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Preface

This special issue collects works presented at the
11™ International Symposium on Electrochemical
Impedance Analysis (EIA11), held in Camogli
(Italy) from the 6" to the 10" of November 2017.

The 2017 event was a valuable opportunity to
widen the EIA community, traditionally located in
Eastern-Europe, with new contributions from Italy,
Germany, France, Spain, Portugal, Greece, Ireland,
Israel, Denmark, United Kingdom and Japan. The
richness of the topics presented at the Conference
as well as the attention to next generation of experts
being formed are well resumed in the “Welcome
Letter by the Chairs of EIA11” following these
lines.

Published papers represent some of the most
interesting and advanced reports in the field of
electrochemical analysis, with special attention to
sustainable energy applications like fuel cells,
biofuels and batteries. The bouquet is enriched by
valuable contributions about electrochemical
phenomena in organic systems like coatings, dyes
and microbial cells.

Guest Editors

Antonio Barbucci, Maria Paola Carpanese
University of Genova

This issue gathers the most recent developments
of the Differential Resistance Analysis, a hew tool
for the analysis of degradation in electrochemical
systems, firstly proposed by Prof. Zdravko
Stoynov, and his last manuscript, entitled “Rotating
Fourier Transform - engine for Non-stationary
Impedance Spectroscopy”.

Both are brilliant demonstrations of Zdravko’s
constant search for innovation out of consolidated
schemes, which characterized all his successful
carrier and gave him perpetual fame.

We would like to thank the authors that
contributed with their valuable work to this special
issue and all the referees that contributed to keep
high the scientific level of publications. Special
thanks go to the journal staff, the Editor in Chief
and Dr. Gergana Raikova for their precious support.

Finally, we wish this issue will be appealing and
source of inspiration for future research.

Genova, November 21, 2018

Department of Chemical, Civil and Environmental Engineering
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Welcome Letter by the Chairs of EIA11

The 11™ International Symposium on Electrochemical Impedance Analysis (EIA11) is a new
link in the well - established chain of EIA conferences held every three years. The present
edition of EIA is held in the small fishermen village of Camogli, on the Ligurian coast of Italy.
This event intends to bring together experts on the most recent advances and applications of
Electrochemical Impedance Analysis to share knowledge, ideas, and achievements, as well as
to create a friendly environment for fruitful discussions.

Maintaining the tradition of previous conferences, EIA11 aims at providing a common
platform for scientists and experts from international research and industrial institutions. In
addition, EIA11 encourages and educates the next generation of experts in the field of
impedance analysis and more in general in its application in electrochemistry.

The symposium is enriched by a session dedicated to the Joint Programs “Fuel Cells and

Hydrogen Technologies”, "Energy Storage” and “Advanced Materials and Processes for Energy
Application” of the European Energy Research Alliance.

We wish to express our gratitude to the members of the Scientific Committee for their
expertise and professional support, to all participants for their eager interest and valuable
scientific contributions, as well as to the members of the Organizing Committee. Our gratitude
is extended to the International Society of Electrochemistry, the Electrochemical division of
the Italian Society of Chemistry, the Institute of Condensed Matter Chemistry and
Technologies for Energy of the National Research Council and the Department of Civil
Chemical and Environmental Engineering of the Genoa University. We also wish to thank
Companies for sponsoring the event and supporting the participation of younger colleagues.
Help from all contributors was essential for the organization of EIA11.

The Symposium is dedicated to Professor Zdravko Stoynov,
who was expected to join us here and to ensure the success

of EIA 11 edition with his knowledge and humor. We all
lost a great scientist and friend.

His career was so successful thanks to a continuous desire
to make rigorous science also enjoying like a child with a
toy. We would like to remember him with a prize that will
be awarded to one of the young scientists attending the
symposium that is demonstrating to follow Zdravko’s path.

It is our great pleasure to welcome all of you in Camogli and wish you a pleasa‘nt and fruitful
stay.

Antonio Barbucci Massimo Viviani

DICCA-University of Genoa ICMATE-National Research Council
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Professor Zdravko Stoynov- The Scientist Who Created New Horizons

(16.05.1936 — 09.09.2017)
D. Vladikova

Acad. E. Budevski Institute of Electrochemistry and Energy Systems- Bulgarian Academy of Sciences,
10 Acad. G. Bonchev Str., Sofiall13, Bulgaria

Received August 18, 2018

Prof. Zdravko Stoynov left our world abruptly —
engulfed in the ebullience of his latest series of
advanced inventions. However, he left us an
abundant heritage — his spirit, his interminable
wonder and inquisitiveness, his developments and
inventions — all that he has taught us and brought us
up with. It has no dimension, but rather a unique
value and it is our duty to preserve, cherish, and
augment it.

An original and non-standard personality with
the spirit of a gentleman, he turned all that he
touched into a masterpiece. His innovative thinking
often made him feel as a scientific hermit. Some of
his developments were highly evaluated only 10-15
years after their invention, while others are still
waiting to be accepted and implemented.

At the age of 24, Zdravko Stoynov built the first
in Bulgaria analog computer to calculate
differential equations to the 12" order after the
decimal point. For over half a century right until his
passing, he continued to create and develop
algorithms & solutions, which he integrated into his
nonstandard equipment, so he could unveil new key
phenomena in the electrochemical power sources —
the primary zone of his professional interest.

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 married electrochemistry with
engineering, mathematics, computer sciences... he
suited the equipment he created 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

To whom all correspondence should be sent:
E-mail: d.vladikova@bas.bg

Revised August 28, 2018

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 reflected 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 have 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, | believe |
have found the answer in the words of the
renowned physical chemist Ivan Stransky: “A
scientist must possess the capability to wonder. He
has to see voids where others see nothing.” It is as
if those words are especially said for Zdravko
Stoynov who managed to preserve and develop this
childish curiosity and disregard for limits and
taboos which, combined with exceptional
intelligence
accumulated during the years,
extraordinary scientist.

and multidisciplinary  knowledge
made him an

Fig. 1. Zdravko Stoynov in: early 1940°s (left);
2010’s (right).
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In 1960, Zdravko Stoynov graduates from the
Technical University of Sofia by constructing the
first analog computer in Bulgaria. In the next 2
years, he establishes the “Computing and Modeling
Laboratory” at the Technical University and
constructs a larger analog computer to calculate
non-linear differential equations up to the 120th
order [1]. At the same time, he is developing non-
standard equipment for researchers at the Bulgarian
Academy of Sciences. As a result, in 1963 he is
introduced to Evgeni Budevski, who is feverishly
working with his team on growing a dislocation-
free crystal. If successful, they will create the first
“perfect crystal” in the world and confirm the
Stransky-Kaischew theory of two-dimensional
nucleation.

Thus, in 1963 Zdravko Stoynov becomes part of
a talented world-renowned research team on the
verge of a significant discovery. In a matter of
months, he considerably increases the sensitivity,
precision, and stability of the measuring equipment
and albeit coming from a completely different
scientific field, starts to participate actively in the
scientific work of the department. Zdravko Stoynov
himself enthusiastically describes the atmosphere,
emotions, and dedication of the entire team during
those exiting times in a contribution for
Academician Evgeni Budevski [2]. In 1965, thirty-
three years after the publication of the Stransky-
Kaischew theory, comes its experimental proof —
the Budevski team successfully grows the first in
the world dislocation-free single crystal. This
accomplishment sparks extensive research of
electrochemical  performance in a  new,
experimentally unexplored system with completely
different behavior from systems with dislocations
in the crystal lattice. Zdravko Stoynov is in the
heart of this research, developing models for
surface diffusion and monoatomic layer growth
[3.4].

With such a strong scientific beginning, what to
do next?! His exceptional engineering and
mathematical background gives him the unique
independence to develop targeted task-specific
equipment. From then on, he has freedom to choose
what scientific peak to overcome next. He selects a
difficult and little exploited at the time, yet exciting
field full of potential and enormous opportunities —
electrochemical impedance spectroscopy (EIS). In
parallel, he continues to work in a pure engineering
field, automation 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.
2,3).
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Fig. 2. The Electrochemical Methods Department,
founded by Zdravko Stoynov: 1986 (up); 2016 (middle
and and down).

That equipment is implemented in the Bulgarian
lead acid battery plants in Dobrich, Targovishte,
and Pazardjik. Prof. Stoynov’s power potentiostats
are introduced in the laboratories of the German
and Czech Academies of Sciences. During his
specialization in Case Western Reserve University
in Cleveland, he develops a new generation ultra-
fast power potentiostat (BC 6000), which is put into
production in Stonehard Ass. (USA) — the company
owned by the inventor of the fuel cell for the
American lunar rover.
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Zdravko Stoynov never ceases to develop
unique non-standard equipment (Figs. 3-5), 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. The
challenge is two-fold as both the method and the
system under investigation must be considered...
and Zdravko Stoynov has been “digging” in both
directions... for more than 50 years.
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Fig. 4. Zdravko Stoynov’s ‘“Hydrogen Laboratory”
in IEES (2015).

Nowadays, measuring electrochemical
impedance with frequency response analyzers is a
mainstream method used by all. However, few
know that Zdravko Stoynov implements this
equipment into electrochemical measurements after
a visit to the Solartron company in 1968. The same
year the first two frequency response analyzers are
bought and introduced by Prof. Epelboin in his
laboratory in Paris (CNRS-UPMC, Université
Pierre et Marie Curie) and by Zdravko Stoynov in
CLEPS (Bulgarian Academy of Sciences).

Working in a "battery institute", Zdravko
Stoynov decides to investigate the impedance of
batteries an object whose impedance is
considered impossible to measure at the time.
Under these circumstances, he starts to
systematically chisel away at the scientific
taboos... and continues to do so till his last day.

S
{ Computerized testung laboratory, 1975 | 2
—

Fig. 5. 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).
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For a start, he introduces measurements outside
the point of chemical equilibrium. Today, this is
customary. However, it is completely unheard of
nearly 40 years ago. Prof. Stoynov develops
specialized equipment and with his colleagues at
CNRS in Paris measures, for the first time in the
world, impedance of batteries — galvanostatically
and quasistrationary [5] (Fig. 6). A year later, he
measures the impedance of large-scale batteries and
promotes 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.

JOURNAL OF APPLIED ELECTROCHEMISTRY 7 (1977) 539544
SHORT COMMUNICATION

Impedance measurement on Pb/H, SO, batteries

M. KEDDAM, Z. STOYNOV,* H. TAKENOUTI

Groupe de Reche no. 4 du C.N.R.S. "Physique des Liquides et Electrochimie’,
associé & I'Université P. et M. Curie, 4 place Jussieu, 75230 Paris Cedex 05, France

Received 4 March 1977

1. Introduction

The purpose of this note is to demonstrate that

Fig. 6. The first publication for impedance on
batteries.

Delving deeper into the subject, Prof. Stoynov
focuses on the non-steady state of batteries during
the impedance 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 the impedance of batteries,
a liberation from the restriction of steady state
conditions is needed and thus Zdravko Stoynov
develops non-stationary (4-D) impedance analysis —
a procedure which eliminates delay errors [6-9].

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 formulates a 4-
dimensional initial set of experimental data,
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including the time of measurement. He
approximates every iso-frequency dependence with
a formal model and applies two orthogonal iso-
frequency cubic splines respectively for the real and
the imaginary components. The interpolation (and
extrapolation) for a given time t; and a set of
frequencies w; 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 the
same time for all frequencies. This, in practice,
corrects the deformations due to the non-steady
state evolution (Fig. 7).

Stoynov’s innovative 4-D approach improves
significantly the impedance studies of batteries
[10-13]. It is no wonder this method has been
introduced in the battery testing software of Zahner
Elektrik GmbH & Co. KG and successfully applied
by Mitsubishi in Li-ion battery research [14, 15], as
well as for studies of other time-evolving systems
[16, 17].
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Fig. 7. Simulated impedance diagrams of an 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 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.
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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, Zdravko Stoynov succeeds
to develop theoretically an advanced generalized
form of this transform — the Rotating Fourier
Transform. This is the subject of his doctoral
dissertation in the Federal Institute of Technology —
Zurich [18, 19]. The implementation of the RFT in
impedance spectroscopy provides for precise
measurements of time-evolving systems out of
steady-state conditions. It opens a new horizon for
studies of batteries and fuel cells, corrosion and
numerous other systems.
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During the last year of his life, Zdravko Stoynov
refocuses on further theoretical and experimental
development of his advanced mathematical RFT
tool, introduced 30 years ago. He describes it as a
“powerful engine for non-stationary impedance
spectroscopy which opens up the exploration of the
low and infra-low frequencies where many
important and interesting phenomena, still hidden,
can be measured precisely”. Expecting the
development of new “4th Generation” marketable
impedance analyzers through the application RFT
and MRFT (Multiple RFT) in the near future, he
labors over both the mathematical tool and his
experimental verification (Fig. 8) in order to
accelerate the coming of this "near future" and to be
able to see it (Fig. 9). An unedited version of his
last unpublished work on this topic, written months
before his passing, is presented in this issue in
“Letters to the Editor” [20].
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Fig. 8. Impedance diagrams of Li-ion battery 2000 mAh during charge with 100 mA: (a) produced by conventional
Impedance Analyzer (Solartron 1260) using Fourier Transform. Frequency range 1 kHz — 1 mHz, 5 points/decade, A.C.
current amplitude 11 mA; (b) produced by Rotating Fourier Transform of the data from Fig. 8a. Frequency range 10

mHz to 1 mHz, 5 points/decade [20].

Fig. 9. Bio-logic Science Instruments (Grenoble
2017): Zzdravko Stoynov is explaining visually his
Rotating Fourier Transforms.

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 develops 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 in time followed by precise aperiodic
function Spectral Transform Analysis [21]. In order
to separate the thermodynamic kinetics from the
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masking dynamic effect of the intrinsically
connected transport limitations, very slow-rate
galvanostatic 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 has been found to be a useful tool for
investigating the electrochemical behavior and
performance of rechargeable batteries based on
intercalation materials (Fig. 10). Recently, it has
been included in the analysis package of BioLogic
Science Instruments’ EC-Lab software version
V11.01 [22].
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Fig. 10. 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 D. Vladikova (2006) Differential Coulometry
spectroscopy in: Stoynov Z. and Vladikova D. (eds.)
Portable and Emergency Energy Sources, pp. 437-449.
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 must 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
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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
advancement of the identification procedure. In this
direction, Zdravko Stoynov’s achievements start
with the development of the original Model
Reduction Method [23]. However, the data analysis
advancements by improvements in the parametric
identification do 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 for a long time accepted as insoluble.
This challenge attracts Zdravko Stoynov and to
overcome it, he develops the technique of
Differential Impedance Analysis (DIA), introducing
the Structural Identification approach in the
frequency domain [24-30] — one of his biggest
breakthroughs and a monument to out-of-the-box
thinking.

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 R;
in series with a parallel connection of capacitance C
and a second resistance R,. The effective time-
constant T = RC is also introduced as a LOM
parameter. In contrast to the classical parametric
identification performed over the entire frequency
range, which 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
following steps describe the procedure of the
structural and parametric identification:

+ 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
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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 determining 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.11). If the LOM parameters’ estimates are
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

600

gives the number of the time-constants in the
model (Fig. 11b). The results can be transformed
in spectra, where the plateaus are depicted as
spectral lines (Fig. 11c, d) [27-30].

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 [27, 29, 30].
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 s
successfully applied in electrochemical power
source studies and other systems [30-40].
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Fig. 11. DIA of a 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 D. Vladikova (2005) Differential Impedance Analysis. Sofia: Marin Drinov Academic

Publishing House.

