → + 2 + 2 ) in the
absence of sulfide. Thus, in the presence of sulfide
species, copper is converted from being a semi-
noble metal to an active metal [21], resulting in
corrosion and hence in a reduction of the canister
lifetime.

Figure 2 displays the potentiodynamic
polarization of copper in a deaerated 0.1 M
NaCl+2×10-4 M Na2S.9H2O solution at 25 oC, as
measured in our previous work [25,26].

Fig. 2. Potentiodynamic polarization curves of Cu in
a deaerated 0.1 M NaCl+2×10-4 M Na2S.9H2O solution
at 25 oC. (Scan rate=1 mV s-1).
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A broad passive range of potential is observed,
starting from about -0.7 (potential which is related
to the formation of copper sulfide) and extending
up to +0.15 V vs. SHE. Four potentials within the
passive region were selected for the impedance
analysis, -0.495 V, -0.395 V, -0.295 V and -0.195
V vs. SHE, with the electrode at these potentials
being controlled potentiostatically for the entire
time of the experiments.

A modified point defect model (PDM) for the
formation of the bi-layer Cu/Cu2S/CuS passive
films on copper in the sulfide-containing solutions
was proposed [26]. The physico-chemical basis of
the modified PDM is shown in Figure 3. In this
study, we propose a PDM specifically for the
growth and dissolution of the passive sulfide films
on copper.

Metal  Barrier Oxide Layer  Outer Layer/Solution

(1) + → + + (4) → + + ( − )
| |

(2) → + + (5) → + ( − )
| |

(3) → + ∙∙ + (6) ∙∙ + → +
| |

(7) + → + + ( − )
| |

(x = L) (x = 0)
Fig. 3. Interfacial defect generation/annihilation reactions that are postulated to occur in the growth of anodic barrier

sulfide films (χ=1 for both Cu2S and CuS, where the latter is the Cu(I) salt of the disulfide ion,
2

2S  ) according to the

Point Defect Model.
'

CuV   cation vacancy on the metal sublattice of the barrier layer, iCu  cuprous cation

interstitial, CuCu  cuprous cation in cation site on the metal sublattice of the Cu2S barrier layer SV   sulfur vacancy on

the anion sublattice of the barrier layer, SS  sulfur anion on the anion sublattice of the barrier layer, Cu 
cuprous cation in solution.

Note that the model is written in general form;
being capable of describing the formation of both
Cu2S and CuS barrier layers.

Figures 4 and 5 display typical experimental
electrochemical impedance spectra (Nyquist and
Bode plots) for the passive sulfide film formed on
copper in a deaerated 0.1 M NaCl+2×10-4 M
Na2S.9H2O solution at 25oC. The best fit results,
calculated from the parameters obtained from
optimization of the proposed mechanism (Figure 3)
on the experimental EIS data are listed in Tables 2
and 3, and the impedance calculated from those
parameters are also included in Figures 4 and 5 as
solid lines. One will note that the correlation
between experiment and the model is very good,
indicating that the proposed model (Figure 3)
provides an excellent account of the observed
experimental data.

Table 2. Averaged Kinetic parameters obtained from
the PDM optimization of copper in a deaerated 0.1 M
NaCl+2×10-4 M Na2S.9H2O, at 25oC.
Parameter Value Dimensions

α 0.26 -

α1 0.44 -

α3 0.21 -

α4 0.07 -

n -0.15 -

k1 3.52×10-07 (s-1)

k2 1.85×10-16 (mol cm2 s-1)

k3 2.46×10-11 (mol cm2 s-1)

k4 7.85×10-13 (mol cm2 s-1)

k7 7.31×10-13 (mol cm2 s-1)
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between the calculated and experimental thickness
except at the lowest potential, which is closest to
the active-to-passive transition (Fig. 2) and it is
possible that the barrier layer had not fully
developed at that potential. This postulate is
somewhat supported by the fact that instabilities
were observed in the impedance measurements at
that potential.

SUMMARY AND CONCLUSIONS

In this paper, we illustrate the application of
electrochemical impedance spectroscopy (EIS) in
analyzing impedance data for passive metal
systems. We demonstrate the feasibility of deriving
an impedance version of the Point Defect Model
(PDM) and of optimizing the model upon
experimental impedance data to extract values for
important model parameters. These, in turn, are
used to calculate the steady state barrier layer
thickness and passive current density as a function
of voltage. This work provides a scientific basis for
estimating the lifetimes of copper canisters in
crystalline rock repositories in Sweden for the
disposal of high level nuclear waste (HLNW).
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(Резюме)

Настоящата статия е написана в чест на д-р Здравко Стойнов за приносите му в областта на
електрохимичната импедансна спектроскопия (ЕИС) по повод на неговата осемдесет годишнина. Като
признание за творческите приноси на проф. Стойнов в областта на ЕИС, в тази статия  илюстрираме
приложението на ЕИС при анализа на импедансни данни за пасивни метални системи; по-специално импеданса
на медта в подпочвените води от гранитна скала със съдържание на сулфиди, които се намират в хранилищата
за високоактивни ядрени отпадъци (ВАЯО) в Швеция и Финландия. Ние демонстрираме целесъобразността от
оптимизирането  на Модела на Точковия Дефект (МТД) за обработка на  експерименталните импедансни
данни, за да определим  стойностите на важни  моделни параметри, които от своя страна могат да се използват
за изчисляване на дебелината на бариерния слой в стационарно състояние и  на пасивната плътност на тока като
функция от напрежението. Тези количествени показатели са необходими за определяне скоростта на корозия на
медта в контакт с подпочвените води в хранилището, съдържащи сулфиди и оттам - за определяне на времето
на живот на металния резорвоар, което е проектирано да бъде от порядъка на 100000 години
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A brief outline of the applications of electrochemical methods in pharmaceutical research was given. The aim of the
review was not exhaustive since it would not be possible to cover such a diverse field in one review paper. Rather,
several examples from the author’s experience were given which demonstrate the applicability and usefulness of
electrochemistry in the improving and accelerating drug design and development. The applications covered in this paper
include electrochemical synthesis, electroanalytics and drug transfer across liquid/liquid interface.
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INTRODUCTION

The main goal of pharmaceutical research
revolves around design of a new drug or improving
the properties or bioavailability of drugs already
existing on the market. Drug discovery is a time
and money consuming process which involves
complex interactions among scientists of different
profiles including medicinal chemists,
pharmacologists, pharmaceutical scientists,
biochemists, biotechnologists and physicians.
Traditional trial-and-error approaches to drug
discovery are nowadays increasingly replaced with
modern paradigms of rational drug design such as
structure-based and ligand-based drug design. Both
approaches rely on the knowledge of the biological
target either as its 3D structure or the interactions it
elicits in the presence of other drug-like molecules.
As the result of combined efforts of X-ray
spectroscopy and NMR labs with molecular
modelling and high-throughput screening, usually
the “lead” compound(s) possessing suitable
pharmacological responses are identified and
isolated. Due to very high attrition rates of drugs
which reached the costly clinical phases, a care is
taken to optimize lead compounds in order to
improve their Absorption, Distribution,
Metabolism, Excretion and Toxicology (ADMET)
properties as well as to assess their Drug
Metabolism and Pharmacokinetics (DMPK).

Main cause of the failure of drugs in clinical
phases is their adverse unfavourable biological
effects or their poor absorption mostly due to the
inability of drug substance to cross biological

membranes and other barriers. Even if the
substances possessed high affinity toward
designated biological targets and had high
therapeutic potential they would still be useless in
case they would not be able to reach targeted
biomolecule. The importance of drug absorption
was thus recognized long time ago and its concept
has progressed into a scientific discipline without
which no contemporary pharmaceutical research
could be considered. This is especially important
for orally formulated drugs as the most convenient
dosage forms since these drugs undergo gut and
hepatic first-pass metabolism.

Among a vast variety of disciplines involved in
the successful bringing the substance from the
discovery of its potential therapeutic effect to the
market, physical chemistry occupies a special
place. Physico-chemical properties of substances
are key factors determining the fate of the drug in
the organism from its administration and absorption
to its excretion. Not only they are responsible for
successful ligand-target interactions through
hydrogen bonding and hydrophobic interactions,
but also four physico-chemical processes, i.e.
ionization, solubility, lipophilicity and
permeability, are of high relevance to the
absorption of most orally administered drugs [1].

These processes are commonly expressed
through the quantities such as ionization constant,
pKa, intrinsic solubility, log S0, partition
coefficient, log P and permeability coefficient, Pe,
respectively. Careful evaluation of these parameters
has led to the development of Biopharma
ceutical classification system (BCS) [2], which
provides a framework for the division of substances
according to their aqueous solubility and intestinal
permeability. There were also several empirical
rules of thumb developed for the prediction of
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the extent of passive permeation of drug molecules
through cell membranes. The example is famous
Lipinski “rule of five” [3] which identified several
criteria any molecule should match to increase the
chances to be absorbed by the body. Nowadays,
physico-chemical parameters such as pKa, log P or
log S are no longer perceived by medicinal
chemists or formulation and pre-formulation
engineers as “good” or “bad” numbers, but provide
valuable prediction about the behaviour of active
drug substance upon administration. Measurement
of physic-chemical properties of potentially
active substances has become a routine practice in
the pharmaceutical research and many methods
were developed for their accurate determination
and prediction.

Electrochemical methods are widely used in
almost all fields of pharmaceutical research. Their
applications penetrate almost all labs and phases of
drug development. The aim of this paper is to give
an overview of the potential of electrochemistry
and electrochemical methods in the synthesis and
analysis of drugs. However, the subject is so broad
that it would be impossible to address all the issues
and applications in one review. Instead, this review
is based on the author’s decade experience in
dealing with electrochemistry field in
pharmaceutical research and development.

ELECTROCHEMICAL SYNTHESIS OF
BIOLOGICALLY ACTIVE COMPOUNDS

Electrochemical synthetic procedures are
valuable tool for the synthesis and modifications of
a large group of biologically active molecules and
functional groups and as such are unavoidable
techniques in medicinal and organic chemistry labs.
They have proven useful not only because some
products and intermediates could be obtained more
easily by electrochemical means than by
conventional chemical routes but also because
some molecules could be synthesized almost
exclusively electrochemically [4-23]. Large variety

of direct and indirect electrochemical transforma-
tions of organic compounds is available to the
skilful organic electrochemists which can be
utilized to carry out desired chemical
transformation hopefully leading to the active
compounds with high biological activities. In direct
electrochemical reactions, the product or reacting
intermediate is formed by the electron transfer from
the electrode to the reactant or vice versa, while in
the indirect electrochemical reactions mediators
and/or reagents are electrochemically generated to
initiate the desired reaction. With the existence of a
wide range of electron transfer mediators, the scope
of the useful electrochemical synthetic reactions is
largely extended to involve many reactions which
otherwise would not be able to proceed by direct
electrochemistry.

The usefulness of direct and indirect
electrochemical reactions can be demonstrated with
the examples of electrochemical functionalization
of tylozin/desmycosin antibiotics: electrochemical
opening of 12,13-oxirane desmycosin (Scheme 1)
[6] and electrochemical oxidation of desmycosin
(Scheme 2) [7], respectively. Electrochemical
methodology can be also utilized in chiral
electrosynthesis which is of high importance for
pharmaceutical companies since many drugs are
marketed in the enantiomerically pure forms.

Heterogeneous nature of the electrode
processes with highly structured solvent and
electrolyte molecules at interphase region favours
enantioselective electrochemical reactions.
Relatively recent example demonstrated
that exocyclic double bond of 8-methylene
oleandomycin (1) can be reduced at mercury
electrode with 67 % enantiomeric excess resulting
in (R)-8-methyl oleandomycin (2) as the
main product (Scheme 3) [11]. Stereoselectivity of
electroreduction was explained by the approaching
of the 8-methylene-oleandomycin "bottom side"
at the electrode surface and exposing "top" side
for the proton transfer from solution upon
electron transfer.
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There are also other approaches for the
electrochemical synthesis of chiral compounds.
Electroenzymatic reactions belong to the realm of
indirect electrochemical chiral transformations.
They got into the focus of pharmaceutical research
and development due to widespread applications of
high enantio- and regioselectivity of the enzyme
catalysed reactions. Electroenzymatic reactions
open a route to the design of commercially
attractive and environmentally friendly reactors and
chemical plants. The function of redox enzymes
such as, for example, dehydrogenases, oxygenases,
reductases and oxidases, are dependent on either
bound (flavin adenine dinucleotide (FAD), flavin
mononucleotide (FMN), pyrroloquinoline quinone
(PQQ)…) or freely dissolved cofactors
(nicotinamide adenine dinucleotide (NAD(P)H))
redox cofactors. The use of redox enzymes suffers
from several intrinsic problems which limit their
widespread applications in carrying out efficient
and selective chemical transformations. The most
important issue is a high cost associated with the
cofactors so that their use in stoichiometric amounts
is not economically feasible. The solution is to use
small quantities of cofactors in the reaction mixture
and to apply simple and efficient methods for their
regeneration. Common method is to couple another
enzyme in the reaction mixture which is called
regeneration enzyme in order to convert reacted
cofactor back to its initial state. The complications
which arise in this case are mostly connected with

the complexity of reaction mixture and the
necessity of subsequent separation and isolation of
the product. To circumvent this problem there have
been many efforts to design an electrochemical
system with the suitable mediator which would be
able to transfer the electrons from the electrode to
cofactor with the regeneration efficiency close to
100 % (Figure 1).

The real life application of the above procedure
can be demonstrated in the synthesis of
antidepressant (R)-fluoxetine where one of the steps
could be the enantiometric conversion of aromatic
ketone to the corresponding alcohol using alcohol
dehydrogenase and NADH as a redox system
(Scheme 4).