Differential Resistance Analysis

Zdravko Stoynov’s final invention, developed in
the last months of his life, is related to the most
severe hurdles facing the deployment of batteries
and fuel cells — lifetime and durability, and more
precisely — their reliable evaluation. The SoA

degradation already requires long-term testing,
which can take several years — a huge deterrent to
market deployment. For the moment, the problem-
solving approach consists in the development of
accelerated stress test (AST) procedures and
protocols, which should shorten the testing time in
conditions activating the same aging mechanisms
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as non-accelerated testing. This is a critical
moment, since the measured degradation should be
transferred to the real-life behavior of the tested
system. Thus, the selection of the acceleration
parameters and the level of acceleration are of
critical importance and may differ significantly
between systems and applications.

The latest invention of Zdravko Stoynov offers a
new and original approach that decreases the testing
time by increasing the sensitivity and accuracy of
the standard monitoring and diagnostic tools,
providing reliable quantitative information. The
new Differential Analysis of the current-voltage
characteristics (DIVA) surprises with its simplicity
and originality [41-43]. It works with Differential
Resistance (dR), i.e. with the derivative of the
voltage with respect to the current, which is more
sensitive to small deviations and thus ensures
increased sensitivity (Fig. 12). The introduction of a
spectral transformation procedure additionally
increases the noise immunity and sensitivity of the
method (Fig. 13) [41-43].

The Differential Resistance Analysis (DRA)
introduces new performance indicators and can
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give information about the origin of the degrading
phenomena via a combination with impedance
measurements in selected characteristic working
points. The analysis is about 10 times more
sensitive than the classical evaluation of
degradation  based on  voltage decrease
measurements at constant current.
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Fig. 13. DIVA of SOFC: (a) I-V curves measured during 600 hours testing; (b) spectral transform of the

Differential Resistance dR = dU/dl).

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
with an unwithering enthusiasm to educate and pass
on his knowledge and skills. He is one of founders
of the international impedance society, a similarly
minded enthusiastic group of colleagues fascinated
by the potential of electrochemical impedance. For
over 30 years, it has been gathering within the
framework of two international conference chains:

» The International Electrochemical Impedance
Spectroscopy Symposia (EIS), dating from 1989
(Fig. 14);
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» The International Electrochemical Impedance
Analysis Symposia (EIA), dating from 1988
(organized in Bulgaria in 1991, 1994, 2014) (Fig.
15).

On a regional level, he is one of the driving
forces behind the establishment of the Regional
Symposium of Electrochemistry — South-East
Europe (RSE-SEE) and acts as its co-organizer in
2015 (Fig. 16). Starting in 1996, Zdravko Stoynov
also establishes the national electrochemical event
with international participation “Sofia Electro
chemical Days” (Fig. 17).

Till his last day, Prof. Stoynov continued to
invigorate these scientific forums with his
innovative and avant-garde ideas.
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Taking full advantage of and further developing
the opportunities of virtual communication and
dissemination tools, in 2002 he establishes the
European Internet Center for  Impedance
Spectroscopy with its e-school, e-seminars and
free-access e-journal (Impedance Contributions
Online) — an extremely avant-garde idea for the

Dear Zdravko,

A best friendly message from the ancients of LISE
Chantal & Hubert Cachet,Claude Gabrielli, Georges Maurin,Robert Wiart,...

We remember all the good time we had together. &
We are sharing this happy day with you.

a5 Souvenirs of
) formal and less formal
A instants at
g ﬂ M two memorable EIS Symposia

first years of the 21° Century. For the past 16 years,
the Proceedings of the EIA Symposium have been
published in Impedance Contributions Online. In
fact, Zdravko Stoynov was preparing to give the
introductory speech for EIA11, dedicated to the 30"
Anniversary of the Symposium, which, fate would

have it, he would not attend.

UMR 8235

Tasting the Italian “Grappa’ , Val de Sole
Marilleva, 5% EIS Symposium, 2001

Fig. 14. (a) International Symposium on Electrochemical Impedance Spectroscopy; (b) Official Dinner, Algarve,
Portugal, 8th EIS Symposium, 2010; (c) Lecture, A Toxa, Galicia, Spain, 10th EIS Symposium, 2016..
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Fig. 15. 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.

Fig. 16. 5" Regional Symposium on Electro
chemistry - South East Europe (RSE-SEE5), Pravets,
Bulgaria, 2015.
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Fig. 17. Opening of Sofia Electrochemical Days,
2012.

In the first difficult years after the fall of the iron
curtain and the changes in Bulgaria, the Central
Laboratory of Electrochemical Power Sources, as
well as the Bulgarian Academy of Sciences as a
whole, are functioning under the impending doom
of being closed down and a great number of
researchers leave the country to seek professional
realization in Western Europe and the USA.
However, during those troubling times, Prof.
Stoynov's sense of duty towards Bulgarian science
and his remaining colleagues does not permit him
to emigrate. Instead of packing his suitcases for
California, where he is expected to join the staff at
Stanford  University, he  undertakes 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 is
elected as Chairman of the General Assembly (GA)
of the Bulgarian Academy of Sciences - the
executive body expected to reform the Academy in
order to preserve its existence.

Prof. Stoynov once again unites seemingly
disparate  fields such as electrochemistry,
management, economics, and policy-making. He
applies to management his rich experience from
impedance studies of energy systems, which behave
as large statistical systems with distributed
parameters on a micro and macro scale. He discerns
that scientific infrastructure can be viewed as a
large statistical system and can thus be analyzed
and optimized in a similar way. The tool he offers
for this system on a small and large scale (IEES and
BAS) is 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, adequately balanced with
fundamental studies.
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Now, 25 vyears later, this socio-economic
experiment which Prof. Stoynov takes an active
leading role in has proven to be successful (Figs.
18,19). Not only has the Central Laboratory of
Electrochemical Power Sources grown 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 has
withstood the turmoil of the post-communist

transition period and strengthened its position as a
national research center with a 150-year history and
a bright future ahead.

Zdravko Stoynov establishes the Innovation
Centre at BAS, which has grown to be a long-term
partner in the Enterprise Europe Network. He
initializes the establishment of BAS Education
Center, through which the Bulgarian Academy of
Sciences obtains its accreditation for training and
education.

Fig. 18. Celebration of Zdravko Stoynov’s 80"™ Anniversary (16.05.2016): Prof. Stoynov receives the President of
BAS Medal (16.05.2016) (1,2); together with the Electrochemical Methods Department team (3); flowers for ,,The

Boss“ at the birthday party (4).

Fig. 19. The “Zdravko Stoynov” Award (left) and the awarding ceremony for its first recipient, Antonio Bertei of
Pisa University (Italy), during the 11" International Electrochemical Impedance Analysis Symposium (November 2017)

17



D. Vladikova: Professor Zdravko Stoynov- The Scientist Who Created New Horizons

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 implements proactive
policies for career advancement and maintenance of
the scientific staff above critical levels. While such
policies sound trivial today, they are almost
unheard of in Bulgaria during the 1990's and the
beginning of the 21st century.

His advanced thinking gives birth to the original
idea for a portable hydrogen refueling station,
which with his inherent sense of humor, he calls
“the bogie”. It is introduced in 2013 in the National
infrastructure proposal for “Energy Storage and
Hydrogen Energetics”, coordinated by IEES and
accepted as part of the National Roadmap. It is in
2018 that we see for the first time in Bulgaria one
of the new portable refueling stations, built by Air
Liquide, fueling the demonstration hydrogen
vehicles during the Summit for Hydrogen
Applications organized for the 10™ anniversary of
the Fuel Cells and Hydrogen Joint Undertaking.
Had the national infrastructure project started in
2014, Prof. Stoynov’s idea would have probably led
to Bulgaria demonstrating its own portable
refueling station in the event.

It is a quite rewarding experience to be able to
reap what you have sown. Zdravko Stoynov could
reap 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 (Figs. 14-18).

The Bulgarian Academy of Sciences honored
his exceptional service with the special medal of
the President of BAS (Fig. 18), crowning and
completing his BAS honors collection. On his
anniversary, the international electrochemical
community and Bulgarian colleagues expressed
their gratitude to Prof. Stoynov for his insightful
avant-garde contributions to the development of
electrochemical science and its applications with a
special issue of Bulgarian Chemical
Communications, which included 30 publications
by scientists from 13 countries.

As an age-old adage claims, scientists can only
see further by standing on the shoulders of
Giants. Professor Zdravko Stoynov will be
remembered by his contemporaries and the
generations that follow him as his colleague and
comrade Digby Macdonald from UC Berkley
describes him “a Giant in electrochemical
impedance spectroscopy”.

Philosophers say that a man dies only when the
memory of him is gone. The memory of Zdravko
Stoynov will not fade. It will not be gone. It
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remains strong within the large international family
of his students, colleagues, and friends from all
over the world who honor, respect, and appreciate
him. They named the Internet Center for Impedance
Spectroscopy after him as it he who for 15 years
developed and helped it grow into a powerful open
platform for both beginners and experts in the field
of impedance research. The “Zdravko Stoynov”
prize in his honor will be awarded at each meeting
of the International Electrochemical Impedance
Analysis Symposium to foster and promote creative
out-of-the-box thinking in young researchers
(Fig. 19). The memory of Zdravko Stoynov is
persistent, as are his deeds. All that he has sown
and nurtured will continue to bear fruit into the
future.
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Some of the most severe hurdles towards deployment of fuel cells are lifetime and durability. For Solid Oxide Fuel
Cells (SOFCs) the degradation rates (DR) currently reported are below 1% kh™, with a tendency for further decrease to
0.1% kh™. The SoA degradation already requires long term testing, which takes several years. In addition to the
accelerated stress tests, the testing time can be shortened by increasing the sensitivity and accuracy of the monitoring
and diagnostic tools. This work presents a new method for degradation evaluation with higher sensitivity due to its
operation with derivatives, named Differential Resistance Analysis (DRA). It applies the Differential Resistance Rd
extracted from the current-voltage (i-V) characteristics and its time-evolution. The introduction of a spectral
transformation procedure additionally increases the noise immunity and sensitivity of the method. The DRA works with
two new performance indicators: Rymis and AU™ which are more sensitive respectively to transport and to activation
losses. A more detailed information illustrated with examples on SOFC about the methodology, the advantages in
respect to sensibility and noise immunity, the possibilities to evaluate the state of health and to register early warning
signals, is presented. The results show about 10 times higher sensitivity towards evaluation of the DR in comparison

with the classical approach.

Key words: degradation rate, SOFC, current-voltage characteristics, differential resistance, spectral transform

INTRODUCTION

Some of the most severe hurdles towards
deployment of fuel cells (FC) are lifetime and
durability, which still determine large part of the
total costs. For evaluation of their operational
stability on cell, stack, or system level, the
parameter “degradation rate” (DR) is introduced.
For its definition more often the decrease of the
voltage for 1000 hours operation (mV.kh™) at
constant load is used after linearization of the
voltage-time (V-t) dependence. It may be performed
for the whole testing time, thus giving the average
DR, or for segments defining degradation stages
[1]. The voltage change may be replaced with that
of the corresponding area specific resistance
(mQ.cm?.kh™) [2-4]. For convenience the DR is
expressed also in %.

For Solid Oxide Fuel Cells (SOFCs), which
have flexibility towards the type of fuel [5], ability
to tolerate the presence of impurities, higher
efficiency combined with application of non-
noble metal catalysts, the degradation rates
currently reported are below 1%.kh™, while the
near future targets are for its further decrease to
0.1% kh™ [6-8]. For Solid Oxide Electrolyzers

To whom all correspondence should be sent:
E-mail: d.vladikova@bas.bg

(SOEL) it exceeds 2 %.kh™ [1, 9].

For faster development and integration of new
materials and architectures [10, 11, 12] and thus for
increase of lifetime, it is important to understand
and quantify the degradation and its mechanisms, to
describe them with models validated and
transformed into predictive performance tools for
fast assessment of the different degradation sources,
of their origin and interactions, of dominating aging
factors. There are some successful results
confirming the efficiency of this approach [1, 13-
20]. However, the accumulation of reliable data
requires long term testing, which takes several
years. Obviously this is a serious barrier, because
the needed testing time is not compatible with that
requested for market deployment of the tested
products.

The testing time may be decreased by
introduction of accelerating tests and by increase of
the testing sensitivity. The accelerating stress test
(AST) procedures and protocols are well introduced
in batteries testing. The application of this approach
is more advanced in PEMFC, while in SOFC they
are currently under development [21, 22]. ASTs
have to shorten the testing time, however,
activating the same ageing mechanisms as in non-
accelerated testing. This is a critical moment in the
procedure, since the measured degradation should
be transferred to the real-world behavior of the

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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tested system. Thus the selection of the acceleration
parameters and the level of acceleration are of
critical importance and may differ a lot for different
systems and applications. The risk of test ,pre-
acceleration® can be decreased and the testing time
shortened by increasing the sensitivity and accuracy
of the monitoring and diagnostic tools and thus
providing reliable quantitative information about
the evolution of the system, which is the aim of the
presented work. This approach should be
compatible with both the existing test station
hardware and the applied electrochemical testing
procedures.

From system theory point of view, fuel cells, as
electrochemical power sources, are nonlinear large
statistical systems  with multi-parametric
conditioning. During long term testing in addition
to the voltage-time dependences, periodically
(on 500 - 1000 hours) -current-voltage (i-V)
characteristics are recorded for acquiring more
informative outputs. They give integral picture of
the system (cell, stack) for a given state, ensuring
the simplest external general description of fuel
cells ability to produce electrical energy. The i-V
curves describe the interrelation between the power
components — voltage and current, which cover the
entire operating region and reflect the dominant
phenomena governing the process of electrical
energy generation.

There are several important parameters of the i-
V curves which can be regarded as performance
indicators of the generator: open circuit voltage
(OCV) - the voltage at zero current; power
characteristics - the derivative power-current (P-i)
dependence which determines the maximum
available power P.; the corresponding internal
resistance (R;) which has a minimum value (R;min)
at that point and can be also recalculated as surface
resistance, named area specific resistance (ASR).
The vector of the parameters extracted from the i-V
curves which describes in the most general way the
ability of a given power source to produce power is
used for characterization of fuel cells during their
design, optimization and operation analysis. It
forms the kernel of the Performance Vector, which
includes also the operation conditions.

The electrochemical processes generating the
electrical energy take place at the triple phase
boundaries in the porous electrodes structure. They
are also tightly connected with the transport
processes in the gas- and in the solid phases. As far
as electrochemical reactions are in nature non-
linear, in general the i-V characteristics have also
non-linear behavior. The typical i-V shape has three
regions (Fig. 1) — a non-linear quasi-exponential
part at low currents (Region 1), which reflects the
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non-linear electrochemical reactions, followed by
the quasi-linear Region II, dominated by linear
(electron and ion) transport processes. At high
currents the curve becomes again non-linear and
steep (Region I1I), due to the concentration (mass
transport) voltage drop caused by the fast
consumption of the reactive gases [23, 24].

i iPmax
Fig.1. Current-voltage and current-power curves
(schematic presentation).

Since the external behavior represented by the i-
V curves is an integral product of a series of
processes taking place in the constructive elements
of the fuel cell and at their interfaces, it reflects all
dominant phenomena governing the process of
electrical energy generation and thus - the dominant
barriers. However, the collection of more detailed
information directly from the i-V measurements is
still not possible, but challenging. To answer the
demand for extraction of more information from the
volt-ampere characteristics in respect to diagnostic
and degradation, a new method with higher
sensitivity, named Differential Resistance Analysis
(DRA) was recently developed [25]. It is based on
the differential analysis of the volt-ampere
characteristics (DIVA). The information can be
enriched with impedance measurements in selected
working points of the i-V curves for deeper insight
into the different degradation sources and improved
understanding of ageing factors. The first
publications on that topic aim to prove and evaluate
the applicability of the method. This work is
presenting more detailed information illustrated
with examples on SOFC about the methodology,
the advantages in respect to sensibility and noise
immunity, the possibilities to evaluate the state of
health (SoH) and to register early warning signals
(EWOS), as well as requirements for collection of
sufficient data with high quality. The experimental
data are gathered from tests on button cells with
dense YSZ electrolyte with thickness of about 5-10
um supported by a thick porous Ni-YSZ hydrogen
electrode of 260 um. The oxygen electrode is a
porous composite LSCF/CGO. A thin barrier layer
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of CGO is deposited between the electrolyte and
the LSCF electrode for limitation of the chemical
reactivity. A pure LSC layer is used for current
collector. The technology is a subject to proprietary
information of SOLIDpower.