Fig. 1. The principle of indirect electrochemical
regeneration system for the enzymatic reduction process.
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Scheme 4. Alcohol dehydrogenase and NADH redox system have a potential to be used in the synthesis of
antidepressant drug fluoxetine.

ELECTROANALYTICAL CHEMISTRY IN THE
DRUG ANALYSIS

The applications of electroanalytical methods in
pharmaceutical industry are so broad that it would
be very difficult, if not impossible, to address them
all in this review. Maybe most neglected in
scientific literature are potentiometric methods of
analysis. Besides their utilization for purity
determination of pharmaceutical active ingredients
in routine quality control laboratories [24-35],
potentiometric titrations have been developed as
fast and accurate methods of choice for physico-
chemical profiling of drug substances. Except in the
cases when the analyte is sparingly soluble or is
available in limited quantities when either Yasuda-
Shedlovsky cosolvent [36-40], or
spectrorphotometric titrations could be ordinarily
used, ionization macro- and microconstants are
readily determined by potentiometric titrations [1
and references therein]. Even in the cases when
pKas of the analyte fall in the water buffering range
(pH<3 or pH>11), the ionization constants could be
accurately determined if the glass electrode is
appropriately calibrated and standardized in this
region [1, 41, 42].

Partition coefficient log P as a parameter which
describes affinity of neutral substance toward
lipophilic environment, as well as lipophilicity
profile representing a distribution coefficient, and
log D as a function of pH, are nowadays
determined more accurately and more quickly by
two-phase octanol/water potentiometric titration in
comparison to the traditional “shake-flask”
procedures [1 and references therein]. In a typical
experiment, titration curve from the two-phase
octanol/water system yields pKaoct, which is
compared to the pKa of the substance obtained in
aqueous solution. From the known octanol/water
ratio, log P could be calculated. Other methods of
log P determination include HPLC [43-51],
capillary electrophoresis [43,52,53] and centrifugal
partition chromatography [54].

Potentiometric titrations are very frequently
used for the determination of intrinsic solubility.

Solubility determination by potentiometric titration
was introduced by A. Avdeef [55-57]. The intrinsic
solubility is calculated from the difference of the
substance pKa and the apparent pKaapp in the
presence of the precipitate. Relatively recently
faster potentiometric approach was introduced and
developed by Sirius Analytical Ltd. [58-60]. The
method is called Chasing equilibrium method
(Cheqsol) and it is based on the back and forth
titrations around equilibrium pH of the solution.

Despite the fact that polarographic and
voltammetric methods of analysis provide several
advantages over traditional spectrophotometric
techniques such as high sensitivity, low limit of
detection and reduction in cost and time of analysis,
their real world applications for the qualitative and
quantitative analysis of pharmaceuticals are very
scarce. Up to the author’s knowledge only the pulse
polarographic determination of iron sucrose in
injections is listed in US Pharmacopeia [61]. The
main reason for the lack of electrochemical
methods broader application in analytical
determinations and validations of drugs is the
popularity of combined separation/detection
techniques such as HPLC/UV and HPLC/mass
spectrometry. Only in the cases where the active
substance does not possess a chromophore, but can
undergo electrochemical reaction, the HPLC with
the coulometric or amperometric detection could be
employed. The striking example of this case is the
determination of macrolide antibiotics such as
erythromycin and azithromycin [62-64] with their
tertiary amine groups which can undergo one- or
two-electron oxidation reactions. Nevertheless,
many research efforts have been made to develop
and validate electroanalytical methods for almost
all drug substances which can be directly oxidized
or reduced at electrodes, especially for the
determination of active substances in
pharmaceutical formulations such as tablets [65-
68,] or in bodily fluids [69 and references within].

On the other hand, electrochemical methods
were widely employed for the in-vitro
investigations of drug metabolism [64,70-75],
ligand-protein binding interactions [76-80], drug-
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DNA interactions [81-89] and anti-oxidative
potential of certain compounds [90-95]. The
mechanism and kinetics of the electrochemical
reduction of four derivatives of 2-hydroxy-5-
[(sulfophenyl)azo]benzoic acids (3) were
investigated by cyclic voltammetry and
chronoamperometry with the view on their
potential application in the treatment of

inflammatory bowel diseases [71]. Similarly to
market medicines sulfasalazine and olsalazine, the
mechanism of biological action of these compounds
includes the bacterial reduction of azo bond in the
gastrointestinal tract liberating active compound 5-
aminosalycilic acid (5-ASA) (Scheme 5).
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4e-, 4H+
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3 5-ASA
Scheme 5. Azo bond reduction follows DISP2 mechanism. The first stage in the reaction is the reduction

of hydrazone  tautomer giving corresponding hydrazo intermediate. The hydrazo bond cleavage is an acid
catalyzed reaction and is followed by homogenous redox reaction between 5-ASA qinoneimine and parent
hydrazo compound [71].

Cyclic voltammograms of these compounds are
rather complex and strongly pH-dependent. On the
basis of the experimental results, 2-hydroxy-5-[(2-
sulfophenyl)azo]benzoic acid having sulfo group in
ortho position was identified as the compound
subject to the slowest rate of azo bond cleavage
which in turn enables the highest efficiency to pass
upper gastrointestinal tract and consequently higher
biological potency for the treatment of Ulcerative
colitis and Chron’s disease.

THE TRANSFER OF IONISABLE DRUGS
ACROSS LIQUID/LIQUID INTERFACE

It was estimated that more than 60 % of drugs
on the market exist in ionic forms in the
physiological pH ranges [96]. If ionic forms are
sufficiently lipophilic overall membrane transport
properties of ionisable drug compounds depend not
only on lipophilicity and permeability, but also on
the difference between the actual membrane
potential and their standard transfer potential. In
order to probe the possibility of the transfer of
ionisable drug compounds through the membrane,
it was recognized that the liquid/liquid interface
(LLI) between two immiscible solvents, one usually
being water and another providing lipophilic
environment, can practically mimic a biological
membrane. The transfer of ionisable drug
compounds through such an interface can be
conveniently studied by electrochemical methods in
a four-electrode electrochemical cell [97-105].
Most frequently used solvents having acceptable
dielectric constants for dissolving electrolytes
suitable for electrochemical measurements at their

interface with water are nitrobenzene and 1,2-
dichloroethane.

The electrochemical measurements at LLI can
provide information about partitioning of all
species present in aqueous phase. While the
partitioning of neutral species does not depend on
pH or Galvani potentials at LLI, ionised forms are
susceptible to both quantities. The dependence of
ionic partition can conveniently be represented by
ionic partition diagram, i.e. plots of dependence of
equilibrium Galvani potential difference between
two phases on pH, which resembles well known
Pourbaix diagram [106-108]. From ionic partition
diagrams the predominance of species in each
phase can be deducted, but also a mechanism of
ionic transfer such as simple ionic transfer or
proton coupled transfer can be revealed [106,109].

The establishment of correlation between
electrochemical data obtain on either LLI interface
or on supported liquid membranes (SLM) and
pharmacological profiling of drugs has been
attempted several times [110-114].

It has recently been demonstrated that cyclic
voltammetry at water/nitrobenzene interface can be
used as a fast in vitro method for the
pharmacokinetic screening of macrolide
compounds [110]. Macrolides' ability to pass
through biological membranes and to accumulate in
high concentrations intracellularly are of paramount
importance for their pharmacokinetics, as proven
by the significant amount of in vivo and in vitro
data accumulated on the subject over the years
[115].
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Although all macrolides show similar ADME
properties and pharmacokinetics, azithromycin (4)
(Figure 2) stands out due to its ability to accumulate
in 200-fold excess intracellularly than
extracellularly [115]. Cyclic voltammogram of

doubly protonated azithromycin taken at
water/nitrobenzene interface at pHs of aqueous
phase below 6 and compared to single protonated
erythromycin is shown in Figure 3.
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Fig. 2. Chemical structures of azithromycin (4) and erythromycin (5).
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Fig. 3. Cyclic voltammograms of erythromycin and
azithromycin at pH of aqueous phase 5.8 and C=0.2 M.
Scan rate: 20 mV/s. Plot taken from [110].

While the increase of pH of aqueous phase
above 6 induces only the shift of the cyclic
voltammogram of erythromycin toward more
positive potential, the electrochemical behaviour of
azithromycin is more complex (Figure 4). Its
transfer mechanism changes from simple ionic
transfer of doubly protonated species at acidic pHs
to the facilitated proton transfer in basic aqueous
solutions [110]. The formal transfer potentials of all
investigated macrolide compounds were tabulated
revealing a significant difference in their values and
consequently in the values of transfer free energy.
Azithromycin, having the lowest standard transfer
potential at water/nitrobenzene interface, stands out
among investigated compounds and proofs that
membrane permeation of macrolide compounds
influences their overall pharmacokinetics. What is
more, the results showed that cyclic voltammetry

can be used in pharmaceutical research and
development as a fast and simple method for
screening out macrolide compounds with
potentially good ADME properties.
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Fig. 4. Cyclic voltammograms of azithromycin at
various aqueous phase pH and C=0.2 M. Actual pHs
indicated on the graphs. Scan rate = 20 mV/s. Plots taken
from [24].
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ЕЛЕКТРОХИМИЧНИ МЕТОДИ ПРИ ОТКРИВАНЕ И РАЗРАБОТВАНЕ НА ЛЕКАРСТВА

З. Мандич
Факултет по инженерна химия и технологии, Университет на Загреб, HR-10000 Загреб, Хърватия

Постъпила на 12 декември 2016 г.; коригирана на 16 януари 2016 г.

(Резюме)

Дадено е кратко описание на приложенията на електрохимичните методи при създаване на фармацевтични
продукти. Целта на обзора не е изготвянето на всеобхватен материал, тъй като не би било възможно в една
обзорна статия да се покрие толкова разнообразна област. Конкретно са представени няколко примера от  опита
на автора, които демонстрират приложимостта и ползите от електрохимията за подобряване и ускоряване
създаването и разработването на лекарства. Приложенията разгледани в тази статия включват електрохимичен
синтез, електроаналитични методи и пренос на лекарствени вещества през междуфазовата граница
течност/течност.
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The present review summarizes several studies performed on polypyrrole (PPy) in order to emphasize the
paramount importance of characterizing the conductive polymer both by electrochemical and spectroscopic techniques.
The investigations take into account one or more of the following factors: type of polymerisation, temperature and pH
during synthesis, dopant of choice etc. Initially, fundamental concepts concerning the charge transport within
conductive polymers are presented, followed by recent developments both in PPy synthesis and PPy composites for
various applications.

Key words: conductive polymers, polypyrrole, spectroscopy, electrochemistry

INTRODUCTION

The flexibility of electric character in
conductive polymers (CPs) initiated substantial
perspectives for their use in a variety of
applications. Since the discovery of CPs [1, 2], they
have been of academic and technological interest
representing a significant scientific challenge for
chemists, physicists and material science
researchers [3].

The main objective has been achieving a
thorough understanding of their electrochemical
properties as derived from their chemical structure.
Besides traditional electrochemical and chemical
methods of synthesis, many polymerization
techniques are available including but not limited
at: photochemistry, metathesis, chemical vapor
deposition, UV-induced polymerisation,
concentrated emulsion synthesis, plasma
polymerisation etc. [4]. In addition, in pursuit of an
economical and environmentally benign pathway,
enzymatic synthesis was extensively researched [5].

Therefore, an overview of different
characterization techniques for conductive
polymers along with the similarities and
discrepancies observed in these materials related to
their synthesis method is proposed. The main focus
will be on polypyrrole as it is representative to the
field and its simplicity of synthesis and adherence

to many types of surfaces as well as stability and
conductivity render it an illustrative model of
analysis.

FUNDAMENTAL CONCEPTS IN THE
CHARACTERIZATION OF POLYPYRROLE

The elementary theoretical models and
experimental data which were to later become the
fundaments in the characterization of conducting
polymers will be assessed in this section. The first
investigations of the charge mechanism in CPs
were performed on electrochemically synthesized
films due to simplistic and controllable deposition
manner along with ability for adequate parameter
setting. Factors such as: potential or current
applied, solvent and supporting electrolyte are of
significance affecting the structure, electrochemical
and mechanical properties of the resulting polymer.
The nature of the counterion, in particular, was of
extended interest because the electrochemical
synthesis does not render a neutral polymer in
insulating state, rather it is tailoring it with
conductivity and charge according to synthesis
conditions [6, 7].

Yakushi et al. [8] performed an optical study on
perchlorate doped PPy (33 mol %) at various stages
of reduction. The as-grown PPy film was already in
oxidized form as it is the case in electrochemical
synthesis and applying progressive reduction
potentials rendered the opportunity to analyze the
polymer at intermediate oxidation stages between
the conductive and the insulating form. The as-To whom all correspondence should be sent:

E-mail: roxana.apetrei@ugal.ro

 2017 Bulgarian Academy of Sciences,  Union of Chemists in Bulgaria
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grown film (highly oxidized form) revealed
absorption peaks at 1.0 eV (1240 nm) and 2.7 eV
(460 nm) while the highly reduced form absorbed
mainly at 4.5 eV (275 nm) and 3.2 eV (387 nm). It
was noticed that as the reduction increases, the
absorbance bands decrease in intensity and shift to
higher wavelengths, however several weak bands
are common for most films. The absorption peaks
at most oxidized state, were still present in the most
reduced films as weak bands and vice-versa. Thus,
a coexistence of the oxidized and neutral forms of
PPy within the same film was considered.
Therefore, it must be that the polymer chain is
composed of several neutral and cationic segments
of different lengths, randomly distributed within the
film and that the electron hopping between
segments is imparting electrical conductivity.
Thereupon, Bredas et al. [9, 10] developed a
theoretical model involving the concept of polarons
and bipolarons in conductive polymers intrigued by
the fact that electron hopping within the highly
conductive films did not exhibit paramagnetic
behaviour. They stated that the oxidation of the
conjugated polymer leads to a localized
deformation associated with charge carriers which
means lengthening of double bonds and shortening
of single ones along the polymer chain and upon
analyzing the spectra obtained for 33% perchlorate
doped PPy at intermediate states of reduction, they
introduced the concepts of polaron and bipolaron
charge carriers. Therefore, polarons are radical
cations formed within CPs at low levels of
oxidations that, upon further oxidation, pair up into
double charged radical dications or bipolarons.
Electron spin resonance (ESR) studies revealed a
spin of ½ for cationic units while for dicationic
species there was no paramagnetic signal. The high
conductivity in the absence of paramagnetism was
thus, to be related to double charged spinless
bipolarons. The theoretical model was supported by
optical, magnetic and structural data.

Albeit the resemblance of electric nature
between conductive polymers and semiconductors,
the two systems are elementary different.
Conventional semiconductors display three-
dimensional structures while conductive polymers
consist of conjugated one-dimensional chains.
Accordingly, they do not obey semiconductor type
of behaviour, their conductivity being an intrinsic
property upon exposing them (e.g. polyacetylene)
to oxidation or reduction. This process was referred
to as doping analogous with the doping of inorganic
semiconductors, however it is an oxidoreduction
reaction [11]. The facility of oxidation/reduction is
related to the conjugated character of the polymer

which renders a facile removal or inclusion of π-
electrons into the chain with little disruption of σ
bonds. The electrical susceptibility of the material
is given by the width of the bandgap, the gap
between the highest occupied molecular orbitals
(HUMO) or valence band and the lowest
unoccupied molecular orbitals (LUMO) or the
conduction band. The movement of charges
between these two bands leads to conductive
behaviour. Taking for instance, the oxidation i.e.
expulsion of an electron from the conjugated chain
will lead to the appearance of localized electronic
states inside the gap [12] such as two polaron
levels: the lower polaron level represented by the
bonding cation level (BCL) and the upper polaron
level or the antibonding cation level (ACL).
Removal of a second electron would generate two
bonding and antibonding dication levels
(BDL/ADL) [13]. Thus, the dication state is not to
occur at low levels of oxidation yet predominant at
high doping levels. Still, the question remained,
whether if bipolaron formation is
thermodynamically favorable i.e. the energy
required to form a dication is less than that of
generating two radical cations as well as the
stability of this state. Worth noting is that
polyacetylene possesses a degenerate ground state
which accounts for two structures with the same
energy allowing alternation of single and double
bonds within the chain, while heterocycles have a
nondegenerate ground state i.e. a single possible
geometric structure. The polaron formation within
aromatic CPs corresponds to soliton carriers in
polyacetylene [3].

Genies and Pernaut [14] undertook an optical
study of polypyrrole in order to characterize the
kinetics of the radical cation and dication charges in
correlation with the redox properties of the polymer
by recording the species equilibrium during
potential cycling. The electrochemical cycling of
the PPy films describe a typical redox system
around – 0.2 V. Extra oxidation peak is assigned to
leftover monomer in the film, consequently
polymerized as it is catalytically favorable at low
scan speed while an extra reduction peak proves a
two-step electron transfer. Extended cycling leads
to polymer degradation with consequences such as
electroactivity loss. In terms of optical
spectroscopy, PPy exhibits absorption peaks
according to its redox state, as expected. The
absorbance band at 3.4 eV (370 nm) due to π – π*
or valence band (VB) → conduction band (CB)
transition is specific to the reduced state of the
polymer. The oxidized state corresponds to several
peaks: 2.8 eV (440 nm) related to valence band
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(VB) → antibonding cation/dication level
(ACL/ADL); 2.3 eV (540 nm) due to bonding
cation level (BCL) → antibonding cation level
(ACL). The transition from valence band to
bonding cation/dication level (BCL/BDL) was not
recorded. The experiment consisted of plotting the
absorbance areas described previously against the
oxidation level.

The peak at 3.4 eV (interband transition) fades
as the oxidation increases probably due to the
appearance of intermediate gap states. The
absorption peaks at 2.8 eV and 2.3 eV are
increasing as the oxidation increases as long
because charge is distributed along polaron species.
Decreasing of these two absorption peaks leads to
the belief that radical cations are starting to pair
forming dications. The results are consistent with
the transition from neutral PPy to the formation of
cationic (PPy+) and dicationic (PPy2+) as
molecular orbitals move closer to each other within
the gap corresponding to the structure modification
from non-conjugated to conjugated aromatic and to
quinoid type units, respectively [15]. Nechtschein
et al. [16] varied the redox properties of a
polypyrrole film by applying different voltages and
assessed the doping level by ESR and optical
analysis stating that the bipolaron species is more
difficult to characterize due to lack of paramagnetic
signal. However, for CPs with a non-degenerate
ground state it has been of essential importance.
Patil et al. [17] published an extensive review
regarding optical properties of conductive polymers
assigning the 1.4 eV absorption band recorded
previously [8, 10] in the spectra of mildly oxidized
PPy as polaronic peak seeing how it fades at higher
oxidation state, while the absorption at 1 eV and 2.7
eV was correspondent to bipolaronic charges. A
discussion on solitons versus polarons and
bipolarons is presented by constructing an analogy
between polyacetylene and polythiophene. It is also
disclosed that charged species are not confined to a
solid state of the material they are present in liquid
solution as well, owing to their intrinsic molecular
nature.

A multitude of parameters can affect the
mobility and distribution of charge carriers thus
optical spectroscopy is not to be solely relied upon
but further investigations through electrochemical
and structural techniques are to be performed.
Furukawa et al. [18] correlated Raman and optical
absorption spectroscopy to distinguish the
vibrational signals correspondent to charge carriers
in polypyrrole at intermediate oxidation stages.
Their study indicated that radical cations and
dications coexist in highly oxidized form of PPy

and as the polymer is reduced, dications turn into
cations, which are further converted in neutral
species. Zhong et al. [19] performed a comparison
between theoretic kinetic predictions based on the
polaron/bipolaron model and experimental in situ
ESR data. As seen from an electrochemical
perspective, the formation of the polaron state and
evolution to bipolaron is a function of the potential
applied. Different investigation had led to
contradicting theories about the species accountable
for the charge transfer in PPy chain. While Bredas
et al. [10] stated that bipolaron formation is
thermodynamically more favorable than formation
of two different polarons, Nechtschein et al. [16]
estimated that the energy necessary for both
processes is similar which is why the bipolaron
state is questionable. Since the electric properties of
PPy do not rely only on bipolaron formation and
proof of polaron state was attained at least at low
doping levels, determining the stability of the
charge carriers was demanded. Raman
spectroscopy was employed in order to observe the
structural changes of the polymer chain
simultaneously with charge carrier detection by
ESR. Charge injections onto a reduced film of PPy
led to following observations at intermediate
oxidation stages: paramagnetic signal increases
until a certain point after which it decreases; C=C
backbone stretching vibration band is blue shifted
upon applied potential as double conjugated bonds
are lengthened and the polymer chain is
transitioning from benzenoid to quinoid structure.

John et al. [20]  employed resistometry in
analogy with voltammetry for the characterization
of redox properties for PPy-nitrate films. The
insights gained were related to the kinetics of the
switching mechanism in conductivity such as the
degree of change in resistance, the potential at
which it occurs and the rate versus applied
potential. Both voltammetry and resistometry
revealed how the intrinsic conductivity of CPs
varies with potential and provided information
about the charge required to trigger this
mechanism. Kaplin and Qutubuddin [21, 22] tested
five different potentials for synthesizing PPy for
two different electrolyte systems: sodium
perchlorate and p-toluenesulfonate. The redox
behaviour of polypyrrole consists of electron
transfer either to or from PPy along with counterion
insertion or repulsion from polymer matrix for
reaching charge neutrality. In this sense the
polymer exhibits switching ability from conductor
to insulator. Upon voltammetric cycling, it was
observed that the films prepared at potential of 1.0
V display one redox exchange with oxidation-
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reduction peaks positioned symmetrically, while
the films prepared at lower potentials such as 0.6 or
0.75V reveal an oxidation yet two reduction peaks.

Films obtained at potentials higher than 1.0 V
such as 1.5 V or 2 V do not display symmetrical
peaks. It was determined that two reduction peaks
are proof of the presence of both polarons and
bipolarons within the polymer chain.  Bipolarons
are attained in this case due to the perchlorate ion,
such behaviour not being observed for the
toluenesulfonate-doped PPy. In addition, by
analysis of the chronoamperometric response to the
applied potential during electrosynthesis, the
incorporation of hydroxyl or carbonyl groups into
the polymeric chain can be detected by distinctive
ceasing of the process. Lower potential leads to a
polymer film less susceptible for overoxidation
because the oxidation of the electrode occurs
slowly, while for higher potentials the electrode
oxidizes faster contributing to adhesion of
termination groups to the electrode surface
blocking pyrrole. Thus, overoxidation of the
polymer starts after 1.0 V and can be considered
independent on the electrolyte. However, structural
properties are subordinate to the dopant of choice.
ESR spectroscopy was employed for studying the
polaron:bipolaron ratio in the polymer film
according to applied potential and results showed
that films prepared at lower potentials had lower
spin concentration i.e. preponderance of bipolaron
states while in films prepared at 1.0 V, cationic
species prevailed rendering higher paramagnetic
signal.

Lee et al. [23] synthesized PPy in a chemical
manner using dodecylbenzensulfonic acid (DBSA)
as dopant and ammonium persulfate (APS) as
oxidant. The polymer was soluble in m-cresol and
mildly soluble in other solvents. Even though PPy
is usually hard to process due to strong intra and
interchain crosslinking, doping a large molecule
able to reduce such interactions as well as the
monomer:oxidant ratio made it accessible. The PPy
obtained was slightly overoxidized as shown by
elemental analysis and had low molecular weight,
yet exhibited prolonged reactivity during CV.
Demoustier-Champagne and Stavaux [24]
synthesized PPy in an electrochemical manner in
polycarbonate membranes with different pore sizes
using four different dopants discussing the
consequences on the morphology and conductivity
of the polymer.

Aguilar-Hernandez and Potje-Kamloth [25]
performed a spectroelectrochemical study on a
polypyrrole – polyoxyphenylene composite
prepared by potentiostatic technique at alkaline pH

using 4-hydroxybenzenesulfonate (4HBS) as
dopant. A slight overoxidation of the composite
film was observed, however, the polymer retained a
conductive character. It was stated that an increased
polymerisation potential led to the evolution of
polypyrrole from a quinoid to a benzenoid type
structure as observed from infrared spectra which is
generally associated with intrusion of carbonyl
groups within the polymer’s backbone which can
terminate the conjugated length and affect the
conductivity. C=O groups disrupt the delocalization
of electrons along the polymer creating defects in
the π- conjugated chain. Their presence is regarded
as imparted by the high deposition potential and
high pH. Zhou and Heinze [26-28] defined three
types of structural PPy entities differentiated by the
degree of conjugation and conductivity focusing on
the analysis of the electrolyte used in the
electrosynthesis. Hence, pure conductive PPy or
PPy (I) can be obtained in non-acidic media, even
low acidity leads to PPy (II) while high acidity
passivates the electrode due to formation of
nonconductive low conjugated PPy (III). Elemental
analysis can provide an approximation of the
doping content by the ratio between different
nitrogens. Three types of N atoms were identified
in oxidized PPy while in neutral form only one type
of nitrogen was detected. Further Raman
spectroscopy connected with cyclic voltammetry
was employed for studying the
charging/discharging mechanism of a nitrate PPy
film upon doping as reported by Liu et al. [29]. The
structural change in PPy during redox switching
was examined by in situ cyclic voltammetry -
surface enhanced Raman spectroscopy (CV-SERS).
SERS measurements were performed while the film
was being cycled and for each potential the
corresponding Raman peaks were identified. Thus,
the peak corresponding to C-H in plane
deformation did not shift either in the anodic or
cathodic scan, the peak assigned to C=C backbone,
correspondent to reduced form of PPy in cathodic
scan, shifted toward higher frequency during anodic
scan as expected [19] and the peaks assigned to ring
deformation and N-H in-plane deformation
transited to lower and higher wavenumbers with
anodic and respectively, cathodic scan. It can be
assessed that the C-H in plane deformation is
autonomous of the PPy redox behaviour, the
conjugated lengthening occurs during oxidation
while the nitrate counterions are incorporated into
the cationic polymer to neutralize the charge. Joo et
al. [30] reported a comparison between charge
transport and structural properties of three
differently synthesized pyrrole polymers. While the
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electrochemically prepared PPy was doped with
hexafluorophasphate (PF6) the chemical ones
included dodecylbenzensulfonic acid (DBSA) or
naphtalenesulfonic acid (NSA). The comparison
concluded that the PPy-DBSA and PPy-NSA
displayed the insulating soluble polymer state due
to the large size dopants which reduced interchain
links, while PPy-PF6 had a high concentration of
interchain links contributing to charge hopping and
conductive behaviour. Density of states was higher
in electrochemically prepared polymer rather than
in chemical ones. However, neither the effects of
large dopants within electrosynthesized polymer
films nor the influence of highly mobile species in
chemically prepared polymer were evaluated.

Upon attaining these fundamental concepts,
innovation in the field of conductive polymers was
impeding. For further inquiry in the elementary
mechanisms of pyrrole synthesis either by chemical
or electrochemical means and the resulting
properties, the reader is referred to Sadki et al. [31]
and Ansari [32] for comprehensive reviews.