METHODOLOGY OF THE DIFFERENTIAL
RESISTANCE ANALYSIS

To meet the challenge for sensitive degradation
rate evaluation, a more detailed analysis of the
current-voltage curves behavior and properties has
been performed based on data from the literature,
from  producers  catalogues, from  own
measurements and digital data from projects
partners. The results confirm that i-V characteristics
are sensitive to conditioning parameters such as
temperature, quality and quantity of fuel and
oxidizer, humidity etc. (Fig. 2a-c). At constant
operating conditions they are dependent on the
degradation (Fig. 2d). The parametric changes
reflect in variations of the curves shape. Thus at
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constant operating conditions the deviations out of
preliminary defined limits can serve as a measure
for degradation. The quantitative estimation of the
i-V shape can be accepted as performance indicator.
For convenience the different profiles are classified
in several general groups based on resemblance
with letters from the alphabet. The most general is
the “s” type shape in which the three regions
presented in Fig. 1 are observed. It may be
modified in “j” type curve with linear slope in
Region I (Fig. 2c for wet hydrogen). Since the load
current corresponding to Region Il is not
appropriate for operation, often the i-V curves
include Regions I and II with the more typical “i”
type curve (Fig. 2 a) and its “1” type modification
with a quasi-constant slope. For more complicated
structures, as double layered anodes or other types
of structural or performance inhomogeneities more
complicated shapes such as the “ss” one can be
observed [26].
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Fig. 2. Current-voltage curves at different operation conditions: a) different temperature; b) different quantity of

fuel; ¢) wet and dry H2; d) at 0 h and 4000 h testing.
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Shape Analysis

As it was already discussed the i-V curves are
representing the integral external response of a
series of internally linked processes that take place
in the different components of the SOFC - in the
volume, or at the different interfaces. The main
purpose of the numerous studies is to go deeper into
the elementary steps and mechanisms of the
electrochemical reactions and to learn how to
optimize and govern them. However, taking into
account the different nature and the big variety of
those internally linked processes, the total
deterministic description of their integral external
behavior becomes impossible. The problem solving
approach is to represent the i-V characteristics as an
external exhibition of the properties of a statistical
and dynamically stochastic large  system
conditioned in definite operating environment.
Those considerations suggest for application of
statistical approaches for further analysis of the
information coming from the i-V curves. One
effective approach is the Shape analysis based on
the derivative parameter differential resistance Ry.
The application of Ry has been suggested by some
authors [2,4,6,13], but there is no registered
progress in the literature.

The differential resistance can be obtained by
differentiation of Ohm’s low — i.e. as the derivative
of the voltage V with respect to the current I:

Rd,k = dUk/C“k (1)

Calculated for every i-V point, the values of Ry
constitute a new function which describes the shape
of the i-V curve:

Re= T(I). (2)

The new “Shape analysis”, based on the analysis
of Ry as a function of the current I (Egn. 2), is
named Differential Resistance Analysis (DRA).

In the general case the i-V dependence and its
corresponding derivative function are non-linear.
As presented in Fig. 3a for “s” type curve, the
differential resistance sharply decreases in the
beginning, reaching a minimum and then increases
again. Three characteristic regions can be
separated: Region I, which is connected with the
activation losses, Region Il, which concerns the
transport losses and Region Ill, where the gas
diffusion limitations are dominating. As far as the
i-Ry dependence presents a derivative function, it
offers additional new information which is coded in
the i-V curves. It is important to find characteristic
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points of the i-R; dependence which can

quantitatively — describe the new functional
dependence and can serve as additional
performance indicators.
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Fig 3. DRA procedure: a) i-V curve and R/l
dependence; b) spectral transform of the R/l
dependence; c) twin spectra; d) determination of the
performance indicator AU* (data from i-V curve of
button cell sample tested 1200 h).
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The minimum of the differential resistance Ry min
can be regarded as an important characteristic point
for the cell performance. It reflects the state of
health at constant operating conditions, since it is
determined by the intrinsic properties of the system
and not by the external conditions as the load
current. In addition, Rymin IS more sensitive to
changes since it corresponds to the point where the
derivative becomes zero. It should be noted that
Rd,min does not match Rpn Impedance
measurements could be important supporting
information source.

Spectral Transform

The Ry-i curve can be presented in the more
illustrative spectral form applying the Spectral
Transform (ST) technique of aperiodic
functions. It has been developed and applied
for specialized analysis of impedance data,
ensuring deeper observations based on
enhanced sensibility, precision and noise
immunity [27-29].

For DRA the ST converts the functional
dependence (2) into the inverse one and
produces the new functional dependence

dI/dRy = F(Ry), iie. 3)

Sry =STIF(Ry)]. @

Thus the ST procedure converts the horizontal
parts of the R4/l plot into spectral picks with
definite intensity (Fig. 3b). Since the parametric Ry
spectrum is obtained by accumulating current
regions with approximately equal values of this
parameter, the intensity of the individual spectral
peak is proportional to the length of the current
range with similar values of the differential
resistance.

In principle the spectral transform is not simply
a presentation of the same data in different
coordinates. By its nature it is a type of regression
analysis which filters the statistical noises coming
from the object itself and from the performed
measurements, as well as non-statistical noises. Its
high power of filtration is eliminating the possible
wild points and the resulting “black” noise, since
the presence of an outlier introduces a fuzzy low
intensity line, located away from the spectral kernel
of the assembly representing the basic
phenomenon. The spectral peaks also provide
objective information about the degree of
dispersion, which is unavailable by other methods

for analysis. The width of every spectral peak
increases with the enhancement of the dispersion.

The produced Differential resistance spectrum
of the “s” shaped i-V curve has two specific areas
of interest — the spectral peak in the vicinity of
Ra.min Which presents Segment Il from Fig. 3a and
the long tail corresponding to segments | and IlI.
The spectral maximum has 2 characteristic points:
Ramin - the minimum value of the differential
resistance and Rimax — the value of the spectral
maximum, which gives the most stable value of Ry
observed in the widest current region. The spectral
tail is produced by accumulation of similar Rq
values, however coming from Segments | and Il
and thus with different origin in respect to the
internal processes. To avoid the ambiguity, they can
be separated as “twin spectra” describing the
spectral behavior before and after Ry min (Fig. 3¢).

Although reflecting the general internal behavior
of the system, being situated in Segment Il, Ry min IS
expected to be more sensitive to transport
limitations. It is wuseful to find performance
indicator with higher sensitivity towards activation
losses. The DRA determines the value of Ry min and
the corresponding current in the i-V curve (Fig. 2d).
The tangential in this point (lrgmin) defines the
voltage Uy which is the voltage at | = 0 in case
the system would work with resistance equal to
Ramin- The difference AU* = Uy — Ugp Serves as a
new indicator. Although connected with the
position of Ry min, it iS more sensitive to activation
losses.

The i-V shape analysis performed by the DRA
introduces two additional performance indicators:
Ramin and AU*. Each of them has higher selectivity
in respect to different degradation sources: AU* is
more sensitive to activation losses and Ry min - tO
transport hindrances which is a step forward
towards identification of the degradation sources. A
combined usage of the derived indicators is
recommended since they may be sensitive to
different degradation processes and sources.
Additional impedance measurements can give more
precise information about the origin of the
degradation.

Applications and Specific Requirements

The DRA has very high sensibility towards
degradation, since it works with the derivatives of
the measured parameters, which are in principle
more sensitive to small deviations. This is an
opportunity for collection of reliable data from
shorter tests avoiding severe accelerating
conditions. Fig. 4 presents results from durability
tests on button cell carried out for 1200 hours. For
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the first 600 hours there is no significant difference
in the i-V curves (Fig. 4a). The change of the
voltage in the working point (Uwp) at current load
0.5 Acm? is less than 10 mV (Fig. 4b, Table 1), i.e.
the accuracy of the measurements is low. The
registered change corresponds to linearized DR
about 1%.kh™. For reliable data longer testing is
needed. @ The more  detailed impedance
characterization [30] shows temporal decrease of
the ohmic resistance, very probably due to
improved contacts (Fig. 4c). Obviously during the
first 600 hours it compensates the progressive
increase of the low frequency polarization
resistance which is already dominating at 1200°C.

Table 1. Rymin and calculated degradation rate from
initial i-V curves measured on button cell tested for
1200 hours.

Time [h] 0 600 1200
Uat 1=0.5A/cm* [mV] 837 830 800
Ra,min [MQ.cm?] 334 365 408
Rgat I=0.5A/cm’[A.cm?] 435 420 360
DRy [mV.kh™] - 12 31
DRy [%.kh™] - 1.3 3.7
DRRgamin [MQ.kh™"] - 52 61.6
DRgg.min [%0.kh™] - 15.4 18.5

The evaluation of the DRA degradation is based
on the time-dependence of the new performance
indicator Rgmin. BOth Rgmin and Rinwmax Change
noticeably — about 7% (Fig. 4d) which corresponds
to DR about 15%.kh™ (Table 1), i.e. the “zooming”
effect of the DRA is about 10 times. For 1200 hours
the degradation rate increases about 3 times,
keeping the high “zooming” effect of the DRA
(Table 1).

As it can be seen in Table 1, the testing current
load (0,5 A/cm?) is closer to that corresponding to
Ramin Of the pristine sample. However, with the
increase of the degradation Rgymi, increases, while
the corresponding current decreases, thus
increasing the difference in respect to the testing
load current. It is interesting to check if that
increasing difference has accelerating effect in
respect to degradation. Dedicated experiments for
elucidating this hypothesis are under preparation.
26
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The next example of DRA application is on
button cell tested 2600 hours. The analysis is based
on the time dependence of Rymin and AU* as
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performance indicators. The classical approach for
calculation of DR, based on the operating voltage-
time curve gives a very low value - below 0,4 %.kh"
! with low accuracy of the measurement (Fig. 5a).
For higher data quality longer testing time is
needed. As it can be seen in Fig. 5b, the i-V curves
are also quite similar. The most pronounced
changes during testing are registered for Ry min (Fig.
5c). The DR evaluated by the change of this
parameter is 8%.kh™ which is again an evidence for
the high sensitivity of the DRA approach. The
variation of AU* is small. This result can be
explained with low activation losses. For this
testing interval they are not the rate limiting factor
for degradation.
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Fig.5. DRA of button cell tested 2600 hours: a) time
dependence of Uy, b) i-V curves at 0 and 2000 h; c)
time dependence of Rymin, AU* ; Operating conditions:
750°C; air = 150 Nml.min"cm; H,= 64 Nml.min “cm™.

FURTHER APPLICATIONS OF THE
DIFFERENTIAL RESISTANCE ANALYSIS

The presented examples for application of the
DRA in degradation evaluation and monitoring
confirm the high sensitivity of the new approach
which comes from the operation with derivatives.
As far as every differentiation increases data noise,
the diagnostic success requires acquisition of more
precise and confident initial data coming from the i-
V measurements.

Data Quality Requirements

The current-voltage measurements in SOFC
follow a step-wise increase of the current up to a
given limit and a step-wise decrease back to zero
current [31]. Thus the i-V measurements consist of
a number of steps, i.e. of mini-cycles. Every mini-
cycle should have a selected duration (hold time)
with two periods - delay time and data acquisition
time. The delay time is necessary (un-avoidable)
for attaining a stable steady state of the object,
since every change of the current to a new fixed
value is followed by a relaxation period of the
voltage, during which processes with different
time-constants take place in the components of the
cell. They are dependent on the cell/stack properties
determined by various factors: selected materials,
architecture, technology, external conditioning,
state of the tested system etc. The relaxation
ensures a stationary state needed for precise
measurements, realized by the delay time before the
measurement. After the end of the delay time starts
the acquisition time, during which measurements
of valid stationary data are carried out. The simplest
way is to measure a single vector of data (time,
voltage and current), however measurements of a
set of data during the acquisition time provide for
enhanced  selectivity, precision and post-
experimental assessment in respect to steady state
and confidence. The full algorithm for a precise i-V
measurement for application of the DRA can be
found in [32]. One i-V curve measured for DRA
performance should not exceed 40 measurement
points.

Early warning Output Signals

The production of high quality data from the i-V
measurements is a pre-requisite  for the
development of Early Warning Output Signals
(EWOS) which is one of the most challenging
targets in respect to SOFC monitoring and
diagnostics since it paves the way towards
development of urgent mitigation strategies during
operation. The Warning Output Signals (WOS)
practice is largely used in other technical zones
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(machineries, buildings etc.). In the field of SOFCs,
however, the accepted up to now approach of life
testing applies simple measurements of the voltage
at a constant current during operation at regular
conditioning which cannot be effectively used for
early diagnostic. An advanced approach is the
periodic application of additional active input
signals (i-V curves or impedance) for acquiring
more informative outputs, necessary for diagnostic
purposes.

The development of the Differential Resistance
Analysis provides for the introduction of EWOS
technique for SOFC. The differential resistance is a
derivative function. The defined value of Rgmin
corresponds to the zero point of the Ry derivative —
i.e. it is a second derivative. As a result, the
changes of Ry min are observable much earlier than
the changes of the other parameters. Thus the Ry,min
nature defines its properties to be used for early
recognition of degradation, or other warning
changes in the internal performance of the FC and
thus for adequate diagnostic. The requirements for
high quality initial data are mandatory.

The simplest EWOS procedure comprises:

* Precise measuremens of the i-V characteristics
(up to a preliminary defined current Imit);

« Differential Resistance Analysis — calculation of
Rq, Spectral Transform, determination of Rgmin
and AU*;

« Consecutive performance of these two steps
during life testing according to selected
consequence of measurements;

« Calculation and monitoring of the DR, or the
relative deviations of Ry min and AU* in respect
to its values in the pristine cell.

Since the DRA indicators are more sensitive, the
early notification of sharper deviations from their
smooth change can serve as EWOS for increased
degradation, or another deterioration. Every
indicator has higher selectivity in respect to
different degradation source (AU* is more sensitive
to activation losses and Rymin - to transport
hindrances). The application of additional
indicators and impedance measurements can give
more precise information about the origin of the
degradation (ohmic losses, electrodes polarization
etc.) [33].

DRA was performed on simulated i-V curves of
a cell in a large stack operated for 36000 hours. The
degradation affects the electrolyte, the anode (Ni-
YSZ) and the cathode (LSM-YSZ). Cr
contamination of LSM-YSZ causes the blocking of
active sites. Thus the modeling conditions ensure
high quality data (no external noise), constant
operating conditions and constant degradation
process reflecting both the activation and transport
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processes, with special accent on the blocking of
the cathode active sites. The performed DRA
operates with  Rg,min and AU*. The ageing affects
smoothly both Rymin and AU*. It is more
pronounced in AU* (Fig. 6a,b). Thus the DRA
confirms that the long term performance affects
both the transport and the activation losses with
stronger influence on the activation losses. The
smooth linear increase of Rymin and AU* indicates
similar degradation which is introduced in the
model and correctly captured by the DRA which
guarantees an accurate description of the
performance behavior reflecting the internal state of
the system. It is expected that in case of
degradation acceleration, this smooth dependence
will be corrupted and the change will be observed
earlier in respect to other indicators. For its
experimental ~ confirmation new  modeling
conditions will be introduced.

ul/v

0.2

AU* [V

0.1

0 10 20 30
Time / kh

Fig.6. DRA of a cell in a large stack operated for
36000 hours: a) i-V curves at 0, 9, 18 and 36 kh; b) time
dependence of Ry min and AU*.