ADVANCES IN THE PREPARATION AND
CHARACTERIZATION OF POLYPYRROLE

Having established the basic redox processes as
well as structural modifications occurring within
PPy when switching between its conducting and
insulating state, a series of modifications were
proposed for tailoring the polymer for specific
applications. Continuous involvement in the
characterization of polypyrrole is imperative in
order to find an equilibrium between functionality
and processability. Several pathways for
modification are available either by
functionalization of the monomer with functional
groups preceding the polymerisation or by in situ
inclusion of counterions and/or template molecules
[33].

Liu et al. [34] synthesized PPy by chemical
vapor deposition on metallized Nafion® electrodes
for diminishing the aging issue encountered in
hydrogen sensors. The results were adequate for
anti-aging properties, however a loss in sensitivity
emerged. Heinze and co-workers [35] have made
further progress in preparing different entities of
polypyrrole providing new insights in the structural
diversity of the polymer. Two types of transporters
within different PPy variants, mobile and immobile
charge carriers are considered, the former
contributing to polymer conductivity and the latter
to the formation of a crosslinked network. PPy (I)
and PPy (III) are able to transfer only anionic
compounds, while PPy (II) is capable of motioning
both anions and cations. Morphological and mass

changes within the polymer on this basis were
addresses by Cohen et al. [36]. Masuda and Asano
[37] provided a short note consisting of the
spectroelectrochemical characterization of PPy
synthesized galvanostatically with sodium
alkylbenzenesulfonate dopants. The UV-Vis-NIR
spectra were fairly independent of the chosen
dopant molecule while in voltammetric cycling just
the cathodic peak, otherwise associated with
removal of counterions from the polymer matrix,
was distinct dopant-wise.

Omastova et al. [38] employed chemical
synthesis of pyrrole in aqueous media in the
presence of different types of surfactants (anionic,
cationic, neutral) in an attempt to identify the nature
of the interaction between them. Conclusions were
that anionic surfactants develop an ionic bond with
the polymer adding to the process as dopants,
increasing the polymerisation rate, while cationic
ones have the reverse effect. The surfactant
addition to polypyrrole led to good conductivity as
well as stability towards deprotonation due to the
hydrophobic nature of the surfactant. He et al. [39]
synthesized novel structures of PPy so-called
“coral-like nanowires” in a ferric chloride – based
aqueous chemical polymerisation with the addition
of dodecyl-benzene sulfonic acid (DBSA) and
poly(vinyl-alcohol) (PVA).   The improved
structural morphologies increased the
electrochemical properties of PPy as assessed by
temperature-dependent conductivity measurements.

Can et al. [40] investigated the interactions
between protons or Lewis acids and pyrrole from
both theoretical and experimental perspectives. It
was ascertained that both proton and Lewis acids
act through similar mechanisms leading to pyrrole
oligomers and possible addition to the polymer’s
backbone. Pokrop et al. [41] reported the
preparation of processable PPy by using
ammonium peroxydisulfate as oxidant and salts of
sulfosuccinic acid diesters as dopants attempting a
counter-ion provided processability [42]. A highly
conductive polymer is known to be intractable due
to its ionic nature, so hardly solvable, while a
certain degree of processability leads to a decrease
in conductivity. A compromise between the two is
to be attained. Spectroelectrochemical properties of
the obtained PPy were assessed with UV-Vis-NIR
and cyclic voltammetry techniques.

Benabderrahmane et al. [43] functionalized
pyrrole with N-succinimidyl ester and performed in
situ copolymerization in presence of polystyrene
latex particles using FeCl3 as oxidizer.
Spectroscopy and elemental analysis of the
composite particles were performed pursuing
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reactivity towards amine and thiol groups for
further attachment of proteins in biomedical
applications. Hien et al. [44] tested a double layer
of PPy for protection against iron corrosion. They
manipulated the PPy by doping the outer film with
dodecyl sulfate anions and the inner one with
tetraoxalate anions in order to modify the
permselectivity of the film from anion to cation
exchanger impeding the intrusion of chloride
anions. Xu et al. [45] took advantage of the redox
switching mechanism of PPy and explored the
hydrophobic – hydrophilic switch, the wettability of
solid surfaces being of increased interest. Certainly,
the dopant of choice has prevalent influence upon
water contact behaviour and the switchable
wettability resulted to be a function of applied
potential.

Cong et al. [46] developed multi-composite
electrodes consisting of polypyrrole and mixed
oxides on a glassy carbon electrode:
GC/PPy/PPy(Ox)/PPy. The electrocatalytic activity
towards oxygen reduction (orr) was found to be
highly dependent on the electrochemical properties
of PPy. The oxygen reduction reaction proceeds at
the oxide layer while the polymer is accounted for
charge transportation.  As electrochemical
behaviour is highly susceptible to the anionic
dopant used, samples doped with different small
size anions (Cl-, ClO4-, PF6-, NO3-, SO42-) were
analyzed by cyclic voltammetry. Highest redox
activity was registered by chlorate doped PPy in
agreement with conductivity measurements and
absorption spectra which showed the effect of the
doping agent by a hypsochromic shift of λmax from
419 nm (Cl-) to 404 nm (SO42-). Similar composite
type of electrodes was developed by Singh et al.
[47] using CoFe2O4 nanoparticles resulting in a
desirable electrocatalytic response.

Bufon et al. [48] undertook the study of
voltammetric cycling in relation to the polymeric
chain length and conductivity. Two different PPy
entities are identified as a function of temperature
and applied potential. Shorter chains and higher
conductivity are assigned to PPy II in accordance
with disorder dominated transport i.e.
delocalization of charge with an increased
localization length occuring in shorter chains. Thus,
chain length is not considered primarily relevant for
assessing CPs conductivity. PPy II it is the species
produced when lower temperature or potential are
employed during polymerization and it readily
transforms into PPy I during CV. The two types of
PPy were clearly distinguished both in cyclic
voltammetry and optical absorption analysis. In
voltammetric cycling, an oxidation peak at -0.12 V

is assigned to PPy II, while the peak at +0.1 V
relates to PPy I oxidation. Similarly, an absorption
band at 386 nm corresponds to PPy II, while
absorption between 450 and 470 nm is caused by
PPy I owing to the significantly longer polymer
chain which has higher extinction coefficient.
Previously, the fact that the wavenumbers of CPs
are scaling linearly to the reverse of the
polymerisation degree was determined. Thereby,
the longest the polymer chain is, the higher the
wavelength at which will absorb light [49].

Hwang et al. [50] investigated the changes in
mass and volume of PPy doped with perchlorate
upon pH variation. The paramount redox switching
property can be not only a measure of applied
potential, but also adjustable through pH
manipulation. In contact with basic solutions, PPy
experiences deterioration due to the attack of
hydroxyl ions on the β-carbons along with anion
expulsion leading to neutral and insulating forms.
Contrary, immersion in acidic media recovers, at
least partially, the former electric properties of PPy.
Quantification of mass and volume changes in the
polymer chain when variating the pH was
performed using atomic force microscopy and
quartz crystal nanobalance. With increasing pH, the
mass of the polymer was found to decrease as anion
expulsion occurs, while an increasing mass during
anion incorporation due to protonation of nitrogen
sites within the polymer is noticed during the pH
drop. Anion incursion is a slower mechanism than
anion discharge.

Kim et al. [51] prepared carbon
nanotube/polypyrrole composites with controlled
pore size using nanosized silica embedded into
CNT during electrodeposition. The composites
contained around 80% nanosized polymer and
provided facile ion transport at electrode level
along with conductivity and higher surface area.
Ayad et al. [52] employed PPy as host for
entrapping noble metals by chemical synthesis
using hydrochloride and ferric chloride.
Subsequently, the polymer was de-doped using
ammonia and exposed to silver nitrate for reduction
of the Ag ions. The silver-PPy composite can be
applied for silver detection. Parakhonskiy et al. [53]
developed PPy microcontainers by electrochemical
synthesis in the presence of a surfactant (β-
naphataline sulfonic acid) for obtaining polypyrrole
shells at the surface of the oxygen bubbles
generated during the monomer oxidation. The
resulted polymer shells exhibited high redox
activity and controllable permeability.

Sharifirad et al. [54] probed PPy as coating
against copper corrosion and estimated the
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efficacity with potentiodynamic polarization and
electrochemical impedance techniques. Three
different dopants were tested for the
electrodeposition of polypyrrole on copper from
aqueous media and the final polymer provided
efficient corrosion protection despite being slightly
overoxidized as observed from FTIR spectroscopy.
Cui et al. [55] devised nanowires consisting of
polypyrrole and SnO2 nanoparticles by one-pot
chemical oxidation. The SnO2-PPy composites
showed high potential for anode materials for
lithium-ion batteries due to good electrochemical
properties. Madani et al. [56] prepared
polypyrrole/cadmium sulfide composites by
electropolymerisation in presence of CdS
nanoparticles for applications in optoelectronics.
Even though a high concentration of nanoparticles
leads to increased resistance, electroactivity is still
remnant as displayed by cyclic voltammetry.
Moreover, electrical impedance indicates increased
capacitance and photoconductivity. Arjomandi et
al. [57] prepared and characterized polypyrrole and
poly(pyrrole-2,6-dimethyl-β-cyclodextrin) [P(Py- -
DMCD)]. Differences between the two polymers
are discussed in respect to their structural and
electrochemical properties.

Zhang et al. [58] developed
polypyrrole/graphene nanosheets (PPy/GNS)
composite electrodes by in situ chemical
polymerisation to obtain higher specific capacitance
for supercapacitors. Graphene represents a single
atomic plane of graphite and the association with
polypyrrole leads to high conductivity within a
single layer network. FTIR spectroscopy reveals a
shift in main peaks upon addition of graphene
which is associated which so-called graphene
doping of PPy i.e. introduction of GNS groups into
the PPy backbone. Concerning the electrochemical
properties, cyclic voltammetry and charge-
discharge measurements proved good capacitive
behaviour. Konwer et al. [59]  studied the influence
of graphene oxide (GO) in association with
polypyrrole for electrode applications.
Subsequently, the composites were investigated by
UV-Vis and FTIR spectroscopy for identification of
structural changes while conductivity and CV
attested to enhanced electrochemical characteristics
most probably due to extension of conjugated
segments within PPy owing to the interaction with
GO.

Wang and Yu [60] analyzed the dopant
influence on the polaron:bipolaron ratio in PPy
synthesized chemically with three different anions:
chloride (Cl-), p-toulensulfonate (p-TS-) and
anthraquinone-2-sulfonate (AQS-). While the

conductivity of CPs is commonly determined by
resistance measurements, more insights into their
electrical behaviour is to be acquired by analyzing
the origin of it i.e. the charged species within the
polymer chain. Thus, the present study aims to
prove the charge-carrier distribution dependency on
the chosen dopant molecule. ESR and Raman
spectroscopy techniques were employed for
gathering information about paramagnetic and
structural behaviour of the samples along with UV-
Vis-NIR, FTIR. NIR absorption assigned higher
charge mobility according to chosen dopant in the
following order Cl- < p-TS- < AQS- in agreement
with conductivity measurements. Raman spectra
displayed both radical cation and dication bands
attesting that bipolarons are prevalent in PPy: AQS-
and polarons in PPy: Cl- and PPy: p-TS- which
leads to adequate correlation between charge
distribution and electrical properties.

Functionalization of PPy was thoroughly
addressed by Singh et al. [61] in a review on the
characterization and synthesis of polypyrrole
composites.

CHARACTERIZATION OF BIOSYNTHESIZED
POLYPYRROLE

The current requirement for environmentally
friendly pathways towards obtaining
technologically important polymers has been
widely documented. Though not the scope of the
present review, enzymatic or otherwise greener
methods for the polymerisation of PPy cannot be
overlooked in an attempt gain understanding on
spectral and electrochemical properties of the
polymer.

Nabid and Entezami [62] synthesized a water-
soluble polypyrrole in the presence of horseradish
peroxidase (HRP) using sulfonated polystyrene
(SPS) as counterion at pH 2. The use of templates
in this process was crucial for attaining chain
alignment and low pH, both imperative for a
qualitative final product. UV-Vis analysis was used
for proving a certain redox reversibility of the
polymer during adjustment of pH. Adsorption
peaks at 440 and 600 nm were used as reference
points. Song and Palmore [63] attempted the
polymerisation of pyrrole using laccase. The
investigation is significant due to its environmental
benign character however the process was rather
slow in the absence of a redox mediator. They
employed 2,2`-azino-bis-(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) diammonium salt as
mediating molecule, which is easily oxidized by
laccase being able, in turn, to oxidize the pyrrole
monomer. In this sense, the synthesis does not take
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place through an enzymatic mechanism, but rather
through a biocatalytic mediated chemical one.
ABTS was incorporated in the polymeric chain as a
counterion, found to be in ratio of one to each 5
pyrrole units regardless of its concentration and
improved charge transport and mechanical
properties of PPy. The use of an enzyme for ABTS
regeneration made continuous reaction possible as
opposite to electrochemical generation of ABTS
cations. Additionally, as the potential necessary for
lengthening the polymeric chain decreases, the
reaction between laccase and pyrrole multimers
becomes thermodynamically more favorable. Cui et
al. [64] prepared polypyrrole through a biocatalytic
route assembling composites consisting of lactate
oxidase – PPy – CNT. UV-Vis spectroscopy
revealed the level of oxidation of the polymeric
chain according to the polaron/bipolaron model.
Absorbance bands at 460 nm and subsequently, at
570 nm are considered proof of polaron charge
formation, however the mild oxidation did not lead
to the development of bipolaron states. The length
of the polymeric chain was considered high
according to reported investigations [48]. The
hybrid nanocomposites were tested for biosensors
for lactate detection. Ramanavicius et al. [65]
realized a spectrophotometric study of pyrrole
polymerisation oxidized by hydrogen peroxide
produced from glucose oxidase (GOx) - glucose
reaction and further on, employed the mechanism
for detecting the adhesion of oxidoreductases at the
electrode surface [66].