CONCLUSIONS

The development and approbation of the
Differential Resistance Analysis technique based on
the measured i-V curves (DiVA) shows that it can
be applied as a useful tool with increased sensibility
and accuracy for diagnostics and monitoring of
SOFC (cells/stacks) and quantitative evaluation of
the degradation rate. It operates with new and more
selective performance indicators (Rg,min and AU*)
which are extracted from the iV curves and ensure
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collection of reliable data from shorter tests
avoiding severe accelerating test conditions.

However, since the high sensitivity of the new
approach comes from the operation with derivatives
which apriori increase the data noise, the
diagnostics success requires acquisition of more
precise measurements that ensure high quality
initial data with limited number — up to 40 points
on i-V curve.

Further development of the method is planned
for its broader application, which can exceed the
SOFC niche.  Since the generally accepted
parameter for evaluation of the degradation rate is
based on the change of the potential at constant
current load with the time, it will be useful if a
correlation with the DRA performance indicators is
found. An important direction for further
development of the DRA is its application for
detection of early warning output signals.
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KOETO C€ HM3UHCIsBa OT BoJdT-ammepHHuTe (I-V) XapaKTepUCTHKM M C HEroBaTa CBOJIOLHS C BPEMETO.
BbBexxaaHero Ha  mpoleaypaTa Ha  CHEKTpajdHa  TpaHchopMmals JONBIHUTCIIHO  yBEJIUYaBa
IIYMOYCTOWYHBOCTTa W YYBCTBHTENHOCTTa Ha MeTtoja. JJAC pabotm ¢ 1Ba HOBU XapaKTEPUCTUYHH 3a
JerpajanuaTa MHAMKaTopa: Ry (MuHEMamHOTO mudepeHmmanHo cbrporusienne) u AU’, KoMTO ca T1o-
YYBCTBUTCIIHU CHOTBCTHO KbM AKTHBAIMOHHUTC U KbM TPAHCIIOPTHHUTE 3ary61/1. B paGOTaTa € MMpeacTraBcHa
no-noapoOHa nHpopManus, wiroctpupana ¢ npuMmepu Bbpxy TOI'K, xouTo miatrocTpupaTr MeTOIOJIOTHATA,
MPEIUMCTBATa 110 OTHOLIEHHE Ha YyBCTBUTEIHOCTTA U LIYMOYCTOWYMBOCTTA, BH3MOXKHOCTUTE 32 OLICHKA Ha
CBbCTOSIHUETO H 3][paBe U PETUCTPUpPAHE HA paHHM NpPEAYNPEAUTEHH CUTHAIM 32 3acCHJIeHa Jerpajalusl.
Pesynrarute moka3sat okosno 10 mbTH MO-BHCOKa YyBCTBHTEIHOCT IO-OTHOIIEHHE Ha oueHkara Ha CJl B
CpaBHEHHE C KJIACHYECKHUS TTOAXO].
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Within composite electrodes for solid oxide fuel cells (SOFCs), electrochemical reactions take place in the
proximity of the so-called three-phase boundary (TPB), the contact perimeter where the electron-conducting, the ion-
conducting and the porous phases meet. Strictly speaking, the TPB is a line and efforts have been made to increase its
length per unit of electrode volume in order to reduce the activation losses. In this communication, by integrating
physically-based modelling, 3D tomography and electrochemical impedance spectroscopy (EIS), a renovated
perspective on electrocatalysis in SOFCs is offered, showing that the electrochemical reactions take place within an
extended region around the geometrical TPB line. Such an extended region is in the order of 4 nm in Ni/ScqZr¢0, 1
(Ni/ScSz) anodes while approaches hundreds of nanometres in LaggSro,MnOz.,/Y 16250920208 (LSM/YSZ) cathodes.
These findings have significant implications for preventing the degradation of nanostructured anodes, which is due to
the coarsening of the fractal roughness of Ni nanoparticles, as well as for the optimisation of composite cathodes,
indicating that the adsorption and surface diffusion of oxygen limit the rate of the oxygen reduction reaction (ORR). In
both anodes and cathodes, the results point out that the surface properties of the materials are key in determining the
performance and lifetime of SOFC electrodes.

Key words: Solid oxide fuel cells, modelling, 3D tomography, degradation, electrochemical impedance spectroscopy,
electrocatalysis

INTRODUCTION as reversible solid oxide cells.

In composite electrodes, the cathodic and anodic
electrochemical reactions involve gaseous species
(i.e., H,, O, and H,0), electrons (e) and oxygen
ions (O%) as follows:

1

Solid oxide fuel cells (SOFCs) are energy
devices which produce electric power from the
direct electrochemical conversion of a fuel, such as
hydrogen. A SOFC consists of two porous

electrodes, namely the cathode, which hosts the 20,4, + 264, <_>o(2i;) (1)

oxygen reduction reaction, and the anode, wherein 2

fuel oxidation takes place [1]. The electrodes are

separated by a dense ceramic electrolyte wherein H, ) + Oy <> H,0(q) + 2, (2)

oxygen ions, produced at the cathode, migrate

towards the anode (Figure 1a). - These electrochemical ~ reactions involve
SOFC can be used in reverse mode (Solid oxide  transport of neutral and charged species within

electrolyzer cells, SOECs), to produce hydrogen. gifferent phases, namely the pores, the electron-

Then, innovative designs are also developed in the conducting phase (el) and the ion-conducting phase
literature, based on properties of a mixed anionic (i0). In both the cathode and the anode these
and protonic conductor used as central membrane electrochemical reactions are typically assumed to
[2-6], or of electrolyte supported cells in  take place at the three-phase boundary (TPB),
symmetrical configuration [7] to improve operation  hich is the contact perimeter among the electron-
conducting, the ion-conducting and the pore phases,

To whom all correspondence should be sent: Where both reac'[_ants and pr_OdUCts Caf‘ Co'e?(iSt [8]
E-mail: antonio.bertei@unipi.it (Figure 1b). This assumption effectively implies
that the reactions take place along a mono-

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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dimensional line, namely the TPB line. Following
this assumption, efforts have been made in the past
in order to maximise the TPB length per unit
volume in both the electrodes to speed up the rate
of electrochemical conversion and thus lower the
electrode activation resistance [9-11].

However, generally catalysis and
electrocatalysis  indicate  that  heterogeneous
reactions take place at the bi-dimensional interface
between different phases, thus not along a mono-
dimensional line. Therefore, also in SOFC
electrodes the reaction zone must spread within an
extended region around the geometrical TPB line.

a) anode

electrolyte cathode

This perspective article summarises the efforts
of the authors in determining the lateral extension
and the role of the TPB in both SOFC anodes [12]
and cathodes [13-15] by combining experimental
techniques, such as electrochemical impedance
spectroscopy (EIS) and focused ion beam-SEM
(FIB-SEM) tomography, as well as physics-based
modelling. Rather than focusing on the details of
the investigations, which can be found in a series of
papers already published by the authors [12-15],
this communication summarises the key findings
and their practical implications in order to give a
holistic overview of the role of the TPB in SOFC
electrocatalysis.

cathode

%0,

|

anode

Fig. 1. a) Schematic representation of a solid oxide fuel cell. b) Cathodic and anodic reactions
assumed to occur at the three-phase boundary, denoted with a circle.

THE ROLE OF THE TPB AT THE CATHODE
Experimental

The oxygen reduction reaction (ORR, Eq. (1))
was investigated in cathodes made of strontium-
doped lanthanum manganite (LaggSrooMnOss,
LSM), which is the electron-conducting
electrocatalyst, and yttria-stabilized  zirconia
((Y203)0.08(Zr02)0_92, YSZ), which is the ion-
conducting electrolyte. In fact LSM, with LSCF
and BSCF and YSZ with doped ceria are the state
of art materials respectively for cathode and
electrolyte [16-17].  Thin layers (=3 um in
thickness) of porous LSM were sintered on both
sides of a YSZ disk as described by Carpanese et al.
[14]. Special attention was paid on the geometrical
requirements of the working, counter and reference
electrodes in order to ensure reliable EIS
measurements in the three-electrode setup. EIS, in
fact, is very powerful technique to study SOFC, if
the appropriate corrections are performed [18].

Impedance spectroscopy measurements were
carried out within the frequency range 10°-10™ Hz
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with different oxygen partial pressures (0.10-0.21
atm) in the temperature range 700-800 °C. The
cathodic bias was varied between 0.0 V (i.e., open-
circuit conditions) and 0.4 V (i.e., strong cathodic
bias). The electrode thickness and porosity as well
as the LSM nparticle size were evaluated through
SEM analysis.

Modelling

The EIS data were interpreted by using a
mechanistic model of the ORR mechanism [13,15].
It was assumed that molecular oxygen undergoes a
dissociative adsorption on the LSM surface, then
oxygen adatoms diffuse along the electrocatalyst
surface to reach the TPB at the LSM/YSZ interface,
where the proper charge transfer occurs (Figure 2).
Thus, the global reaction in Eqg. (1) was decoupled
into two elementary steps:

1
502(9) <Oy (32)
Ouis) 26y <> Ol (3b)
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where the subscript el,s refers to the LSM surface.

This elementary mechanism was modelled by
applying the conservation of oxygen adatoms on
the LSM surface, taking into account the Langmuir
dissociative adsorption and the Fick surface
diffusion as in Eq. (4). The charge transfer in Eq.
(3b) was modelled according to a linearized Butler-
Volmer Kinetics as in Eq. (5):

00 oy %0 2 o
=D y+kdes(|<-poz-(1—9) —9) (4)

l-a
. . 2] _
bpg = oo i E Mear — RT In = 71 HO (5)
1-6,) RT 2F | 6,1-6,

In Egs. (4) and (5) & represents the surface
coverage fraction of oxygen adatoms O (Where
6, and 6, refer to the coverage fraction at the
LSM/YSZ interface and in equilibrium condition,
respectively), kqes and K the Kinetic and equilibrium
constants of oxygen adsorption, D& the effective
surface diffusion coefficient of oxygen adatoms,
Po2 the oxygen partial pressure, ig the exchange
current density pre-factor, 7., the applied cathodic
bias, T the absolute temperature, F and R the
Faraday and gas constants, respectively. For more
details on model equations the reader is referred to
Bertei et al. [15].

YSZ . Oy
adsorption "
02 < O feXe)
charge
transfer

Fig.2. The proposed mechanism of the oxygen
reduction reaction (ORR) in LSM/YSZ cathodes.

Results and interpretation

The mechanistic model in Egs. (4) and (5) was
used to fit experimental impedance spectra
collected at different temperatures, oxygen partial
pressures and cathodic bias [14]. The model was
capable to reproduce the depressed shape of the
cathode response as in Figure 3a, with minor
deviations at low frequency likely due to possible
heterogeneity of the electrode microstructure. The
agreement between model and experimental results
indicates that two contributions were present: a
low-frequency feature, related to the coupled
adsorption/surface diffusion process (i.e., Eq. (4)),
and a medium-frequency feature, related to the
charge transfer reaction at the TPB (i.e., Eg. (5)). In

particular, simulations showed that the resistance of
the charge transfer reaction was much smaller than
the resistance associated to the adsorption/diffusion
process, which represented the dominant resistance
in the cathode (inset in Figure 3a).

In addition to reproducing the EIS behaviour,
the model allowed for the prediction of the
concentration profile of oxygen adsorbed on the
surface of the electrocatalyst [15]. Figure 3b shows
that the surface coverage of oxygen adatoms on the
electrocatalyst surface differs from the equilibrium
surface fraction in the proximity of the TPB, thus
identifying the zone where adsorption and surface
diffusion processes take place. The characteristic
length of the adsorption/diffusion process was
estimated as:

§= |—— (6)

2K s (KD,

which is equal to 0.2-0.3 um within 700-800 °C.
This value was found to hold also in composite
LSM/YSZ cathodes, i.e., consisting of a mixture of
LSM and YSZ particles, as reported by Fu et al.
[13]. By varying the particle size, the authors
showed that the cathode polarisation resistance
scaled inversely with LyJ/8, where L is the semi-
distance between two TPBs along the surface of an
LSM particle (inset in Figure 3b).

Practical implications

The results summarised in the previous section
imply that the characteristic length & of the oxygen
adsorption/diffusion process, equal to 0.2-0.3 pm,
must be regarded as the effective width of the
reaction zone around the geometrical TPB.
Therefore, the oxygen reduction reaction does not
take place along the mono-dimensional TPB line,
rather, the rate-determining process (i.e., the
adsorption and surface dissociation) extends for
about 0.2-0.3 um along the surface of the
electrocatalyst. Such a lateral extension of the
reaction zone can be neglected when LSM particles
are bigger than 2-3 um, that is, for L/ >> 1.
However, when the particle size becomes
comparable to the characteristic length &, as in
advanced electrodes produced via nanoparticle
infiltration [19], the whole surface of the
electrocatalyst nanoparticles may become active for
the ORR, thus referring solely to the TPB as the
reaction site would be meaningless.

Critically, this means that the surface properties
of the electrocatalyst, such as the density of
adsorption sites, the surface diffusion coefficient
and the adsorption kinetic constant, are more

33



A. Bertei et al.: A perspective on the role of the three-phase boundary in solid oxide fuel cell electrodes

important than the increase in the TPB length
because the charge transfer is not rate-limiting. In
other words, the TPB length is not the only
parameter to be maximised [15]. Rather, as also
suggested by Banerjee and Deutschmann [20,21],
research should focus on improving the adsorption
and diffusion rates on the surface of the
electrocatalyst.
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Fig 3. a) Fitting of the experimental EIS spectra of
the porous LSM cathode at different temperatures (OCV,
poz = 0.21 atm). The inset shows the deconvolution of
the impedance in two contributions. b) Simulated profile
of oxygen surface coverage along the LSM thickness.
The insets show the extension & of the
adsorption/diffusion process in porous LSM and in
composite LSM/YSZ cathodes compared to the semi-
distance L between adjacent TPBs.

THE ROLE OF THE TPB AT THE ANODE
Experimental

The hydrogen oxidation reaction (Eg. (2)) was
investigated in nanostructured anodes fabricated on
the top of a YSZ disk. Scaffolds of scandia-
stabilized zirconia ((Sc203)0.10(Zr02)0.90, SCSZ, i.€.,
the ion-conducting phase) were produced by tape
casting and sintered at 1250 °C for 2 h as described
elsewhere [12]. In fact, these are state-of-the art
materials for SOFC, both in hydrogen and
alternative fuels [16,22]. The electron-conducting
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phase was introduced within the scaffolds via
multiple infiltrations of a 2 M Ni(NOg), ethanol
solution followed by firing at 550 °C for 30 min to
decompose the nitrate solution to NiO. The samples
were finally fired in nitrogen at 750 °C for 30 min,
then cooled at 550 °C where NiO was reduced to Ni
in a 5% H,/3% H,O atmosphere.

The electrochemical degradation of the anodes
was monitored continuously by using EIS within
the frequency range 10°-10" Hz at open circuit
conditions, 550 °C in 5% H,/3% H,O atmosphere
for up to 200 h. The anode microstructure was
reconstructed ex-situ before and after degradation
through FIB-SEM tomography [12]. A field
emission gun-SEM (FEG-SEM) microscope was
used to acquire images of the microstructure at
higher magnification.