Cruz-Silva et al. [67] employed horseradish
peroxidase for pyrrole oxidation, but since the
monomer is not a usual substrate for the enzyme, a
redox mediator was necessary. Elemental and
thermogravimetric analysis revealed high
similarities with chemically synthesized PPy.
Kupriyanovich et al. [68] adopted a similar system
and reported an increased conductivity upon
addition of sodium polystyrene-4-sulfonate among
other dopants. Certainly, under synthesis
conditions, infrared spectroscopy displayed
vibration band corresponding to carbonyl group i.e.
overoxidation of the polymer, which is the case
with most enzymatic pathways of polymerisation.
Further on, encapsulation of laccase in PPy shells
was reported by Mazur et al. [69] by
droplet/solution interface synthesis. The
microcontainers as studied by visible spectroscopy,
revealed increasing absorption peak at 480 nm
corresponding to low level of doping. FTIR spectra
displayed proof of laccase encapsulation within
PPy shells while cyclic voltammetry showed a
typical redox system. Bouldin et al. [70] considered

soybean peroxidase (SBP) a more suitable enzyme
for pyrrole oxidation and without using a redox
mediator, generated a conductive polymer as
revealed from conductivity and UV-Vis absorption
spectra. However, various template-dopants were
tested for improving final properties. Junker et al.
[71] performed a study on laccase-induced
polymerisation of pyrrole using sodium bis-(2-
ethylhexyl) sulfosuccinate anionic vesicles as
templates. The process was optimized and the final
products characterized by optical, EPR and FTIR
spectroscopy indicating a conductive form of PPy.
Moreover, MD simulations were performed in
order to investigate the regulatory influence of the
template within the synthesis.

Regarding environmentally benign routes for
pyrrole polymerisation it can be concluded that the
genuine enzymatic pathways proceed slowly and
they must be improved by addition of redox
mediators, oxidative compounds and/or templates.
The aqueous media and neutral pH, while suitable
for enzymes, promotes the production of low
molecular weight oligomers due to the nucleophilic
attack of water on the polymer. In turn, a branched
structure of the polymer is consistent with loss in
electric properties. Nevertheless, most enzymes are
not stable at highly acidic pH. However the
potential for biomedical applications is
indisputable, thus intensive research is being
progressively conducted [5].

CONCLUSIONS

By attempting to determine the parameters that
govern the equilibrium of charged species within
the redox polymers, the aforementioned researchers
set the basis for the characterization of conductive
polymers. Following their breakthrough, extensive
research and improvement has been made.
However, the significance of the fundamental
concepts is not to be disregarded.

Certainly, the present review could not comprise
the amplitude of research conducted within the
field, but the main purpose of displaying the
evolution in the characterization and application of
polypyrrole was fulfilled. Even after decades of
investigating conducting polymeric materials,
inquiries related to synthesis, reaction mechanisms
and dopant influence are still valid. Nevertheless,
innovative and promising applications are widely
researched.
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(Резюме)

Настоящият обзор обобщава няколко изследвания на полипирол (PPY), които имат за цел да покажат
първостепенното значение на охарактеризарането на проводими полимери чрез комбиниране на
електрохимични и спектроскопски техники. Изследванията касаят един или няколко от следните фактори: типа
полимеризация, температурата и рН по време на синтез, избора на допант и др. Първоначално са представени
основните концепции за транспорт на заряд в проводими полимери, след което са показани най-новите
изследвания при синтеза на PPY и на PPY композити за различни приложения.
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The increasing demand for sustainable energy efficiency and industrial decarbonisation leads researchers from
different areas to seek alternative and more effective ways for attaining these goals. A hydrogen economy based on fuel
cell and hydrogen technologies is a plausible and promising way to reach the European energy targets and improve the
quality of life of society, providing independence and security of the energy supply across Europe. The need for rapid
deployment of environment-friendly technologies implies for integrated policy measures and joint efforts of all Member
States. This paper gives an overview of hydrogen and fuel cell technologies considering intensively their place in the
European policy for decarbonisation and smart growth. The paper also discusses international initiatives in the field and
suggests a pathway for greener society.

Key words: hydrogen, fuel cells and hydrogen, hydrogen technologies, hydrogen economy, sustainable development;
long-term scenario, legal and administrative barriers removal, market deployment

INTRODUCTION

The hydrogen-based economy is a long-term
dream of society and scientists for meeting the
increasing demand for energy by using hydrogen as
fuel in a clean energy system. The term “hydrogen
economy” was introduced by the world-renown
scientist John Bockris in 70s of the 20th century [1]
evolving from the concept introduced by the British
scientist J. B. S. Haldane [2].

The element hydrogen is the most abundant and
lightest chemical element in the universe, as on
Earth it is most commonly linked to molecules of
water or organic compounds. The hydrogen gas is
colourless, odourless and tasteless. It has a boiling
point of -252.9 degrees Celsius and a melting point
of -259.2 degrees Celsius. It is dissolved slightly in
water, but occludes in significant amounts in
certain metals as, for instance, palladium which
may dissolve up to 3000 volume parts of hydrogen
(occlusion is a term related to particular type of
absorption of gases by metals).

In addition to its vast industrial applications in
the chemical industry, metallurgy, glass industry
and others, hydrogen is taking one of the leading
positions in the energy sector as an energy carrier
for both transport and stationary applications: as a

fuel for motive power (including vehicles and
waterborne vessels) and on-board auxiliary power,
stationary power generation (for the energy
demands involving household and industrial
applications), as an energy carrier for storage
applications medium, related to excess electric
power generated off-peak, load levelling and
balancing of the energy system, long-term energy
storage [3]. Hydrogen does not exist naturally in
convenient reservoirs with an exception regarding
the actively investigated onshore natural hydrogen
(H2) emissions [4] but nonetheless, it may be
generated by water electrolysis, steam reforming of
hydrocarbons, thermal decomposition of water or
by other methods [5]. Some algae and bacteria,
using sunlight as their main source of energy in
certain circumstances also release hydrogen
naturally.

Currently, the technologies with highest
potential for producing hydrogen are divided
in four categories: electrochemical, photo-
electrochemical, thermochemical and photo-
biological [6]. Some authors claim that one of the
problems related to the production of hydrogen is
that in the process a large amount of energy is
consumed in comparison to the gained energy when
using it as a fuel [7].

Fuel cell technologies are essential for attaining
a carbon free hydrogen based economy. The fuel
cell converts chemical energy from a fuel into
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electricity by an electrochemical reaction between
hydrogen and oxygen from the air which brings to
the production of electricity and heat, while the by-
product is water [8]. Fuel cells need a source of fuel
(hydrogen) and oxidizer to sustain the
electrochemical reaction producing electricity
continuously which is their significant advantage in
comparison to batteries that need recharging. In
similarity to batteries, the main active components
of the fuel cells are two electrodes sandwiching the
electrolyte. There are several different technologies
for fuel cell such as: solid-oxide fuel cells (SOFCs),
proton exchange membrane fuel cells (PEMFCs),
alkaline fuel cells (AFCs), phosphoric acid fuel cell
(PAFCs), solid acid fuel cell (SAFCs) and others.

The most promising technologies which are
under intensive development are SOFCs and
PEMFCs. SOFCs components are ceramics which
have significant conductivity at elevated
temperatures, thus having a high temperature
operating mode which makes them suitable mainly
for stationary applications. PEMFCs have no
alternative for mobility applications. They are
successfully used also for stationary applications.
One of the serious problems faced is the large
consumption of platinum. It should be marked that
extensive research and development is conducted
for the diverse application of all types of fuel cell.
In general, the main hurdles for the large-scale
market introduction of fuel cells and hydrogen
technologies presently are their yet insufficient
durability and high costs: two directions where
common research and industrial efforts are
concentrated.

Fuel cell and hydrogen technologies have
already started to play a key EU role in contributing
to the targeted reductions in greenhouse gas
emissions together with the improvements in air
quality and increased energy independence needs of
the Community. Europe is facing serious challenges
related to the production of energy which has key
impact on its economy, environment, society and
security. In the new package of measures “Clean
Energy for all Europeans” [9], intended to support
all European citizens and businesses with the means
to maximize the benefits of the clean energy
transition [10], an emphasis is given to the
development of affordable and integrated energy
storage solutions from renewable energy and fuel
cells and hydrogen are foreseen as one of viable
and sustainable problem solving solutions.

OVERVIEW

Advanced energy technologies are identified as
an essential element for coping with climate change

and securing energy supply. Europe's ambitious
climate and energy targets are foreseen in the
Strategic Energy Technology Plan (SET-Plan)
which has been the technology pillar of the EU
Energy and Climate policy since its adoption in
2008 [11] but these targets cannot be met without
deploying more efficient energy technologies. The
plan was designed as a tool for supporting decision
making in the energy policy field having several
main goals [12]:

- to accelerate knowledge development,
technology transfer and up-take;

- to maintain EU industrial leadership on low-
carbon energy technologies;

- to foster science for transforming energy
technologies to achieve the 2020 Energy and
Climate Change goals;

- to contribute to the worldwide transition to a
low carbon economy by 2050.

The implementation of the SET-Plan began with
the establishment of the European Industrial
Initiatives (EIIs) which bring together industry, the
research community, the Member States and the
Commission in risk-sharing, public-private
partnerships aimed at the rapid development of key
energy technologies at European level. In parallel,
the European Energy Research Alliance (EERA)
has been working since 2008 to align the R&D
activities of individual research organisations to the
needs of the SET-Plan priorities, and to establish a
joint programming framework at EU level. The
projected budget for the SET-Plan has been
estimated at up to €71.5 billion [12]. The SET-Plan
has two major timelines. For 2020, the SET-Plan
provides a framework to accelerate the
development and deployment of cost-effective low
carbon technologies aiming to reach the 20-20-20
goals of a 20 % reduction of greenhouse gases
(GHG) emissions, a 20 % share of energy from
low-carbon energy sources and 20 % reduction in
the use of primary energy in order to improve
energy efficiency. For 2050, the SET-Plan is aimed
at limiting climate change to a global temperature
rise of no more than 2°C (by the end of the century)
and more specifically to reduce EU’s GHG
emissions by 80-95 % depending on the sector [12].
The SET-Plan objective in this regard is to establish
a low-carbon energy technology and industry
sectors by lowering the cost of low-carbon energy
hence, providing energy security, environmental
preservation and better quality of life.

Currently, the European energy system relies 80
% on fossil fuels which produce 80 % of all the
Union's GHG emissions thus, highlighting the
importance of decarbonisation of the energy
system. In line with the common objective of a
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competitive European economy and the accepted
long term GHG emission reduction of 80-95% by
2050 compared to 1990 levels, the European
Council agreed on a domestic greenhouse gas
reduction target of at least 40% by 2030 compared
to 1990 and set a target of at least 27% for
renewable energy, binding at EU level, as well as
an indicative target of energy savings [13].

The qualities of the energy system are very
much linked to its energy supply. The Union and its
Member States have set as a matter of high priority
the development of a diverse, reliable and cost-
effective portfolio of energy supply technologies to
meet the EU climate and energy policy goals.
Transforming the present system needs adequate
and serious changes to the energy system in the
medium and long term into an economic and
industrial prospect for Europe. That cannot happen
without extensive further research, development
and deployment of new solutions and innovations
to reduce the energy demand further, diversify and
consolidate supply options (both external and local)
attuned with Member States energy mix choices,
and to develop a flexible and integrated energy
system. Moreover, innovative business models and
financial schemes that guarantee a diverse approach
are also needed in order to do so.

The energy system is essential for every
economy. Thus, the European Commission has set
the energy sector as one of its main priorities. In
accordance with the plan for modernisation of the
current energy system, where two thirds of the
greenhouse emissions result from energy produc-
tion and use, an accelerated transition to a clean and
efficient energy system is needed. That will have an
impact on all Member States and will support the
implementation of the developed the Energy

package: “Clean Energy for all Europeans” with
additional regulatory proposals and facilitating
measures. The three principal objectives are [14]:

- energy efficiency first;
- Europe as the global leader in renewable;
- a fair deal to consumers.
The achievement of these 3 goals is strongly

related to activities in 3 general directions [15]:
- investment in energy efficiency and renewable

technologies;
- development of clean energy business models;
- embracing the new opportunities and

consumer empowerment brought about by
digitisation.

As very clearly implicated in the Energy
package the transition to a low-carbon energy-
efficient and climate-resilient economy will require
a decentralised open system with the involvement
of all stakeholders. Traditionally, the energy system
is marked by the dominance of large enterprises,
incumbents and large-scale, centralised
technological projects. Nevertheless, the future
requires for the consumer to be in the focus of the
energy system. As marked in the SET plan, for
putting the active consumers at the centre of the
energy system, they should be [13]:

- engaged in better understanding, information
and market transformation;

- activated through innovative technologies,
products and services – leading to innovative
business models.

All these efforts (Fig.1) work hand in hand with
other flagship initiatives such as the Digital Single
Market, the Capital Markets Union and the
Investment Plan for Europe in order to deliver on
jobs, growth and investments for Europe [14].

Fig. 1. Modernisation of the economy - role of the Energy Union and Climate Action [14].
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Moreover, the package presents an opportunity
to speed both the clean energy transition and
growth and job creation. By mobilising up to an
additional 177 billion euro of public and private
investment per year from 2021, this package can
generate up to 1% increase in GDP over the next
decade and create 900.000 new jobs [16]. It will
also mean that on the average the carbon intensity
of the EU's economy will be 43% lower in 2030
than now [17], with renewable electricity
representing about half of the EU's electricity
generation mix [18].

Two complementary activities may also be
taken into account for the implementation of the
common goals:

- increasing public awareness – also in terms of
national policy making, local authorities’
activities and penetration of new legislation
and educational and demonstration activities;

- integrated knowledge approach – expert
knowledge bank focused on networking
related to new technologies for overcoming the
specifics in the different European countries.

Hydrogen has been accepted as a fuel / energy
carrier together with advanced biofuels and other
alternative liquid and gaseous fuels, including
Liquefied natural gas (LNG), in the portfolio of
sustainable means [13], therefore necessary to
improve the EU security of energy supply and to
achieve the ambitious European goals aiming to
reduce the GHG emissions with respect to the
overall EU 2020, 2030 and 2050 objectives in
energy, transport, climate, economic and social
policies. That leads to the need of advanced R&D
for gaining advanced novel materials and
components for fuel cell and hydrogen technologies
accompanied with incentives and analyses of the
key processes and mechanisms for hydrogen
production and conversion and storage. On EU
level there is sustainable collaboration for the
acceleration of the market introduction on FCH
technologies maintained by the Fuel Cells and
Hydrogen Joint Undertaking (FCH JU) which
concentrates the efforts of the European
Commission, the FCH industries and the research
community in the FCH sector in order to reduce
dependence on hydrocarbons and to contribute to
economic growth.

FCH technologies are expected to deliver
economic benefits through job creation, improved
balance of payments and long-term return on
investments in the European economic area. It is
acknowledged that the fuel cell and hydrogen
industry sector has moved beyond the R&D stage
and large scale investments have been made by the

industry to deliver fuel cell and hydrogen products
to end-users, including substantial financial
resources allocated to research, development and
demonstration by fuel cell and electrolyser
suppliers, automotive original equipment
manufacturers (OEMs), industrial gas companies,
technology system integrators and grid energy
network operators. These investments, together
with the public sector funding at EU, national and
regional levels, has placed the mobility, energy
storage and stationary fuel cells sectors on the brink
of commercial deployment that will deliver
substantial macroeconomic and societal benefits on
a Europe wide basis.

During the recent years FCH industry has
achieved considerable progress toward meeting
market based product performance, functionality,
and cost improvement. Deployment for a range of
applications such as mobility (including hydrogen
refuelling infrastructure), stationary fuel cells
(with/without on-site generation) and energy
storage (with/without grid integration) in the energy
systems of the EU.

A focus is taken to address non-technological
aspects to facilitate deployment of FCH
technologies, such as demonstration of their socio-
economic effect, the environmental and energy
benefits throughout the whole life cycle. At the
moment there is no unitary regulatory framework in
the EU in terms of FCH relevant regulations, codes
and standards which represents of the barriers for
large scale deployment.

Fig. 2. Hydrogen economy [19].

The potential of hydrogen and FC technologies
as an energy carrier is also becoming more and
more plausible in economic terms as the need for
integrated energy storage solutions grows rapidly
and becomes more critical where renewable energy
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generation systems such as wind turbines and
photo-voltaic that are already generating gigawatt
hours (GWh) of electricity, often with a significant
mismatch in grid power demand. In that sense,
electricity storage becomes a key enabler of the
large-scale deployment of fluctuating renewable
energy (RE) generation capacity across Europe.
Hydrogen as an energy carrier may be considered
as a core element of the energy system of today –
and will be even more so in the future: through
stabilising power generation to make the best use of
conventional and RE generation assets (Fig. 2).

From an economic point of view an extensive
in-depth analysis of key trends, market drivers, and
growth factors in the energy sector in Europe is
needed – in order to clarify realistically the quantify
of market supply and demand, taking into account
relevant storage applications such as hydrogen with
focus on regional, national and European specific
regulations and standards. That would benefit the
industrial and financial players in the energy sector
as their return on investment (RoI) is closely related
to the right setting and timing of market entry and
is dependable on technology costs and low RE
generation.

From a technological point of view, joint efforts
of research, industry and society are focused and
the efficiency of these actions is demonstrated by
the activities and achievements of the Fuel Cells
and Hydrogen Joint Undertaking – in synergy with
the targets and goals implied by SET-Plan (Fig. 3.).

Fig. 3. European Strategic Energy Technology Plan
[20].

The Fuel cell and Hydrogen Joint Undertaking
(FCH JU) has a Multi-Annual Implementation Plan
(MAIP) as primary strategic document which sets

out the scope and details for basic, breakthrough
and applied research and demonstration activities
according to five main ‘application areas’ [21]:

- Transport and refuelling infrastructure;
- Hydrogen production and distribution;
- Stationary power generation and combined

heat and power;
- Early markets;
- Cross-cutting issues.
According to the latest available data from the

FCH JU Annual Activity Reports and the H2020
portal 204 projects were supported by the FCH JU
to date, of which 155 originated under FP7 and 49
as part of Horizon 2020. They are distributed
between the three main pillars of the programme
[22]:

- Transport;
- Energy;
- Cross-cutting activities.
The first pillar (Transport) aims to accelerate the

commercialisation of FCH technologies in the
transport sector (which has an important role in the
GHG emissions) through support of demonstration
and research (RTD) projects across Europe.

The demo projects’ focus is directed to proving
technology readiness and public acceptance while
increasing the number of fuel cell electric vehicles
(FCEVs) and the hydrogen refuelling network
across Europe. There are six targeted segments:
cars, buses, material handling vehicles (MHVs),
auxiliary power units (APUs) and refuelling
infrastructure [23]. The demo activities involving
cars concern more than 1,500 vehicles, 250 of
which are already in operation while the rest are
planned within currently running projects. Also, a
network of hydrogen refuelling stations is being
created across Europe covering 8 countries and in
2015 it delivered 130,000 kg of hydrogen in 17,500
refuelling operations at 96% availability.
Demonstration activating related to buses involve
67 vehicles in 12 European cities as 41 buses in 7
cities are already in operation while demonstrations
of material handling vehicles have involved 48
vehicles (covering 6 models) from 3 manufacturers
on 10 sites [22].

The research and innovation projects target a
cost-efficient increase in the performance of fuel
cell systems and hydrogen refuelling station (HRS)
system. More specifically, the RTD projects in
transportation relate to new materials and
components development, improvement of
performance levels, optimisation, reduction of costs
and novel modelling in 8 technological segments
[22]:

- Membrane electrodes assembly (MEA);
- Catalysts;
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- Gas diffusion layer (GDL);
- Bipolar plates;
- Manufacturing and process development;
- Methodologies and tools;
- System and balance-of-plant (BoP)

components;
- Advanced refuelling developments;
The second pillar (Energy) aims to accelerate

the commercialisation of FCH technologies related
to stationary fuel cells and the production of
“green” hydrogen as an energy carrier. More
specifically it targets reduction in costs while
increasing the efficiency and the durability of fuel
cells for energy production and at the same time
also making the best use of the deployed of
renewables in the European energy system. The
FCH JU programme supports activities in three
main areas [24]:

- stationary fuel cells (power and heat)
demonstration and proof-of-concept activities
related to technology capability and readiness;

- Stationary fuel cells (power and heat) research
and innovation for performance, durability and
cost improvements;

- Hydrogen production pathways from
renewable energy sources, handling,
distribution and storage technologies to enable
hydrogen as a key energy carrier in the EU.

Until now around 40 projects have been funded
by the FCH JU in the Energy pillar. It is notable to
mention that the demo projects related to combined
heat and power (CHP) are structured in different
topic areas:

- Micro-CHP (< 5 kW)
- Mid-size CHP
- Large size CHP (>400 kW)
- Off grid/back up
So far, around 700 μ-CHP systems for

residential applications have been installed in 11
European countries by 10 manufacturers. The
generation of own electricity allows home owners
to cut energy costs by 800-1,300 € per year [22].
The aim is to reach 3,000 units installed by 2020
and to increase their market competiveness. As a
comparison it may be noted that Japan’s ENE-
FARM program has supported the deployment of
well over 120,000 residential fuel cell units [25] as
plans are to reach 1.4 million units by 2020 and 5.3
million units by 2030 [26].

The third pillar (Cross-cutting activities) is
closely related to the first two as it supports the
commercialisation efforts in the energy and
transport areas through a range of market
preparation and readiness support measures. More
specifically [22]:

- providing new knowledge to develop and
improve regulations, codes and standards
(RCS);

- preparing the European workforce;
- increasing public awareness and social

acceptance;
- ensuring FCH technologies are

environmentally sustainable.
Since 2014, projects addressing portable

applications, previously classified within the ‘early
markets’ application area, have also been
categorised as cross-cutting. Until now more than
30 projects have been undertaken in the third pillar
[22]. Efforts have been directed in order to gather
knowledge and support the stakeholders in the FCH
and energy fields thus, allowing that knowledge to
pave the way for further regulations, codes and
standards. Identification of economically viable
niches for the FCH technologies has also been a
priority in the joint efforts of the industry and
research stakeholders.

On European level joint activities have also been
directed towards support for the market penetration
of fuel cells and hydrogen applications through a
Horizon 2020 flagship project HyLAW which has
already started as of January 2017 and will run until
December 2018. HyLAW stands for “Hydrogen
Law and Removal of Legal Barriers to the
Deployment of Fuel Cells and Hydrogen
Applications” [27]. It aims at boosting the market
uptake of hydrogen and fuel cell technologies
providing market developers with a clear view of
the applicable regulations whilst calling the
attention of policy makers on legal barriers to be
removed. The project brings together 23 partners
from Austria, Belgium, Bulgaria, Denmark,
Finland, France, Germany, Hungary, Italy, Latvia,
Norway, Poland, Romania, Spain, Sweden,
Portugal, the Netherlands and United Kingdom
(Fig. 4.) and is coordinated by Hydrogen Europe
[27].

Fig. 4. HyLAW project partners [27].

The HyLAW partners will first identify the
legislation and regulations relevant to fuel cell and
hydrogen applications and legal barriers to their
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commercialisation. They will then provide public
authorities with country specific benchmarks and
recommendations on how to remove those barriers.

HyLAW’s main outputs will be [27]:
- an online and publicly available database

compiling legal and administrative processes
applicable to hydrogen and fuel cell
technologies in 18 countries across Europe;

- national policy papers describing each legal
and administrative process, highlighting best
practices, legal barriers and providing policy
recommendations;

- a pan-European policy paper targeted towards
European decision makers;

- national and European workshops for
dissemination of the findings and convincing
public authorities to remove barriers.

The database will be maintained by Hydrogen
Europe for minimum three years after the end of the
project.

The HyLAW project has received funding from
the Fuel Cells and Hydrogen 2 Joint Undertaking
under grant agreement No 737977.

From a boarder perspective, international efforts
have also been directed to support of the
deployment of FCH technologies for cleaner and
safer future. The International Energy Agency
(IEA) Hydrogen Implementing Agreement (HIA),
which is a leader in the management of coordinated
hydrogen research, development and demonstration
activities, has launched a specific task (Task 38)
entitled: “Power-to-Hydrogen and Hydrogen-to-X:
System Analysis of the techno-economic, legal and
regulatory conditions” with aim to examine
hydrogen as a key energy carrier for a sustainable
and smart energy system [28]. The IEA–HIA has
long-term and vast experience in facilitating and
managing an inclusive range of Research,
Development & Demonstration (R, D&D) and
analysis programs (over 40) among its international
members – including international organisations,
industrial and research partners, non-profit
organisations [30]. The “Power-to-hydrogen”
concept implies that hydrogen is produced via
electrolysis as the electricity supply may be either
grid, off-grid or though mixed systems while
“Hydrogen-to-X” implies that the hydrogen supply
concerns a large portfolio of uses. More specifically
[29]:

- Transport (hydrogen for fuel cells, biofuels,
synthetic methane for transport etc.);

- Natural gas grid (by mixing hydrogen directly
with natural gas or synthetising methane and
injecting it into the natural gas grid);

- Re-electrification through hydrogen turbines
or fuel cells;

- General business of merchant hydrogen for
energy or industry, especially refinery, steel
industry, ammonia, etc.

- Ancillary services or grid services for the
electricity grid, transport or distribution grid.
Hydrogen provides flexible energy storage and
carrier options which could defer the need for
new lines and would alleviate the transmission
difficulties

Task 38 has a lifespan of 4 years (2016-2019)
and ambitions goals [31]:

- to provide a comprehensive understanding of
the various technical and economic pathways
for power-to-hydrogen applications in diverse
situations;

- to provide a comprehensive assessment of
existing legal frameworks;

- to present business developers and policy
makers with general guidelines and
recommendations that enhance hydrogen
system deployment in energy markets.

The IEA-HIA Task 38 involves more than 50
experts in different fields from 15 countries. It is
coordinated by the French Commissariat à l'énergie
atomique et aux énergies alternatives / Institut de
Technico-Economie des Systèmes Energétiques
(CEA/I-tésé) and supported by the French
Environment and Energy Management Agency
(ADEME). There are also 15 participating IEA
HIA ExCo Members: Australia, Belgium, European
Commission, France, Germany, Japan, The
Netherlands, New Zealand, Norway, Shell,
Southern Company, Spain, Sweden, United
Kingdom, and the United States [31].

The ongoing work conducted in Task 38 shows
that an international joint effort is needed to analyse
strategic studies in the FCH field, archive external
synergies, and manage existing knowledge in order
to identify possible pathways and niches together
with all stakeholders for the successful market
deployment of FCH technologies leading to a
carbon-free and sustainable economy.