Modelling

The three-dimensional tomographic datasets
were manually segmented in three phases (i.e., Ni,
ScSZ and pore), allowing for the quantitative
evaluation of the TPB length per unit volume Lpg
and the effective ionic conductivity o™ from the
microstructural reconstructions [12,23].

A validated physically-based equivalent circuit
[24] was adopted to deconvolve the impedance
spectra and to relate the electrode charge transfer
resistance R to the microstructural properties:

R, = ﬂ%coth hzilol'% NG
F iLpgon RT o

where h is the electrode thickness and iy is the
exchange current density of the hydrogen oxidation
reaction. Notably, Eqg. (7) assumes that the anodic
charge transfer reaction takes place along the
geometrical TPB line.

Hence, two independent estimations of the TPB
density were obtained: one from the tomographic
reconstruction of the anode microstructure, one
through Eq. (7) from the charge transfer resistance
evaluated from EIS data.

Results and interpretation

Figure 4a shows the evolution with time of the
charge transfer resistance of the nanostructured
Ni/ScSZ anode at 550 °C as obtained by the
analysis of EIS data. Experimental results showed a
rapid increase in charge transfer resistance within
the first 100 h, followed by stabilisation [12,25].
Such a rapid increase in anode charge transfer
resistance evidenced the presence of an
electrochemical degradation mechanism affecting
the hydrogen oxidation reaction (Eq. (2)).
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Since the microstructure of the ScSZ scaffold
can be considered stable at 550 °C, the increase in
R was attributed to a change in the active TPB
length as a consequence of rearrangement of the Ni
phase upon annealing [12]. Thus, Eqg. (7) was used
to estimate the temporal evolution of the TPB
density from Ry, as shown in Figure 4b. Figure 4b
shows that the rapid increase in charge transfer
resistance could be interpreted as a rapid decrease
in TPB length per unit volume, followed by
stabilisation (see line). However, Figure 4b shows
that there was a mismatch between the TPB density
estimated via EIS through Eq. (7) (line) and the
TPB density measured by using FIB-SEM
tomography (marks). In particular, while model
predictions and tomography data matched after
degradation (i.e., at 200 h), before degradation the
Ltps estimated electrochemically from EIS via Eq.
(7) was excessively larger than the TPB length
evaluated by FIB-SEM tomography. This means
that while electrochemical impedance spectroscopy
detected all electrochemical degradation, the
microstructural evolution of the TPB evaluated
with 3D tomography was not sufficient to explain
on its own the rapid electrochemical degradation.

550 °C
L 5% Hy/3% H,0

80 100 120 140 160 180 200
t[h]

0 20 40 60

model
50 m  tomography

B
o

Lrpg[pm pm3]
s

N
o
L]

-
o
T

0

0 20 40 60 80 :?r?] 120 140 160 180 200

Fig. 4. a) Charge transfer resistance as a function of
time of the infiltrated Ni/ScSZ anode as obtained from
EIS analysis. b) TPB density as a function of time as
estimated from the charge transfer resistance through Eq.
(7) (line) and from FIB-SEM tomography (squares).

In order to explain such a mismatch between
electrochemical response and microstructural
analysis, the TPB line of the sample before

degradation ~ was  observed at  different
magnifications, that is, at high resolution by using
FEG-SEM (Figure 5a) and at lower resolution
through FIB-SEM (Figure 5b). Figure 5a shows
that, at high magnification, there are a lot of three-
phase boundary points at the Ni/ScSZ interface
which could not be resolved by FIB-SEM
tomography with a resolution r = 27.2 nm, as
shown in Figure 5b. So, the following hypothesis
was made [12]: it was assumed that the TPB is
rough at the nanoscale, that is, at a length scale
which cannot be captured by the finite resolution of
3D tomography. In addition, it was assumed that
the evolution of such a nanometric roughness was
responsible of the rapid initial electrochemical
degradation and of the mismatch of Lipg shown in
Figure 4.

200 nm
—

Fig. 5. TPB in a Ni/ScSZ nanostructured anode
before degradation at different magnifications: a) FEG-
SEM image; b) slice obtained from FIB-SEM
tomography after phase segmentation.

In order to corroborate this hypothesis, the
roughness of the TPB was quantified by calculating
the fractal dimension D of the three-phase boundary
according to the Mandelbrot formula [26]. The 3D
microstructure was resampled with different voxel
sizes r and the TPB density was evaluated at
different resolutions as shown in Figure 6a.

Figure 6a shows that the smaller the voxel size r
(i.e., better the resolution), the longer the TPB line,
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in agreement with the empirical observation made
above regarding Figure 5. This means that the TPB
is rough at the nanoscale and that the TPB is a
fractal in fresh nanostructured anodes [12].

a) 14 - N
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§L1.2 - ~ .
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b)

H, oxidation at TPB
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0% o 2e
ScSZ Ni
—_
4 nm

Fig. 6. a) Calculation of the fractal dimension of the
TPB by resampling the 3D microstructure of the
nanostructured Ni/ScSZ anode before degradation at
different resolutions. b) Lateral extension of the reaction
zone around the geometrical TPB line at the anode.

However, every fractal in nature is not infinitely
rough, that is, there is always a cut-off resolution
below which the roughness and nanometric features
are not relevant anymore. In the case of the three-
phase boundary, such a cut-off resolution must be
related to the electrochemistry of the hydrogen
oxidation reaction. Therefore, by comparing the
TPB  density estimated from impedance
spectroscopy Via Eq. (7) (Ltps™° = 58.3 pm pum?,
solid line in Figure 4b) and the TPB density
measured with FIB-SEM tomography with a voxel
size r = 27.2 nm (Lypg®™ = 19.8 um um™, mark in
Figure 4b), the cut-off resolution reu.¢ was
estimated through the power-law dependence of the
fractal TPB shown in Figure 6a, as follows [12]:

LEIS 1/(1-D)
r —r.| Les _
cut—off — [ tomo -
TPB

583 2 \V(1-1.56) (8)
27.2 nm (—”mj =4 nm

19.8 pm?

Eq. (8) indicates that the nanometric roughness
of the TPB does not affect the charge transfer
reaction below 4 nm. This means that 4 nm
represents the lateral extension of the hydrogen
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oxidation reaction zone across the geometrical TPB
line, as depicted in Figure 6b. This is in good
agreement with mechanistic predictions reported in
the literature [27,28], which indicate that the
reaction/surface diffusion width of the hydrogen
oxidation reaction is in the order of 5 nm.
Therefore, it is worth noting that the calculation of
the TPB fractal dimension, which is a
microstructural property, and its combination with
the TPB density estimated by Eq. (7) from EIS
data, which encode electrochemical information,
provided an independent way to estimate the lateral
extension of the anodic reaction around the
geometrical TPB line.

Practical implications

The analysis reported in the previous section
allowed for the identification of the width of the
reaction zone in SOFC composite anodes, which is
in the order of 4 nm. Such a lateral extension of the
TPB can be neglected when dealing with
micrometric particles, situation in which it can be
safely assumed that the reaction occurs at the
geometrical TPB line. However, this assumption is
no longer valid when Ni nanoparticles are present,
as in nanostructured electrodes [12,25] and in
redox-cycled anodes [29]. Furthermore, the
extension of 4 nm sets the minimum resolution
requirements to resolve the TPB roughness and
charge transfer phenomena in SOFC anodes.

The results shown above indicate that most of
the rapid electrochemical degradation in infiltrated
Ni-based anodes stems from the coarsening of the
nanometric roughness of the three-phase boundary.
This implies that the rapid electrochemical
degradation can be limited or even prevented by
controlling the interfacial properties between Ni
and the ceramic scaffold to reduce the evolution of
the nanometric roughness. Therefore, it is of
fundamental importance to understand the nature of
the interaction between Ni and ceramic particles.
On the other hand, some strategies suggested in the
literature, such as the co-infiltration of ceramic
nanoparticles as big as 50 nm as sintering inhibitors
[30], are expected to be ineffective because
sintering inhibitors are too large when compared to
the characteristic length of 4 nm of the TPB
roughness.

CONCLUSIONS

This perspective paper summarised the efforts of
the authors in investigating the nature of the three-
phase boundary in SOFC electrodes and the
limitations of assuming that charge transfer
reactions take place at the geometrical TPB line.
Through an advanced integration of mechanistic
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modelling, electrochemical tests via impedance
spectroscopy, microstructural analysis via SEM and
3D tomography, the lateral extension of the
reaction zone around the geometrical TPB line was
assessed in composite SOFC cathodes and anodes
for the first time.

For the cathode side, results showed that the
oxygen reduction reaction is limited by the
adsorption and surface diffusion of oxygen on the
electrocatalyst surface while the proper charge
transfer process at the TPB is not rate-determining.
The characteristic length of the oxygen
adsorption/surface diffusion process was found to
be in the order of 0.2-0.3 um for LSM. For the
anode, an innovative approach based on the
calculation of the fractal dimension of the TPB
revealed that the hydrogen oxidation reaction
occurs within 4 nm around the geometrical TPB
line. In addition, results showed that the evolution
of the nanometric Ni roughness is responsible for
the rapid electrochemical degradation of
nanostructured Ni/ScSZ anodes.

These results highlighted that the common
assumption of charge transfer reactions occurring at
the mono-dimensional TPB line is fundamentally
inappropriate, especially when the size of the
particles becomes comparable to the characteristic
width of the reaction zone. Considering the
extension of the reaction zone around the TPB line
reveals the importance of the surface properties of
the electrocatalyst and of the wetting between
metallic and ceramic phases, with practical
implications for material selection, optimisation
and control strategies to limit degradation
phenomena.
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Hog acniekT 3a posnsita Ha TpudazHaTa rpaHHIla IPU €IEKTPOIU B TBBPIO OKCUIHH
TOPUBHHU KJIETKU

A. EepTeﬁl‘2 " E. Pym-Tpexoz, JI. Knematuc®, MLIL. KapHaHeseS, A. Bap6yq1/13, K. Huxonena',
H. BpeHI[’bHZ
1Kamedpa 10 2PadNCOAHCKO U NPOMUULTEHO UHdCeHepcmeo, Yuusepcumem 6 [luza, Jlapeo Jlyyuo Jlazapumno 2, 56122
TTuza, Umanus
2Kamedpa no nayka 3a 3emama, Hmepuan konudxc Jonoon, yu. Hpuny Konkopo, CBT 2A3 Jlondon, Benukobpumarus

3
Meouyuncku gaxyrmem, Xumuuecko u ekoI02UYHO UHICeHepcmeo, Yrusepcumem 6 I enya, Bua Monmeenapo 1,
16145 I'enya, Hmanus

[ocrenuna Ha 14 maii 2018r.; npuera Ha 24 tonm 2018r.
(Pe3rome)
B namem na npog. 30pasxo Cmotinos

B KOMIIO3UTHH eIEKTPOIH 3a TBHP10 OKcHaHu ropuBHU KineTku (TOT'K), eeKTpOXUMHUYHUTE PEaKIuu e
OCBIIIECTBIBAT B OJIM30CT JI0 Taka HapeueHara TpudasHa rpanuia (TPB), KOHTaKTHHAT EPUMETHP, KbICTO
TpuTe (ha3u eIeKTPOH-TIPOBOISAIIM, HOH-TIPOBOASINY | TTOpH ce cpemmat. Ctporo norneanaro, TPB e muHus u
3a Jla Ce HaMaJIAT aKTUBAI[MOHHUTE 3ary0u, ce HaJjlara Jia ce yBeJIMYH JbJDKMHATA Ha Ta3W JIMHUS Ha CIUHUIIA
o0eM oT enekTpojia. B HacTosmara cratus, upe3 KOMOMHUpaHe Ha pU3u4ecKko Mojaenupane, 3D tomorpadus
U enekTpoxuMudHa umnenaHcHa crekrpockonus (EMC) ce mpeanmara HOBO BMXKIaHE Ha ENEKTPOAHTE 3a
TOI'K, koeTo moka3Ba, 4e EIEKTPOXHMHUYHUTE PEaKIMH C€ OCBHINECTBSIBAT B pa3IIMpeHa 00JacT OKOJIO
reoMmerpuyHata TPB nunus. Ta3u pasmmpena o0nact € OT mopsiibka Ha 4 HM B aHOAM OT Ni/Sc2Zrp9021
(Ni/ScSZ) u noctura CTOTHIM HAHOMETPU B KaToau OT LaggSro,MnOs,/Y (162000208 (LSM/YSZ). Tesu
JAHHU MMAaT CBIIECTBEHO 3HAUYCHHE 3a MPEIOTBpATsIBAaHE Ha AerpajalusaTa Ha HAHOCTPYKTYpPUPAHU aHOIHU,
JbJDKAIlA Ce Ha 3arpy0siBaHe W (hpakTaiHa rpanaBocT Ha Ni-Te HAHOYACTHIM, KAaKTO U 32 ONTUMHU3UPAHE Ha
KOMITO3UTHH KAaTOJIW, KOETO II0Ka3Ba, 4e ajcopOlusTa M MOBBPXHOCTHAaTa au(dy3us Ha KHCIOpOIa
OorpaHHYaBaT CKOpocTTa Ha penykius Ha kuciopon (PK). Kakro B aHonmu, Taka u B KaTtoau, pe3ylTaTHTE
MOKa3BaT, Y€ MOBHLPXHOCTHUTE CBOMCTBA Ha MAaTEpHAIIUTE Ca OT KIIOYOBO 3HAUCHHE 3a OMNpeAeisHe Ha
eKCIUTOATAIlMOHHNTE KauecTBa U AbJIToTpaitHocT Ha enekTpoaute 3a TOI'K.
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Solid oxide fuel cells (SOFC) are devices for the transformation of chemical energy in electrical energy. SOFC
appear very promising for their very high efficiency, in addition to the capability to work in reverse mode, which makes
them suitable for integration in production units powered with renewables.

Research efforts are currently addressed to find chemically and structurally stable materials, in order to improve

performance stability during long-term operation.

In this work, we examine different approaches for improving stability of two state-of-the-art perovskite materials,
LageSro4C0goFepg0s5 (LSCF) and BagsSrgsCoggFeg20s5 (BSCF), very promising as air electrodes. Two different
systems are considered: (i) LSCF and BSCF porous electrodes impregnated by a nano-sized LaggSry,MnOs_5 layer and
(ii) LSCF-BSCF composites with the two phases in different volume proportions.

The study considers the results obtained by electrochemical impedance spectroscopy investigation, observing the
polarisation resistance (Rp) of each system to evaluate performance in typical SOFC operating conditions. Furthermore,
the behaviour of polarisation resistance under the effect of a net current load (cathodic) circulating for hundreds of
hours is examined, as parameter to evaluate long-term performance stability.

Key words: LSCF, BSCF, LSM, stability, degradation, overpotential

INTRODUCTION

Among the existing devices devoted to energy
production and storage, which could play an
important role in the transition toward a sustainable
energy scenario, high temperature solid oxide fuel
and electrolysis cells (SOFC/SOEC) appear
particularly promising.

Cheap catalysts can be used for electrode
reactions and high temperature of operation allows
obtaining high reaction rates and optimizing
thermodynamic efficiencies; furthermore,
flexibility of fuels [1-4] and reversible operation [5-
11] are feasible, maintaining similar configuration
and efficiency. New configurations, exploiting
properties of a mixed anionic and protonic
conductor used as central membrane [12,13], or
taking advantages of a symmetrical configuration in
an electrolyte supported cell [14] appear to be
useful as reversible solid oxide cells.

To whom all correspondence should be sent:
E-mail: carpanese@unige.it

Over the past few years, several materials have
been investigated as anode materials for SOFC
application [15]. Nowadays, Ni-YSZ based anode
is widely used for SOFC, although facing long-term
instability issues and suffering from carbon and
sulfur poisoning and agglomeration of nickel
particles at elevated temperature [16,17].

The Perovskite-based materials, such as
Lao_gsrole n03_5 (LSM), LaolesroACOo.gFEQ_gOg_g
(LSCF) and Bao.5sro.5C00_gFe().203_5 (BSCF)
perovskites have been extensively investigated as
electrode materials in SOFC/SOEC devices over
the last decade, since they can be used efficiently as
air-side electrode [18-21]. Anyway, to make this
technology affordable in order to gain market
penetration, long-term operation without serious
degradation must be achieved [22,23].

It has been widely proven that LSM is a stable
material and, despite its intrinsically high ion
migration energy [24], its oxygen ion diffusion can
be strongly increased under reduction conditions,
resulting in improvement of its activity [25]. On the
other side, LSCF and BSCF, with their high oxygen
ion surface exchange and transfer properties, show
issues related to chemical and structural instability,

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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which causes degradation during operation time
[26-29]. Among the several causes of LSCF
degradation, cations interdiffusion  between
interfaces have been reported as the most harmful,
with consequent atoms depletion and phase
separation [30].

Concerning BSCF, the same structural
properties, which make it so active for oxygen
reduction activity, also lead to lattice instability,
which is a serious disadvantage for BSCF being
considered as a reliable material at SOFC operating
conditions.

Many different approaches have been applied in
order to stabilise LSCF-based materials, and
infiltration/impregnation is one of the most
effective [31,32]. LSM has been frequently used as
infiltrated continuous or discrete phase, improving
in each case performances and stability [33,34].

Also the combination of different materials,
based on producing a component that is superior to
both of the components separately (generally a
composite), has been widely used as an approach to
improve properties. In SOFC case, whether it is an
electrode [35-38] or an electrolyte [39,40], different
conductive phases (ionic and/or electronic) are
combined to produce a synergy result or to mitigate
some original detrimental effect. Considering the
“physiological” inclination of LSCF and BSCF to
undergo a cation interdiffusion [22] under
prolonged thermal effect or working time, the idea
of the authors was to combine these materials to
obtain a mutual chemical stabilisation, besides an
optimisation of conduction transfer properties [41].

In any case, it is of primary importance to
simulate real conditions of operation by the
evaluation of the cathode redox behaviour under
application of DC (direct current) overpotentials
(m), which can drive oxygen incorporation (or
release). To this purpose, electrochemical
impedance spectroscopy (EIS) is a powerful
fundamental technique adapted to the study of
SOFC/SOEC systems, since it can be used as in-
situ tool to characterise the performance of
electrodes coupling the effect of a current load.

In this paper, a comprehensive experimental
study was performed on the combination of LSM,
LSCF and BSCF perovskites, with the purpose of
investigating performance and long-term stability
of these systems in SOFC working conditions. Two
different types of air electrode were considered: i)
LSCF- and BSCF-based, infiltrated by an LSM-
discrete layer and ii) mixture of LSCF and BSCF,
to obtain cathodes with different compositions of
the two phases. The study was carried out mainly
through impedance spectroscopy at open circuit
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(OCV) and under applied overpotential (n), to
simulate real conditions of operations.

EXPERIMENTAL

Electrolyte substrates were fabricated from
CepsSmy,0,5 powders (SDC20-HP, Fuel Cell
Materials) by cold pressing at 60 MPa, followed by
one-step sintering at 1773 K for 5 hours in air. The
resulting electrolyte disks had a diameter of 25 mm
and a thickness of 1.2 mm. Infiltration procedure
was applied on LSCF and BSCF electrodes, which
were synthesized through a solution combustion
synthesis method based on a mixed-fuel approach.
The methodology for synthesis is reported
elsewhere [42]. The LSM infiltrated layer was
prepared as follows. A 2 M (mol I"") aqueous
solution of LaggSro,MnOs; precursors was
prepared by dissolving proper amounts of La(NO3);
- 6H,0 (99%), Sr(NOs), (>99%), and Mn(NO3), -
4H,0 (98%) (Sigma Aldrich) in distilled water, at
room temperature. In order to better control phase
formation and morphology, glycine (Sigma
Aldrich) as chelating agent (volume ratio of glycine
to LSM ~ 2.5:1) and polyvinyl pyrrolidone (PVP,
Sigma Aldrich) as surfactant (0.05 wt% of LSM
amount) were added to the metal nitrate solution.
The solution was then heated to 473 K and stirred
until a gel was obtained which was appropriate for
cathode infiltration. A detailed description for
infiltration is reported in a previous work [43]

Mixture of Bao.5sro_5C00.gFEQ_203_§ (BSCF,
Treibacher Industrie AG) and Lag sSry4C0g2F€o 03
s (LSCF, FuelCellMaterials) commercial powders
with three different volume ratios 50-50 v/v%
(BL50), 70-30 v/iv% (BL70) and 30-70 v/v%
(BL30), were prepared using ball milling in
distilled water for 20 h at room temperature. The
procedure for the fabrication of the LSCF-BSCF
composite electrodes is described in detail in a
previous paper [39].

LSCF, BSCF and composite electrodes were
deposited by slurry coating after mixing the powder
in a mortar with alpha-therpineol (techn. 90%,
Sigma Aldrich), to obtain suitable ink.

All the cells were prepared in three-electrode
configuration and symmetry between working
electrode (WE) and counter electrode (CE) was
achieved by using a mask system. The reference
electrode (RE) was placed on the WE side at a
distance of 3 times the electrolyte thickness, as
suggested in the literature to avoid polarization
problems during impedance measurements [44,45].
All the cathodes were sintered at 1100 °C for 2
hours, obtaining after sintering a geometric area of
0.28 cm? The electrochemical impedance
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spectroscopy (EIS) investigation was carried out
with a potentiostat coupled to a frequency response
analyzer (Autolab PGSTAT302N). Impedance
measurements were performed both at open circuit
voltage (OCV) and at applied cathodic
overpotential (from —0.1 up to —0.3 V), applying a
perturbation of 10 mV and between 0.1 Hz and 100
kHz of frequency range. Before performing the
systematic electrochemical cell characterization,
measurements of the cell rig inductance as well as a
check on system linearity were carried out to obtain
high quality EIS data [46]. Ageing tests were
performed by applying a cathodic direct current
(dc) of 200 mA cm? and checking the system
evolution by impedance measurements at OCV,
after interruption of the dc load at different times.
To observe cathode degradation, the polarization
resistance (R,) was evaluated as the difference

Signal A= SE1 Date 11 Aug 2014
Mag = 5001 KX it 1408
i

EHT =2000 kv
| WD=100mm

between the low and high frequency intercepts with
the real axis in the EIS Nyquist plots.
Electrochemical impedance spectroscopy (EIS)
measurements were carried out in a lab-constructed
test station [47].

RESULTS AND DISCUSSION

Electrode performances — results of LSM
infiltration and phase mixing

In Fig. 1 SEM images of LSM-LSCF and LSM-
BSCF infiltrated electrodes are  reported.
The nanosized LSM layer is clearly visible on
the electrode backbones. The electrochemical
activity of LSCF and BSCF reference
and infiltrated cathodes was evaluated with
impedance measurements, whose results are

reported in Fig. 1.

EHT =20.00 kV
WD =10.0mm

Signal A = SE1
Mag= 6.00KX

D:
Time

Fig. 1. SEM images of the top surfaces of the (a) LSM-LSCF and (b) LSM-BSCF infiltrated electrodes. The nano-
sized LSM layer is apparent as the distributed phase on the porous backbones.
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Fig. 2. Impedance spectra of the reference and LSM-impregnated LSCF cathodes ((a) and(c), respectively), and of
the reference and LSM-impregnated BSCF cathodes ((b) and (d), respectively), at OCV and different overpotentials ().
Measurements conditions: 700 °C, 21% O, partial pressure; 1: —0.1 V to —0.3 V (—0.2 V for BSCF).
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The impregnation, applied with the purpose of
stabilizing the initial cathode performances over
time, produced, as expected, an improvement in the
cathodic electrocatalytic activity, both in LSCF-
based (Figs. 2a and 2c) and in BSCF-based (Figs.
2b and 2d) electrodes.lIt is worth highlighting that
BSCF polarization resistance is one order of
magnitude lower than in LSCF. Although LSCF
and BSCF are mixed ionic-electronic conductors
with substantial oxygen ions and electrons transport
properties, the discrete and nano-sized LSM surface
coverage introduced extra specific surface area,
available for the oxygen exchange reaction at the
cathode/gas interface.

This resulted in further improvement to the
cathode electro-catalytic activity, both at OCV and
when a net cathodic current flowed across the
sample (applied n). At OCV, LSCF polarization
resistance R, decreased from about 0.78 Q cm’ at
700 °C, to 0.69 Q cm’ for the LSM-impregnated
(see Figs. 2a and 2c). The improvement of BSCF in
terms of R, was from 0.066 Q cm’ to 0.046 Q cm’
(see Figs. 2b and 2d).

The results observed against the cathodic
overpotential (1) appeared very interesting, since
the behavior of BSCF and LSCF was contrasting.
In Figs. 2a and 2c the Nyquist plots of LSCF and
LSM-impregnated LSCF cathodes at OCV,
n=-0.1V, n=—0.2Vand n =-0.3 V are reported.
Cathodic polarization (1) has a beneficial effect, in
terms of the reduction reaction kinetic, in both
reference and impregnated LSCF performance, as
pointed out by the decreasing trend of the
polarization resistance. On the other hand, the trend
of impedance spectra for the reference and
impregnated BSCF electrodes, at OCV, n =—0.1 V
and at n =-0.2 V conditions, shows that R,
increases with 1 (Figs. 2b and 2d).

It has been proposed for LSM and LSCF that,
when electrons are injected by the applied
overpotential, oxygen vacancies are formed to
maintain charge neutrality [48,49]. This increase in
vacancy concentration causes in LSM a change of
kinetic regime, from a “surface” path to a “bulk”
path, when a cathodic overpotential is applied
higher than 0.2 V [19,20,50]. A similar
improvement in the capability to incorporate and
transfer oxygen ions takes place in LSCF. This
clearly produces an improvement in oxygen surface
activity and, in our study, this mechanism likely
accounts for the impedance arch decrease displayed
in Fig. 1 for LSCF-based cathodes: the synergic
effect of LSM and LSCF results in the progressive
decrease of the polarization resistance, as the
potential applied increases. This improvement in
activity is highlighted for LSM-LSCF (Fig. 2c),
42

compared to pristine LSCF (Fig. 2a), both at OCV
and under .

Conversely, according to our results, in BSCF-
based cathodes the situation appears quite different,
since R, increases as overpotential increases (Figs.
2b and d). Of course, there is a different way in
which the injection of electrons influences the
vacancies concentration, surmising that under the
applied overpotential the formation of new
vacancies is likely suppressed, resulting in the
progressive decrease of oxygen activity [51,52]. It
can be surmised that BSCF already has its largest
concentration of oxygen vacancies before
polarization, explaining the value observed of R,
lower for OCV conditions than for polarization,
being this evident both for pristine and for LSM-
BSCF electrodes (Fig. 2b and 2d, respectively).
Similar phenomenon has been observed for other
materials, which also have a large concentration of
oxygen vacancies at room temperature [53,54]. If
this is the case, the slower increase in R, (Figs. 2b
and d) observed for the infiltrated BSCF electrode
(with respect to the pure one), has to be explained
by the positive contribution of LSM, whose
vacancy concentration increases and remains
active, although not being able to compensate the
opposite behavior of the scaffold material.
Nevertheless, the results presented here show that
BSCF-based electrodes decrease their activity
under the reducing conditions caused by the
increased cathodic overpotential.

Considering the electrodes made of LSCF and
BSCF mixture, excellent results in terms of
electrochemical performances were obtained,
extracted in three-electrode configuration. In Fig.
3a impedance spectra of the three compositions
(BL70, BL50 and BL 30) are reported at 650 °C, as
compared to the those of the pristine LSCF and
BSCF electrodes: considering the polarization
resistance, all the composite cathodes displayed
very promising performances, as compared to the
literature, particularly to BSCF-based electrodes,
which still remain the reference among state-of-the-
art perovskite-based cathodes for SOFCs [55,56]. It
is worth highlighting the excellent activity observed
for BL70 sample and also for BL50 at this
temperature: 0.021 and 0.027 Q cm?, respectively.
Also BL30 sample showed improved performance
of 0.045 Q cm? if compared to the pure starting
materials.

In Fig 3b the inverse of the global polarization
resistance is reported (1/R;), as function of
temperature. In each case, an Arrhenius-type
behavior was obtained and the corresponding
activation energy was calculated. Despite its higher
resistivity, BL30 shows the lower activation energy
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value, 0.96 eV, indicating this composition as very
suitable for low temperature of operation. BL70
shows an activation energy equal to 1.17 eV, very
closed to that of pure BSCF (1.17 eV) and lower
than pure LSCF (1.52 eV). The values obtained are
in agreement with the literature (LSCF 1.45 eV [57]
and BSCF 1.20 eV [58,59]).

Performance stability under current load

In order to evaluate the influence of the
impregnation on cell performance stability, all the
systems were tested over time at 700 °C under a
DC current load of 200 mA cm* at 21% O, partial
pressure. During the test, the current was
periodically interrupted for the time necessary to
perform OCV EIS measurements, in order to follow
up the degradation of the electrode activity. The
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results obtained for the infiltrated system are
reported in Figs. 4a and 4b. Degradation of
electrode performance in the first operating hours is
reported as key factor, because the analysis of
performance losses in the first 100-300 working
hours is often considered a good indication to
evaluate electrode long-term stability [60-63].

Consequently, an ageing time of 200 hours was
chosen to monitor the evolution of the LSCF
system (Fig. 4a). For the BSCF-based system the
ageing time was prolonged until 720 h of current
load (Fig. 4b). In the case of the pristine LSCF
cathode, a remarkable R, increase (from 0.8 Q cm?
to 1.03 Q cm?) is visible already in the first 72
hours of working time, showing a 29%
performance degradation, in accordance with that
reported in literature [59,60,61].
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Fig. 3. (a) Impedance spectra at 650 °C and OCV for BL30, BL50, BL70. The inset shows impedance spectra for
pure BSCF and LSCF. (b) Arrhenius plot for the five cathodes and calculated activation energy: BL30 (0.95 eV), BL50
(1.06 eV), BL70 (1.17 eV), BSCF (1.18 eV) and LSCF (1.52 eV).

Conversely, the polarization resistance related to
the LSM-infiltrated LSCF electrode decreases over
time from 0.7 Q cm® to 0515 Q cm® (26%
decrease) in 220 hours (see Fig. 4a), confirming a
positive effect of the LSM infiltration on the long-
term stability of the LSCF electrode. A meaningful
effect due to the LSM impregnation is also
observed on the BSCF electrodes (Fig.
4b).Although the LSM coating cannot prevent the
increase in polarization resistance over time, it
contributes to hindering BSCF degradation.
According to other author [64] a possible beneficial
effect on BSCF (which appears also in LSCF-based
cathodes) could be related to a desirable cation
inter-diffusion between the LSM and backbone,
enable in inhibit structural modifications, albeit
without blocking them altogether.

Considering an ageing time of 200 hours, for the
LSM-impregnated BSCF electrodes R, increases
from 0.046 Q cm?® up to 0.08 Q cm?, with 74% of
degradation, while R, for the reference BSCF

cathode increases from 0.081 Q ¢cm?to 0.16 Q) cm?,
with 98% of degradation. A comparable
degradation is reached in the LSM-infiltrated
BSCF electrode after 750 hours of working time
(Fig. 4b).