CONCLUSION

The establishment of sustainable European
expert knowledge network arises as a necessary
component for the further market integration of
FCH technologies in the EU, being a specific
knowledge niche emerging from a combination of
resources from the European Research Area and
from the established public private partnerships.
Thus, its role in the total package of measures is
quite important. Presently, novel technologies are
needed in order to ensure energy efficiency and
integration of renewables in the energy mix. A
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large number of the innovative technologies are in a
pre-commercial stage. On EU level serious efforts
are devoted for commercialisation of research and
innovation above Technology Readiness Level 4
(TRL), and that in fact, somewhat brought to an
underestimation of fundamental research in specific
areas which were left to be developed on national
level. However, in some new Member States that
does not happen with the same pace and leads to
fragmentation on European level. Fortunately, in
the results from the currently performed analysis,
introduced in the set of measures “Clean Energy for
all Europeans”, all those issues have been taken
into account and an updated strategy has been
proposed. Thus, it is the right time to start the
development of the next generation through
breakthrough research with multi-fold benefits.

Currently, the existing regulatory and legal and
administrative processes (LAPs) covering areas
such as local and national planning, safety,
installation and use/operation do not reflect
adequately the use of FCH technologies. The
limited awareness and coverage of FCH
technologies in LAPs creates complications and
requires substantial time, incurs additional costs
and resources therefore, representing a barrier for
rapid deployment. In this way, the financial
resources are not directly targeted to the technology
deployment leading to relative inefficiency and
restricting quick access to the potential market.
That hot topic of the European policy in the field
will be supported by the planned and on-going
activities of European HyLAW project and the
International Task 38 of the IEA/HIA. The synergy
of those activities would also support the growing
necessity for the setting up of a distinct guild of
highly-trained technical personnel needed for the
newly created FCH infrastructure in Europe and
worldwide.

The joint efforts of science, industry and policy-
makers on European and international level have
shown considerable success during the recent years
for the implementation and market penetrations of
FCH technologies. FCH technologies in a pre-
commercial state have already been developed
(above TRL 7). It can be highly been acknowledged
that they will not only serve as transitional
technologies during the decrease of fossil fuels
utilisation but also as end point technologies for the
efficient production and utilisation of hydrogen,
and more generally in the global energy system as
well.
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(Резюме)

Нарастващата нужда от устойчива енергийна декарбонизация на индустрията кара изследователите от
различни области на науката да търсят алтернативни и по-ефективни начини за достигането на тези цели.
Икономика основана на технологии, използващи горивни клетки и водород, е един приемлив и обещаващ начин
за постигането на заложените европейски цели и подобряването на качеството на живот на гражданите,
осигурявайки независимост и сигурност на енергийната система на Европа. Съществува належаща
необходимост за ускорено въвеждане на технологии, опазващи околната среда, както и интегрирани мерки и
съвместни усилия на всички страни членки на ЕС. В тази статия се дава общ преглед на технологиите на база
водород и горивни клетки и се разглежда обстоятелствено тяхното място в общоевропейската политика за
декарбонизация и интелигентен растеж. В статията, също така, се обсъждат и международни инициативи в
областта като се предлага възможно развитие за едно по-зелено общество.



Contributions





95

Bulgarian Chemical Communications, Volume 49 Special Issue C (pp. 95– 101) 2017

Influence of light intensity on the kinetics of light-driven hydrogen evolution
using Rh-doped SrTiO3: a study by photoelectrochemical impedance spectroscopy
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Interest in the visible-light-driven hydrogen evolution reaction (HER) is nowadays determined by the
urgent need for clean energy carriers. The mechanism of HER is known to be multistep, and is generally a
bottleneck displaying kinetic hindrance. In this work, we report on the kinetics of the HER using a rhodium-
doped strontium titanate (Rh:SrTiO3) as photoactive material. In particular, we have been interested in
determining the influence of light intensity (68-529 mW/cm2 at 450 nm) on the kinetic parameters of the
system. We observed that increasing light intensity yielded a slight increase in electron-hole recombination
rate, because of the increasing amount of photo-generated electrons at the surface of the photo-electrode. We
also found that the rate constant of the charge transfer process was independent of light intensity. The
increase of electron-hole recombination determined the efficiency loss of the system when light was
intensified. This work provides insights into the kinetics of charge transfer at photo-excitated
Rh:SrTiO3/electrolyte interfaces, and also provides guidance for photoelectrochemical kinetic studies
performed with photoelectrochemical impedance spectroscopy (PEIS).
Key words: hydrogen evolution, photoelectrochemical impedance spectroscopy, kinetics, doped strontium titanate.

INTRODUCTION

Increasing energetic demands of modern
society, along with the exhaustion of carbon based
fuels, has turned the attention of the scientific
community to develop alternative, sustainable and
low cost energetic sources [1]. In this context, the
use of semiconductors, photoactive upon visible-
light excitation, is a promising route [2-6]. Among
all possible energetic applications of
semiconducting electrodes, the study of the
hydrogen evolution reaction (HER) is still a hot-
spot [7-12] because of its possibilities of changing
the planet energetic dependence for a fully clean
source.

These facts prompted us to study the kinetics of
the novel advanced semiconducting material (Rh
doped SrTiO3) that absorbs visible light, and has
recently been shown to act as a potentially
interesting hydrogen evolving photo-catalyst [13-
16]. However, multistep charge transfer reactions,
such as the HER, display poor kinetics, which
determines the importance of unraveling the kinetic
parameters behind the performance of this
photoelectrocatalytic material.

Herein we present a kinetic study of the surface
reactivity of Rh:SrTiO3 (Eg = 2.4 eV, [13]) by
photoelectrochemical impedance spectroscopy
(PEIS), a technique originally developed by
Ponomarev and Peter [17]. We were interested in
particular at measuring the effect of light intensity
on the kinetic parameters at constant applied
potential. A theoretical background and the
appropriate references to the models we employed
in this work for data analysis are provided.

METHODS

SrTiO3 powder doped with 1 mol % Rh at Ti
sites was prepared by a solid-state reaction. The
starting materials, SrCO3 (Kanto Chemical; 99.9%),
TiO2 (Soekawa Chemical; 99.9%), and Rh2O3
(Wako Pure Chemical), were mixed in a Sr:Ti:Rh
ratio of 1.07:(1-x):x. The mixture was calcined in
air at 1173 K for 1 h and then at 1373 K for 10 h in
an alumina crucible [13]. The chemical
composition of the samples was determined using
SEM-EDS Cambridge equipment and electron
microprobe measurements (EPMA) (microprobe
SX 100 CAMECA).

Photoelectrodes were prepared by drop-casting
10 μL of an isopropanol suspension containing
Rh:SrTiO3 (30 mg in 0.5 mL) on top of an ITO
surface. Next, 10 μL of Nafion (50 μL to a final
volume of 1 mL in isopropanol) were put on top of
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the surface through the same methodology, and let
dry for three hours. In all cases, the solvent was let
to evaporate at room temperature. Before
measurements, photoelectrodes were put into
Na2SO4 (0.1 M) solution and allowed to wet
overnight. All electrochemical measurements were
performed in aqueous Na2SO4 (0.1 M) in a three
electrode cell configuration employing ITO-
Rh:SrTiO3-Nafion, saturated calomel electrode
(SCE) and a carbon plaque, as working, reference
and counter electrodes, respectively. MilliQ water
was employed for all tests, and was obtained from a
Merck Millipore device.

Photoelectrochemical impedance (PEIS)
determinations were performed in a quartz
photoelectrochemical cell from Pine Research
Instrument Company. Measurements were
performed in a Modulab Solartron Analytical
potentiostat, model 2100A. The light source was
controlled with a calibrated optical bench (Thorlabs
Inc. DC2100), equipped with a LED giving light of
450 nm. PEIS spectra were recorded under
potentiostatic control in the frequency range of 300
kHz to 50.2 mHz, the amplitude of the sinusoidal
potential perturbation was 10 mV in all cases.
Fitting of experimental PEIS spectra was performed
in Matlab R2014b, with home-made code.

THEORETICAL BACKGROUND

The interface between a semiconducting
electrode and a solution is special since for a p-type
semiconductor there is an accumulation of electrons
at the interface associated with an electron
exchange between the electrolyte and the material,
whose driving force originates in equating the
Fermi levels of the solution and the semiconductor.
Such electron accumulation causes a downward
bending of the valence and conduction band edges,
when the electrode is biased at a potential negative
to the flat-band potential (Figure 1a). As a
consequence, when an electric potential (V) is
applied, a part of V drops inside the solid material
and the other part drops in the solution side. This
fact contrasts with metallic electrodes in which all
the applied potential drops within the solution. In
general, the part of the solution where the electric
potential drops, called the Helmholtz layer, has an
associated capacitance ( ). In an analogous
manner, the space located inside the
semiconducting material in which the potential
drops, has an associated capacitance as well, the so-
called space charge capacitance ( ). Excepting
heavily doped semiconductors, is much higher
than . This fact determines that most of the
overall potential drops inside the material (i.e., in

the space charge region) and not in the solution side
of the interphase, i.e. ≫ , where stands
for the potential drop within the space charge, and

represents the potential drop in the Helmholtz
layer. Naturally = + . When a
semiconducting electrode is illuminated by light
with an energy ℎ higher than its band gap, charge
separation occurs and an electron-hole pair is
consequently generated (Figure 1 a) [2-4,18].
Because of band bending, the electrons move
towards the surface with a flux represented here as

. At the surface, electrons can be transferred to
the solution to reduce species in the nearby (in this
work we aim at the reduction of water according to+ 2 = 1/2 + with a phenome-
nological rate constant . Additionally, the
electrons can recombine at the surface with
photogenerated holes with a rate constant .

a)

b)

Fig. 1. a) Scheme of an illuminated p-type semicon-
ductor under reverse bias. Main kinetic and
photoelectrochemical parameters discussed in the text
are presented; b) typical photoelectrochemical
impedance spectrum (PEIS) of an illuminated
semiconductor. The figure highlights how to determine
the kinetics of light-driven reactions from PEIS (see text
for explanations).
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Understanding the kinetics of charge transfer
and recombination in semiconducting electrodes is
of paramount importance to continually improve
their performance. In order to study the kinetics of
charge transfer at Rh:SrTiO3/electrolyte interfaces,
we employed photoelectrochemical impedance
spectroscopy (PEIS). PEIS consists in recording a
usual EIS spectrum at a constant level of
illumination. The space charge capacitance and the
Helmholtz capacitance can be viewed as a part of
two RC circuits in series, thus, the interfacial
capacitance is = + . When ≪ , the
overall capacitance is mostly due to the space
charge and in such conditions experimental data
may be fitted using Eq. (1). This permits to obtain a
semi-quantitative evaluation of relevant transfer
and recombination kinetic parameters (Figure 1)
[19-20].( ) = + ( ) (1)

In Eq. (1), is the angular frequency of the ac
perturbation, ( ) represents the -dependent
impedance of the interface in , corresponds to
the ionic resistance of the solution in , is the
imaginary unit, is the space-charge capacitance
in F, is the elemental charge, stands for
Boltzman’s constant, is the absolute temperature,

is the photogenerated current of minority carriers
(electrons in the case of a p-type semiconductor),

and are the pseudo first order rate constants
for recombination and charge transfer, respectively
Eq. (1) describes two semicircles in the Nyquist
plot.

For the case where the charge transfer rate
constant does not depend on , the interface
impedance ( ) tends to at low frequencies (eq.
2).lim → ( ) = = + , (2)

where is the resistance associated to the solution
and the electric wiring.

The low frequency semicircle passes through a
maximum from which the charge transfer rate
constant may be directly determined using Eq. 3:= (3)

The high frequency limit of the low frequency
semicircle is given by Eq. (4):= + ( ) . (4)

Therefore, the ratio Z1/Z2 (Eq. 5) provides an
estimation of once is known

= 1 + . (5)

Since the space charge capacitance and the
Helmholtz capacitance are connected in series, the
overall interface capacitance shall be determined by
the lowest of both (i.e. ). Thus, the high-
frequency semicircle will provide an estimate of

. The way PEIS may be used to extract all the
above-mentioned kinetic parameters is summarized
in Figure 1b.

Consequently, PEIS is a powerful technique to
assess the kinetics at illuminated semiconducting
electrodes, and getting information of the interfacial
capacitances associated to the system.

RESULTS AND DISCUSSION

The first step we undertook was the
characterization of the Rh:SrTiO3 semiconducting
material by means of Scanning Electron
Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) . Figure 2-a shows a SEM
micrograph of the electrode surface. This is a
microporous material in which the width of the
space charge region is smaller than the particle size.
Roughness effects have been disregarded in the
analysis of PEIS spectra. In Figure 2 a, the Nafion
film is not visible, indicating that it forms a very
thin layer on top of the semiconducting powder.
Additionally, the polycrystalline nature of the
Rh:SrTiO3 surface may be appreciated, as has been
reported before [13]. Figure 2-b displays the EDS
spectra of the ITO support compared to the
semiconductor. The signals of the L-shells of In and
Sn coming from ITO are well defined, and the Si
K-shell is observed as well, which originates from
the glass substrate on top of which ITO is
deposited. In the case of the photoelectrode
assembly, EDS revealed the presence of F at the
surface, coming from Nafion. Additionally, the Sr
and Rh L-shells, and Ti K-shell confirmed the
identity of the semiconducting material.