Looking at the composite system, similar ageing
tests were carried out, at the working temperature
of 650 °C. All the electrodes showed a remarkable
R, increase in the first 24 h and each sample
showed a different degradation rate. Anyway,
after 75 hours of applied current load, in any
case a slowdown on the R, increase was observed
(Fig. 5).

In particular, for BL70 sample, which is the
most active electrode, three different intervals were
identified, characterized by a different degradation
rate: 0 - 24 h, 24-75 h and 75-200 h. Starting
degradation was calculated as 6.67 x 10* Q cm® h™,
being this wvalue in agreement with those
extrapolated for BSCF and LSCF by the authors
(~10° to 10™ Q cm? h™) and other authors [39,65].
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Fig. 4. Trend of the cathode polarization resistance
(Rp) over time for (a) reference and LSM-infiltrated
LSCF cathode and for (b) reference and LSM-infiltrated
BSCF, during the ageing test under cathodic current load
of 200 mAcm 2. Conditions: 700 °C, OCV and 21% O,
partial pressure. The testing duration time was 200 h for
LSM-LSCF and 750 h for LSM-BSCF.
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Fig. 5. Degradation rate for BL30, BL50, BL70
electrodes under an applied current load of 200 mA cm™
at 650 °C.

In the final part of the ageing test (75 to 200 h) a
trend toward 10° Q cm® h™ was evaluated, which
represents an improvement in terms of stability. It
is worth noticing that BL70 degradation rate
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slowdown had a positive effect on polarization
resistance, which reached a noteworthy constant R,
value close to 0.048 Q cm? (@650 °C), lower than
those reported in literature by several authors for
pure and fresh LSCF and BSCF electrodes [66,67]
and comparable to data reported for BLSCF [64].

CONCLUSIONS

A diversified approach was carried out to
increase long-term stability of perovskite-based
materials, such as LSCF and BSCF. Two different
systems were considered: (i) LSCF- and BSCF-
porous electrodes, infiltrated by a nano-sized
discrete layer of LSM and (ii) mixture of LSCF and
BSCF materials to obtain composites with different
amount of the two phases. The systems were
characterized as cathodes on SDC electrolytes, in
SOFC conditions of operation, by electrochemical
impedance spectroscopy, in order to evaluate both
cathode performance in terms of polarization
resistance (R,, at OCV and under applied cathodic
overpotential, m) and long-term stability, by
applying a current load of 200 mA cm™ for 200 or
720 h, depending on LSCF or BSCF, respectively.

Very interesting results were found: LSM-
impregnation had beneficial effects on the
performance of LSCF and BSCF systems. The
nano-sized layer on the cathode surface made
available new surface area, resulting in improved
oxygen surface exchange both at OCV and under
applied 1. Nevertheless, a contrasting behavior was
highlighted for LSCF and BSCF when an
increasing n was superimposed: it was apparent
that, while LSCF-based electrodes improved their
behaviour under reducing conditions, BSCF-based
cathodes decreased their activity when a cathodic
overpotential was applied.

Looking at the composite LSCF-BSCF
electrodes, they revealed an excellent activity
towards the oxygen reduction reaction. Particularly,
BL70 sample showed an R, value of 0.021 Q cm® at
650 °C, confirming this composition as very
promising to be used as cathode for Ilow
temperature SOFCs.

Although the results obtained from the long test
under current load confirmed that LSCF and BSCF
are intrinsically unstable materials, the two
strategies pursued in this work to hinder
degradation gave promising results. The
polarization resistance of the LSM-LSCF electrodes
decreased from 0.7 to 0.51 Q cm?® in 220 h at 700
°C, indicating even an improvement in
electrocatalytic behavior over time. In the case of
LSM-BSCF system, LSM layer could not totally
compensate the BSCF degradation, although it
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contributed to hinder it remarkably over almost 750
h of ageing test.

Considering the effect of LSCF and BSCF
mixing on long-term stability, this appeared
strongly correlated to the relative amount of the two
phases. It has to be highlighted that the composition
BL70, which showed an extremely low R, value
(0.021 Q cm? at 650 °C), was also the one, which
degraded more slowly. At the end of ageing time of
200 h, its R, value was actually enough low to
make BL70 composition as suitable for further
promising investigation.
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KoMmnekcen noaxo[ 3a HO,Z[O6pHBaHe MPOU3BOAUTCIIHOCTTA U CTaOMITHOCTTA HA CbBPECMCHHU
BB3AYIIHU CICKTPOJIN 3a 06paTI/IMI/I TOPUBHU KJICTKHW IPHU MEKIWHHHN TCMIICPATYPHU: aHAJIN3 YPE3
HMIICJaHCHA CIICKTPOCKOIINA

A1, Kapranes3e™ *, . cMaTtuc , . bUBHaHU , C. cCTO , 1. 1 €pucoJia , . llaHyna , . ACIIYYH
ML.IL. Kap Y27 . K ' M.B 2, C. Hpecro?, T. Tep LM L, M. Tenyun'
A. BapGyun'?

'Kameopa no epancoancro, xumuuecko u exonoeuuno unsicenepcmeo, Yuusepcumem 6 I'enya, Bua ane Onepa ITua 15,
16145 I'enya, Umanusa
2 Unemumym 3a KOH8EHYUOHANHA MAMePUs, No XuMus u enepeutinu mexronoeuu, Hayuonanen 3a cveem no nayunu
uzcneosanus (CNR) Bua ane Onepa [lua 15, 16145 I'enya, Hmanus

INocrpnuna Ha 15 ronu 2018r..; npuera Ha 26 ronu 2018r.

(Pesrome)

Teepao okcuanure ropusau kietkn (TOIK) ca ycTpoiicTBa 3a npeoOpa3yBaHe Ha XUMHUYECKa CHEPIUs B
enekrpuuecka exeprusi. TOKI' m3rnexmaT MHOro oOeimaBaiiy MPEeABH] TSXHATa BHCOKAa €(EKTHBHOCT, B
JIOITBTHEHWE KBM CIIOCOOHOCTTa UM Ja paloTAT B O0OpaTUM PEKUM, KOETO T TMPaBH TMOIXOMIAIIN 32
WHTETpHUpaHe B CUCTEMH, 3aXpaHBAHH C Bh300OHOBSIEMU €HEPTUHHN N3TOTHHIIH.

[Tonacrosimem, ¢ TOMOINTa HAa HAYYHW W3CJIEABAHUS, C€ IojlaraT TOJIEMH YCHWIWS Ja CE HaMepsT
XUMHYECKU U CTPYKTYPHO YCTOMYMBU MaTEpUaNIH, C [IE] 3a J1a C€ MOJ00PAT eKCIUIOATAIIMOHHUTE KauyecTBa H
CTaOMITHOCTTA Ha paboTa MPH IBJITOCPOYHA SKCIIIIOATAIHSL.

B To3u Tpyn HHE H3CleABaME pa3IMYHHU IMOAXOIU 3a MOJ0OpsBaHE Ha CTAa0MJIHOCTTA HA JBa OT Haii-
OOpHTE TIEPOBCKUTHU MaTepHalii MOHAcToAmEeM: LageSry4C0g,Fegs0s5 (LSCF) u BagsSrosC0oggFep 0z
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(BSCF), MHOTO O0OemiaBamy KaTo B3AYIIHE eNeKTpoau. Pasriexmar ce aee pasnuaau cucteMu: 1) LSCF u
BSCF mnopuctu enekTponu, UMOpErHupaHu ¢ HaHopasMmepeH LaggSro,MnOs; cmoit u ii)) LSCF-BSCF
KOMIIO3UTH C JiBe a3y B pa3iu4yHH 10 oO0eM mporopiuu. CTaTHsTa pasriiexaa pe3ylTaTuTe, MOIyYeH! ¢
[IOMOII[a Ha CJIEKTPOXUMHYHA HUMIICIAHCHA CIEKTPOCKOIMS, KaTo 4Ype3 M3MEPBaHE Ha IOJAPH3ALMOHHOTO
cerportuBienue (Rp) Ha Beska cuctema, ce ONpeenaT eKCII0aTalluOHHUTE KadecTBa npu THnudHe 3a TOI'K
oreparyoHHu ycioBus. OCBEH TOBa ce M3CJICABa MMOBSACHUETO Ha MOJIIPU3AIMOHHOTO ChIPOTHUBICHHUE IO
JNCHCTBHETO Ha OOINO HATOBapBaHE HAa TOKA (KATOAHO) M IMKJIMYHO B IPOJBDKCHHE HA CTOTHIIM YacOBE,
KaTo ImapaMeThp 3a OIICHKA Ha AbJIrOCpOYHATA eKCILIOATAI[HOHHA CTA0MIHOCT.
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IT-SOFC Based on a Disaggregated Electrospun LSCF Nanofiber Electrode
Deposited onto a GDC Electrolyte Disc: Preparation Technique and Morphological
Characterization

C. Sanna’, A. Lagazzo', E. M. Sala’, R. Botter’, P. Costamagna® '

! Department of Civil, Chemical and Environmental Engineering (DICCA), University of Genoa, Italy
2 Department of Energy Conversion and Storage, Technical University of Denmark, Frederiksborgvej 399, DK-4000
Roskilde, Denmark
* Department of Chemistry and Industrial Chemistry (DCCI), University of Genoa, Italy

Received May 15,2018  Revised July 12, 2018

Laboratory-size intermediate temperature solid oxide fuel cells (IT-SOFCs) are manufactured, based on
Lag eSro4C0poFepg0s5 (LSCF) nanofiber electrodes applied onto Cey9Gdy101.95 (GDC) electrolyte discs. The LSCF
nanofiber electrodes are produced through electrospinning. The electrospun tissue is gently disaggregated in a-terpinol
before been applied onto the electrolyte, in order to break the fibers into segments, while preserving their morphology.
GDC electrolytes are obtained by uniaxial pressing of the GDC powders, followed by sintering. The dispersed
nanofibers are deposited onto the electrolyte to form symmetrical 1T-SOFCs, which are then heat treated. SEM
characterisation of the heat treated IT-SOFCs proves that the nanofibers morphology is preserved, forming a 3-D
structure with many contact points among the fibers themselves, which is expected to feature simultaneously enhanced
charge conduction and electrochemical reaction. The cells are ready for electrochemical impedance spectroscopy (EIS),
which is the ideal tool to characterize the electrochemical performance of the disaggregated electrospun LSCF

nanofiber electrodes.

Key words: nanofiber; electrospinning; intermediate temperature solid oxide fuel cell (IT-SOFC);
Lag 6Sro.4C0g2Fep 8035 (LSCF); sol-gel synthesis; CeqoGdy 10195 (GDC).

INTRODUCTION

The upward trend of global energy emissions,
and their likely multiple adverse effects, compel the
adoption of eco-innovative energy supply solutions,
to foster world transition into a paradigm of
sustainability [1]. Fuel cells, featuring high
efficiency and environmental compatibility, are
considered the preferable candidate to substitute the
conventional energy conversion technologies. Solid
oxide fuel cells (SOFCs), based on ceramic
materials, offer several advantages over other types
of fuel cells, mainly due to the use of non-noble
metals as catalyst, the possibility of being moulded
in a variety of shapes, and the high fuel flexibility,
which allows 100% tolerability towards CO and
around 5% tolerability towards CH,4 (depending on
the SOFC operating temperature) [2]. On the one
hand, the traditionally high SOFC operating
temperature (around 900°C) matches perfectly the
feeding temperature of gas turbines (GTs), allowing
an ideal coupling in hybrid cycles featuring up to
65% efficiency. Unluckily, on the other hand, this

To whom all correspondence should be sent:
E-mail: paola.costamagna@unige.it

high operating temperature involves technological
problems, primarily due to the different thermal
expansion coefficient (TEC) of the SOFC
components, causing delamination and eventually
breaking. Another problem is that the high
operating  temperature  favours an  almost
instantaneousdevelopment of the steam reforming
of CH,, whose endothermal behaviour can cause a
steep temperature drop dangerous for the
mechanical stability of the ceramic materials,
limiting to about 5% the amount of CH, which can
be fed directly into the SOFC and making internal
CH, steam reforming practically unfeasible. These
problems are heavily mitigated by lowering the
operating temperature down to 550-850°C [3,4],
which is the so-called intermediate temperature
range. Furthermore, lower temperatures are
expected to mitigate degradation, reduce sealing
problems, enable the use of less expensive
materials in the balance of plant and finally
improve the response to rapid start-up. However,
lowering the operating temperature also lowers the
SOFC performance, since electrodes and electrolyte
materials become less conductive. Furthermore, the
kinetics of the electrochemical reactions decreases
exponentially as temperature decreases; indeed, the

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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poor activity of the cathode is one of the key
obstacles for the development of IT-SOFCs [5].
For these reasons, innovative materials are under
investigation. For the electrolyte, Cey9Gdy 10195
(GDC) is used [6], while LaggSrg4C0og2Fep 5035
(LSCF), which is a well - known MIEC (mixed
ionic electronic con-ductor), is considered as of the
most promising cathodes [3]. The number of active
sites for the oxygen reduction reaction (ORR) is
expected to increase dramatically with the increase
of the specific surface area [7,8], and thus new
electrode morphologies and architectures are under
development. In this framework, nano-structured
electrode scaffolds, often obtained through the
electrospinning  technique, are intensively
investigated [9]. This preparation method offers
advantages in terms of simplicity, efficiency, low
cost and high degree of reproducibility of the
obtained materials [10]. In addition, it allows to
manufacture complex nanostructures, usually fiber-
made, with specific properties, such as high surface
area, high porosity and excellent mechanical
strength, which make them very suitable for IT-
SOFC electrode applications [11,2].

In the present paper, we present an innovative
preparation technique for symmetrical cells
employing LSCF electrospun electrodes, applied
symmetrically onto GDC electrolyte discs. The
LSCF tissue  manufactured through the
electrospinning technique is gently disaggregated
before being applied onto the GDC electrolyte, in
order to obtain short fiber segments which form a
3-D structure with a high number of contact points
between the fibers, to be tested through the
electrochemical impedance spectroscopy (EIS)
technique in order to assess the electrochemical
performance.

EXPERIMENTAL
Materials

LSCF fibers are synthesized using nitrates as
precursors: lanthanum (I11) nitrate hexahydrate
LaNs;Oq-6H,0, strontium nitrate Sr(NOs),, cobalt
nitrate hexahydrate Co(NOj3),-6H,0 and iron (l11)
nitrate Fe(NO3);-9H,0. Ethanol, N,N-
Dimethylformamide (DMF) and distilled water are
used as solvents. Polyvinylpyrrolidone (PVP) is

used as carrier polymer. All these materials are
provided by Sigma-Aldrich.

LSCF granular electrodes are manufactured
using LageSro4CogoFeqs035 powders provided by
Sigma-Aldrich (product code 704288, particle size
0.7 - 1.1 pum, surface area 5-8 m?/g).

GDC powders used for the electrolyte
preparation are supplied by Fuelcellmaterials
(GDC10-TC powder, particle size 0.1-0.4 um,
surface area 5.9 m?/g). In the cases where the GDC
powders are mixed with additives, 10 wt%
ammonium polyacrylate/water and 5% polyvinyl
alcohol (PVA)/water solutions are used, both
supplied by Sigma-Aldrich.