Subsequently, the photoelectrochemical
characterization was undertaken. The first
interesting issue to note is that the PEIS spectra
changed upon cycling. In particular, the spectra
evolved from a broad semicircle (Figure 3 black)
until the response stabilized providing two well
defined semicircles (Figure 3-a, red). Such change
indicates that the interface is changing with the
electrochemical treatment. It could be caused either
by the binding and accumulation of charged
intermediates in surface states, or by chemical
modification of the surface, as has been reported
before [21]. Further photoelectrode surface
characterization is required to deepen into the real
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causes of the observed evolution of PEIS. These
two facts would redistribute and , thus
changing and , and hence modifying the
appearance of PEIS diagrams. When a stable and
reproducible PEIS spectrum was obtained, we
proceeded to perform subsequent measurements at
different light intensities, in order to unravel its
effect upon the displayed kinetics.

a)

b)

Fig. 2. a) SEM image of the electrode surface
corresponding to Rh:SrTiO3; b) EDS spectrum of the
surface.

Figure 3-b shows the effect of light intensity
upon the PEIS response of the photoelectrode. It
may be perceived in Figure 3-b that the effect of
light intensity on PEIS diagrams is small, but
measurable, reproducible and reversible. No heat
effect under illumination was identified. It follows
a tendency in which an increase in light intensity
provokes a shrinking of the high frequency
semicircle and an expansion of the low frequency
semicircle.

Before analyzing the PEIS results in the
framework of the formalism exposed above in the
theoretical section, it should be verified that

≪ . The space charge capacitance was
estimated initially by a fit of the high frequency
semicircle (in the 300 kHz to 30 Hz frequency
domain) to a RC circuit, yielding a value of ~
2.7.10-7 F. Such value is small enough to ensure
neglecting 1/CH in front of 1/CSC.

a)

b)

Fig. 3. a) Evolution of PEIS spectra of Rh:SrTiO3
upon potential cycling at constant illumination. The red
curve was found to be the stable response; b) Evolution
of PEIS spectra at different light intensities. The sense of
light increase is depicted in the insets. PEIS spectra were
taken in the range of 300 kHz to 50.2 mHz at a constant
applied potential of -1.25 V vs SCE. Light intensities
were 67.9, 185.92, 294.13, 393.52, 485.34, 529.03
mW/cm2.

To get detailed information, PEIS spectra were
fitted to Eq. (1) with , , and as adjustable
parameters. Fitting results are shown in Figure 4,
where dashed lines have been put as a guide to the
eye. For example, it may be appreciated that
increases with increasing light intensity. This is a
logical result since the flux of photogenerated
electrons should become higher when light is made
more intense. In the same way, the recombination
rate constant showed a slight tendency to increase
with light intensity (observed as a slight expansion
of the low frequency semicircle in Figure 3-b).
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a) b)

c) d)

e)

Fig. 4. Fitting results of PEIS spectra shown in Figure 3 b, to equation 1; Dependence with light intensity
of: a) the flux of photogenerated minority carriers (I0);  b) the recombination rate constant (krec); c) the charge
transfer rate constant; d) the space charge capacitance (Csc) and e) the efficiency of the photoelectrode.

Considering that is proportional to the
electron surface concentration as shown in Eq. (6)
[20], = = exp ( ), (6)

where is the electron concentration at the
surface of the electrode, represents the
Boltzman’s constant, is the absolute temperature
and is the elemental charge.

It follows directly from Eq. (6) that further light
power will increase the electron concentration at
the surface of the semiconductor and hence the
value of , thus decreasing band bending ( ). At
a constant applied potential V, a decrease in
should be compensated by an increase in , which
should be translated into an increase in (Eq. 7)= exp ( ). (7)
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However, such an increase in is not well
defined and appears to keep the same value in
the whole range of light intensities tested here,
suggesting that the electron concentration at the
surface does not change much over the entire range
of light intensities under consideration. Such
behavior is characteristic of Fermi level pinning
associated with the presence of surface states in the
photoelectrode [19].

On the other hand, displays a decrease with
LED power augmentation (Figure 4-d), a behavior
observed before in semiconducting photoelectrodes
[19]. This can be interpreted as follows: as light
increases, more electrons go to the surface while
the holes remaining inside the material create an
opposing electric field that continually diminishes
the band bending ( ). According to Eq. (8), such
fact would increase . Though, the rise in light
intensity makes the electrons to be located at the
surface and the holes migrate to the bulk (where no
electric field exists), the net charge in the space
charge region ( ) diminishes as well, which
appears to be the dominating factor to explain the
observed trend in with increasing light intensity= . (8)

Finally, the fraction of photogenerated electrons
that are indeed transferred to the electrolyte to
evolve H2 is given by Eq. (9), and provides a
measure of the efficiency of the photoelectrode= . (9)

Figure 4-e shows a loss in photoelectrode
efficiency as light becomes stronger, which is a
cause of increased recombination upon
intensification of incoming light.

CONCLUSIONS

In this work, we have studied the influence of
light intensity on the kinetics of light-driven
hydrogen evolution at Rh doped SrTiO3
photoelectrode in sodium sulfate electrolyte.
Photoelectrochemical impedance spectroscopy
proved to be a powerful technique to determine the
kinetic parameters of the system under different
light intensities. As expected, the flux of
photogenerated minority carriers ( ) (i.e. the flux
of electrons in p-type semiconductors under
reversed bias) increased with light strengthening.
Furthermore, we observed that the recombination
rate constant ( ) displayed a slight tendency to rise
as light became more intense, which was
interpreted to be related to the increasing
concentration of electrons at the interface.

Conversely, the charge transfer rate constant
proved to be independent of light intensity, a
characteristic known as light-induced Fermi level
pinning. Stronger illumination caused a decrease in
band bending ( ) and in the charge within the
space charge region ( ), which determined a
decrease in the space charge capacitance. Overall,
the efficiency of the photoelectrode regarding the
transformation of visible light into H2 decreased as
light became more intense, due to increased
recombination rate.
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ИНДУЦИРАНО ОТДЕЛЯНЕ НА ВОДОРОД С ИЗПОЛВАНЕТО НА Rh-ЛЕГИРАН SrTiO3:
ИЗСЛЕДВАНЕ ЧРЕЗ ФОТОЕЛЕКТРОХИМИЧНА ИМПЕДАНСНА СПЕКТРОСКОПИЯ
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(Резюме)

Интересът към индуцираното отделяне на водород (HER) във видимата област на светлинния спектър в
момента се определя от спешната необходимост от чисти енергийни носители. Механизмът на HER е
многостъпков процес и обикновено проблемите са свързани с  кинетичните ограничения. В тази работа
докладваме за кинетиката на HER използвайки стронциев титанат (Rh: SrTiO3) легиран с родий като
светлочувствителен материал. На практика интересът ни бе насочен към определяне на влиянието на
интензитета на светлината  (68-529 mW/cm2 при 450 нм) върху кинетичните параметри на системата.
Наблюдавано бе слабо увеличение на скоростта на рекомбинация електрон-дупка с увеличeние интензитета на
светлината поради увеличаване количеството на фото-генерирани електрони на повърхността на фото-
електрода. Беше установено, че скоростната константа на преноса на заряд не зависи от светлинния интензитет.
Увеличената рекомбинация електрон-дупка определя ефективните загуби на системата при усилване на
светлината. Тази работа представя нова информация за кинетиката на преноса на заряд на междуфазовата
граница фото-стимулиран Rh:SrTiO3/електролит, както и основни насоки за фотоелектрохимични кинетични
изследвания чрез фотоелектрохимична импедансна спектроскопия (PEIS).



102

Bulgarian Chemical Communications, Volume 49 Special Issue C (pp. 102 – 105) 2017

Chebyshev’s noise spectroscopy for testing electrochemical systems
B. Grafov*, A. Klyuev, A. Davydov**, V. Lukovtsev

A. N. Frumkin Institute of Physical Chemistry and Electrochemistry of Russian Academy of Sciences, Moscow, Russia

Received December 7, 2016 Revised January 11, 2017

The electrochemical noise spectroscopy based on the orthonormal Chebyshev’s polynomials of discrete variable is
presented. Chebyshev’s noise spectroscopy has an important advantage. The majority of Chebyshev’s spectral lines is
stable with respect to a drift of electrochemical noise. This property of Chebyshev’s noise spectroscopy is demonstrated
by the examples of electrochemical corrosion noise and the noise of lithium primary power source. Chebyshev’s noise
spectroscopy can be used as a technique for non-destructive testing in various field of pure and applied electrochemistry
including electrochemical energetics and electrochemical corrosion.

Key words: electrochemical noise, Chebyshev’s test spectroscopy.

INTRODUCTION

The electrochemical noise spectroscopy has
great advantages [1-14]. Under the conditions of
electrochemical noise spectroscopy, an
electrochemical system is not subjected to any
external electric impact. The internal state of
electrochemical system does not change in the
course of noise testing. The electrochemical noise
spectroscopy has many areas of application,
including the electrochemical corrosion processes
and electrochemical energetics.

In many cases, the analysis of noise data is
complicated by a drift of electrochemical noise,
which can considerably distort the noise spectra
[15-20].

The aim of this work is to present the
electrochemical noise spectroscopy based on
orthonormal Chebyshev’s polynomials of discrete
variable [21, 22]. Chebyshev’s spectroscopy has an
important advantage. The majority of discrete lines
of Chebyshev’s noise spectrum are stable with
respect to a drift of electrochemical noise [23, 24].
The stability of discrete lines of Chebyshev’s noise
spectrum is demonstrated by the examples of
electrochemical corrosion noise and the noise of
lithium primary power source at the open circuit.

ALGORITHM OF DISCRETE CHEBYSHEV’S
NOISE SPECTROSCOPY

Let us consider a random time series )(ty
containing MN  samples. A period of discretization

of electrochemical noise signal is taken as a unit time.
A random series )(ty can be formed, for example,
by using discrete measurements of open-circuit
voltage of primary power source. A random time
series )(ty is divided into M segments }{ )(m

ty .
The number of segment m takes all integer numbers
from 0 to 1M inclusive. Each segment contains
N samples. Index t (the sample number inside a
segment) takes all integer numbers from 0 to 1N

Let matrix tkP be a square NN  matrix based on
the system of orthonormal Chebyshev’s polynomials of
discrete variable t ( 1,,1,0  Nt  ). The subscript
k of matrix tkP indicates a degree of Chebyshev’s
discrete polynomial ( 1,,1,0  Nk  ). The
information on the properties of Chebyshev’s
polynomials of discrete variable is available from [21,
22].

The matrix product of the matrix tkP by a random

vector )(m
ty forms a set of random vectors  }{ m

ttk yP :

   m
t

N

t
tk

m
ttk yPyP 






1

0

(1)

To each segment with number m, its own
random vector  m

ttk yP corresponds. To obtain a

discrete Chebyshev’s spectrum )2(
kY , a square of

random vector (1) should be averaged over the
entire set of segments:







1

0

2)()2( ][1 M

m

m
ttkk yP

M
Y (2)

The sample intensity )2(
kY of any spectral line k

of Chebyshev’s spectrum was calculated by
equation (2). In our experiments, the total number
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of samples NM  did not exceed 182 and the
segment length N did not exceed 16. The choice
of relatively small values of N enabled us to
obtain discrete Chebyshev’s spectra (2), )2(

kY , with
a high degree of averaging.

Fig. 1 shows the discrete Chebyshev’s
polynomial of the 15th degree, when 16N . It is
seen that the discrete Chebyshev’s polynomials
serve as a window [25, 26]. A modulus of the
Chebyshev’s polynomial in the center of segment
has the largest value.

Fig. 1. Discrete Chebyshev’s polynomial of 15th

degree (N = 16).

STABILITY OF DISCRETE CHEBYSHEV’S
SPECTRUM WITH RESPECT TO A DRIFT OF

CORROSION NOISE

Figure 2 (curve A) shows a discrete realization
of electrochemical corrosion noise. The
discretization frequency was 45.5 Hz. The noise
signal was measured with an IPC-Pro MF
potentiostat (Russia). The realization of

electrochemical corrosion noise contained
samples.

Fig. 2. (A) Electrochemical corrosion noise of a couple
of identical NiMo16Cr15W electrodes yc(t) and (B) the

same noise with added artificial drift yc(t) + yc
(d)(t).

To check the stability of intensity of Chebyshev’s
spectral lines with respect to a drift of
electrochemical noise, an artificial drift signal
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where bC = -2 V and 152C . Figure 2

(curve B) shows the total signal )()( )( tyty d
CC  ,

(the realization plus an artificial drift).
Figure 3 (A) shows the discrete Chebyshev’s

spectrum )2(
kY of corrosion noise signal )(tyC

calculated by equation (2) ( 8N ). Curve B (Fig.
3) shows the discrete Chebyshev’s spectrum of the
total signal )()( )( tyty d

CC  . It is seen that the
dependences A and B (Fig. 3) almost coincide at all
spectral lines except for lines 0k and 1k .
When an artificial trend (3) is added, the intensity
of the first spectral line of Chebyshev’s spectrum
increased by 35 times. It is seen that the intensity of
high spectral lines starting from the line 2k of
Chebyshev’s spectrum is stable with respect to a
drift of electrochemical corrosion noise.

Fig. 3. Discrete Chebyshev’s spectra of (A)
electrochemical corrosion noise of a couple of identical
NiMo16Cr15W electrodes yc(t) and (B) the same noise
with added artificial drift yc(t) + yc

(d)(t).

STABILITY OF DISCRETE CHEBYSHEV’S
SPECTRUM WITH RESPECT TO A DRIFT OF
CORROSION NOISE OF LITHIUM PRIMARY

POWER SOURCE

The fluctuating voltage )(tyL (Fig. 4, curve А)
of uncharged lithium primary power source LS-
33600 (Saft) (17 A h) was recorded with a
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