Preparation Procedures

LSCF nanofiber electrodes
LSCF fibrous electrodes are manufactured
through electrospinning. The starting solution is
prepared by dissolution of 0.178 g of Sr(NOs), in
0.4 ml of distilled water. Subsequently, 4 ml of
DMF and 6 ml of ethanol are added, followed by
mixing for 2 minutes with magnetic stirrer. Then,
0545 g of LaN;Og6H,O, 0.122 g of
Co(NO:s),.6H,0 and 0.679 g of Fe(NOs)s-9H,0 are
added to the solution, followed by mixing for 10
minutes. Lastly, 1.24 g of PVP are added, followed
by 24 h mixing (always with magnetic stirrer). With
this procedure, the molar ratio of the elements La,
Sr, Co, Fe in solution is 6:4:2:8 respectively. After
preparation, the solution is fed into a single-needle
electrospinning device (Spinbow), consisting of
four main parts: high-voltage generator, volumetric
pump (KD Scientific), syringe and cylindrical
collector (diameter 4 mm), which turns and shifts in
order to ensure homogenous thickness to the
electrospun tissue. The operating parameters for the
electrospinning device have been discussed in a
previous paper [3], and are reported in Table 1.
The LSCF nanofibers are heat treated following

the procedure reported below [3]:

- 1°C/min from 20°C to 350°C;

- 0.2°C/min from 350°C to 500°C;

- 1°C/min from 500°C to 800°C;

- 1°C/min from 800°C to 20°C.

Table 1. Operating parameters of the electrospinning device [3].

Flow rate Voltage
[ml/h] [kV] [cm]

[mm/s]

Needle-Collector Distance Collector Translation Speed Collector Rotation Speed

[rpm]

0.5 17 12

1000 750
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GDC electrolyte

For the preparation of the GDC electrolyte discs,
two different ways of treating the raw GDC
powders are employed. The first method consists in
mixing a mass of 2 g of GDC powders with 50 mL
of distilled water. Then 0.269 g of 10 wt%
ammonium polyacrylate/water solution (dispersant)
and 0.538 g of 10 wt% PVA/water solution
(binder), and finally 50 mL distilled water are
added, followed by 12 h treatment in an ultrasonic
device (sonicator UR1 Retsch ultrasonic bath).
Once the solution is dried, it is sieved and then it is
ready for pressing. In the second procedure, the raw
GDC powders are pressed with no preliminary
treatment. Uniaxial pressing is performed, which is
selected since it allows minimisation of the void
degree of the electrolyte pellet. The press die body
(13 mm diameter), is filled from the bottom: in this
way the GDC powder distribution has a high degree
of uniformity, resulting in a low void degree of the
final electrolyte pellet. Applied pressure ranges
from 50 MPa to 100 MPa. The GDC discs are then
sintered in a furnace, following the procedure
reported below:

- 1°C/min from 20°C to 200°C;

- 0.1°C/min from 200°C to 300°C;
- 10°C/min from 300°C to Tax;

- Tpaxfor 4h;

- 1°C/min from T to 20°C.

Three different values of T.. are tested:
1350°C, 1420°C and 1580°C. In all cases, after
sintering, the GDC electrolyte diameter is 1.1 cm.

Symmetrical cell assembly

The LSCF nanofiber tissue is gently
disaggregated in a-terpinol in the sonicator for 8
seconds. The resulting mixture is deposited
symmetrically onto both faces of the GDC
electrolyte discs.

Furthermore, symmetrical cells with LSCF
granular electrodes are manufactured as well. In
this case, the LSCF powder is dispersed in o-
terpinol and deposited symmetrically onto the GDC
electrolyte. All the symmetrical cells are heat
treated following the procedure reported below:

- 1°C/min from 20°C to 350°C;

- 0.2°C/min from 350°C to 500°C;
- 1°C/min from 500°C to 1000°C;
- 1°C/min from 1000°C to 20°C.

In all cases, after heat treatment the electrodes
have diameter 0.9 cm and thickness about 40 um.

Characterisation methodology

With all the samples presented in this work,
micrograph characterizations are carried out
through a scanning electron microscope (SEM)
50

Hitachi S-2500. SEM images of the GDC
electrolyte surface are used to evaluate the average
superficial porosity through the intercept method,
using a 0.32 um grid.

In addition, electrolytes are characterized in
terms of geometrical density, Archimedes' principle
density, mechanical bending, and thermal etching.
Geometrical density is evaluated by measuring the
pellet through a micrometer. The mechanical
bending test is used to determine the Young's
modulus and the ultimate strength point. The test is
carried out through a Zwick-Roell Z0.5
instrumentation. The electrolyte disc is placed on
an o-ring and a force is impressed through a sphere
positioned in the centre (Fig.1). The ultimate
strength (P) is measured at the breaking point of the
sample, while the Young's modulus (E) and the
maximum stress (omax) are calculated as follows
[12]:

P
Omax = s (1 + ) (5) + 1) )
e’ = (V1.6e? + t2) — 0.675t )
_ 0.552Pr?
- tsym (3)

Where 6max [Pa]; v = Poisson ratio — (assumed as
0.3); e = support footprint — (assumed as 0) [m]; P
= ultimate strength [N]; r = o-ring radius [m]; t =
sample thickness [m]; y., = deformation [m]; E =
Young's modulus [Pa].

h
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Fig.1. Schematic representation of the mechanical
bending test.

GDC pellets are thermally etched, and then the
linear intercept method is applied to the SEM
pictures to evaluate the grain size [13]. The linear
intercept method consists in drawing a set of
randomly positioned line segments on the
micrograph, counting the number of times each line
segment intersects a grain boundary, and finding
the ratio of intercepts to line length.
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RESULTS AND DISCUSSION
LSCF nanofibers

SEM pictures of the heat treated LSFC
nanofibers are reported in Fig. 2 In agreement with
the results previously reported in [3], the nanofibers
are continuous and randomly arranged. The average
diameter is around 250 nm.

Fig. 2. SEM pictures of heat treated LSCF nanofibers.

GDC electrolyte

Fig. 3 reports SEM pictures of the surface of
three different GDC discs. All the discs are
obtained by mixing the GDC powders with a
dispersant and a binder (first preparation method),
followed by pressing at 80 MPa. Then, the GDC
discs are sintered using three different T
(1350°C, 1420 °C or 1580 °C). Fig.3(a) shows that
with Trax = 1350°C, a high residual porosity (void
degree) is clearly visible. Fig.3(b) displays that
increasing the sintering temperature up to T =
1420°C, the residual porosity is significantly
decreased. Finally, a further increase of sintering
temperature up to T = 1580°C, leads to a further
reduction of the residual porosity, as shown in
Fig.3(c).

Fig. 3 shows that the reduction of residual
porosity observed with increasing the sintering
temperature. In particular, Fig. 3 (a) displays an
intermediate stage of sintering, with interconnected
porosity, while Fig. 3 (b) and (c) display a final
stage of sintering with isolated pores. The increased
stage of sintering is accompanied by an
enlargement of grain size. This is an important
parameter since it affects significantly the oxygen
ion conductivity of the GDC electrolyte, as
demonstrated by [14,15].

Fig. 3. SEM image of the surface of GDC electrolyte
discs obtained by uniaxial pressing at 80 MPa,
after sintering at T (a) 1350 °C, (b) 1420 °C, and
(c) 1580 °C.

Nevertheless, Fig. 3 (c) shows that some
residual porosity is clearly visible even with the
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highest sintering temperature of 1580°C. This
suggests that the dispersant and the binder added to
the raw GDC powders may interfere with the
process of grain agglomeration and growth during
sintering. Thus, a different procedure is
experimented, where the raw GDC powders are not
pre-treated, but instead they are pressed straight as-
received (second preparation method). Keeping the
maximum sintering temperature fixed at 1580°C,
the uniaxial pressing process is investigated by
applying a pressure of 50 MPa or 100 MPa. Fig.4
shows SEM images of the surface of the GDC
discs, displaying a reduced porosity and an
increased grain size, especially with the highest

applied pressure of 100 MPa. Tab. 2, for
completeness, reports geometrical and Archimedes’
density measurements. Considering that the bulk
GDC density is 7.2 g/cm?, for the sample pressed at
100 MPa the relative density is 0.924 according to
the geometrical density measurement, and 0.937
according to the Archimedes’ density measurement

The average superficial porosity, calculated with
the intercept method applied to Fig. , is 0.1% for
the electrolyte pressed at 50 MPa, whereas it is
0.04% for the electrolyte pressed at 100 MPa,
which is in agreement with the results obtained
from the density characterisation.

Table 2. Features of GDC electrolyte discs obtained with different applied pressures.

GDC disc
Applied Weight  Diameter  Thickness  Volume Geometrical Archimedes'
pressure Density Density
[MPa] [a] [cm] [cm] [cm’] [g/cm’] [g/cm’]
50 0.224 1.108 0.037 0.036 6.299 6.503
100 0.202 1.110 0.032 0.031 6.651 6.743

Fig. 4. SEM images of the surface of GDC
electrolyte discs obtained by uniaxial pressing at (a) 50
MPa, and (b) 100 MPa.

An SEM picture of the surface of the GDC disc
pressed at 100 MPa, after thermal etching, is
reported in Fig. 5. The grain size evaluated through
the linear intercept method is 0.5 pm.

The GDC disc obtained through uniaxial
pressing at 100 MPa is further characterized
through mechanical tests. The stress and strain
diagram is reported, the corresponding ultimate
strength is P =117 N, the Young’s modulus is
E = 0.12 GPa, and the maximum Stress iS Omax =
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30.5 MPa. All these features comply with the
requirements for a GDC disc to be used as the
electrolyte of an IT-SOFC. Thus, the samples
obtained by pressing the as-received GDC powders
at 100 MPa, followed by sintering at Tp =
1580°C, are selected for manufacturing the
symmetrical cells.

Fig. 5. SEM image of the surface of a GDC
electrolyte disc obtained by uniaxial pressing at 100
MPa, after thermal etching.
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Fig.6. Experimental load and displacement diagram of the GDC electrolyte disc obtained by uniaxial pressing at 100

MPa, followed by sintering at T = 1580°C.

Symmetrical cells

Symmetrical cells are prepared employing LSCF
nanofibers or LSCF granular powders, which are
coupled to the GDC electrolyte. SEM pictures of
the symmetrical cells (top-view) are reported in
Fig.7, clearly displaying the electrodes. Fig. 7(a)
and (b) show that the morphology of the fibers is
preserved after disaggregation, even if the fibers are
clearly broken into segments. This 3-D structure
with many contact points between the fibers, is

expected to feature simultaneously enhanced charge
conduction and electrochemical reaction [3]. The
high void degree is ideal to accommodate, in future
developments, a high degree of infiltrations, which
are expected to improve the electrochemical
performance [3]. Fig.7(c) shows the morphology of
the LSCF granular electrode, clearly displaying that
the LSCF particles have irregular shape. In this case
the void degree is much lower than with the fibrous
electrode.

Fig.7. SEM pictures of LSCF electrodes (top view) after application onto GDC discs: (a) and (b) nanofiber

electrode, and (b) granular electrode.
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CONCLUSIONS

Laboratory symmetrical IT-SOFCs of 1.1 cm of
diameter (electrode diameter 0.9 cm) are
developed, employing in-house manufactured
electrospun LSCF fibrous electrodes deposited onto
in-house developed GDC electrolyte discs. In the
electrodes, the fibers do not form a unique
continuous wire along the whole electrode, but
rather they are gently disaggregated to form a
network of randomly distributed segments. As a
comparison,  symmetrical  laboratory  cells
employing granular LSCF electrodes deposited on
the same type of GDC electrolytes are
manufactured as well.

Future plans include (i) testing through EIS, in
order to assess the electrochemical performance;
and (ii) comparison with laboratory IT-SOFCs
employing LSCF electrospun electrodes applied
onto the GDC electrolyte with a different procedure
[16], where the fibers form a unique continuous
wire along the whole electrode.

REFERENCES

1.A. Mehmeti, S.J. McPhail, D. Pumiglia, M. Carlini, J.
Power Sources, 325, 772, (2016).

2.S.T. Aruna, L.S. Balaji, S. S. Kumar, B. Shri Prakash,
Renew. Sust. Energ. Rev., 67, 673, (2017).

3.A. Enrico, B. Aliakbarian, A. Lagazzo, A. Donazzi, R.
Botter, P. Perego, P. Costamagna, Fuel Cells, 17, 415
(2016).

4.Ding D., Li X, Lai S. Y., Gerdes K. and Liu M.,
Energy Environ. Sci., , 552 (2014).

5.J. Cheng, Y. Jun, J. Qin, S.H. Lee, Biomaterials, 114,
121 (2017).

6.J.M. Ralph, A.C. Schoeler, M. Krumpelt, J. Mater.
Sci., 36, 1161 (2001).

7.E. Zhao, Z. Jia, X. Liu, K. Gao, H. Huo, Y. Xiong,
Ceram. Int., 40, 14891 (2014).

8.L.M. Acufa, J. Pefia-Martinez, D. Marrero-Lopez,
R.O. Fuentes, P. Nufiez, D.G. Lama, J. Power Sources,
196, 9276 (2011).

9.A. Enrico, P. Costamagna, J. Power Sources, 272,
1106 (2014).

10.J.T. Sill, H.A. von Recum, Biomaterials, 29, 1989
(2008).

11.S. Thenmozhi, N. Dharmaraj, K. Kadirvelu, H.Y.
Kim, Mater. Sci. Eng. B-Adv. Funct. Solid-State
Mater., 217, 36 (2017).

12.W.C. Young, R.G Budynas, Roark’s Formulas for
Stress and Strain, McGraw-Hill Professional 8" Ed.
(2011).

13.J.C. Russ, R.T. Dehoff, Practical Stereology,
Springer 2" Ed. (2000).

14.Y. Lin, S. Fang, D. Su, K.S. Brinkman, F. Chen, Nat.
Commun., 6, 6824 (2015).

15.H. Bi, X. Liu, L. Zhu, J. Sun, S. Yu, H. Yu, L. Pei,
Int. J. Hydrog. Energy, 42, 11735 (2017).

16. A. Enrico, W. Zhang, M. Lund Traulsen, E.M. Sala,
P. Costamagna, P. Holtappels, J. Eur. Ceram. Soc., 38,
2677 (2018).

CT-TOKT Ha 6a3ara Ha qucerperupas enekrpousmiereH oT HaHoBimakHa LSCF enexkTpos, HaHeceH
BbpXy GDC enexTposnnT: HAYMH Ha U3pabOTKa U MOP(HOIOTUYHA XapaKTepHU3alus

K. CaHHal, A. Harauol, E.M. Canaz, P. BOTepZ, I1. Kocramaus™ |

Y Kamedpa no epascoancro, xumuuecko u exonoeuuno unscenepcmeo (DICCA), Vnusepcumem 6 Ienya, Hmanus
2 Munucmepemeo na enepeutinama konsepcus u coxpanenue, Texuuyecku ynugepcumem na Janus, ®pedepurcéopaeli
399, DK-4000 Pokuwuno, Hanus
3 Kameopa no xumus u unoycmpuanna xumus, Yuusepcumem 6 I enya, Umanus

[HocTpnmna Ha 15 mait 2018r.; npuera Hal2 roxm 2018r.
(Pe3rome)

Paspaborenu ca cpeaHO TeMIlepaTypHH TBBpao okcuaHu ropuBHu Kietkd (CT-TOKI), na 6a3ata Ha
emexktpoan OT LageSro4Cop2Fe0s035 (LSCF) wmanoBmakHa, HaHeceHM BBPXYy Cep9Gdy10195 (GDC)
enekrpormut. Enextpomute or LSCF HaHoBiakHa ce moiyyaBaT upe3  €JIEKTPOU3ILTUTAHE.
Enexrpousmuierenata ThKaH ce AMCETPETHpa B 0-TEPIIMHO, TPEIN JIa CE HAHECEe BbPXY EIEKTPONIUTA, C 11T
Jla ce HaKbCcaT BIIAKHATA HA OTACITHH CETMEHTH, KaTo ce 3amna3u TsxHara Mopdodorus. Enekrpomutn GDC ce
MoJTy4aBaT upe3 eAHOKpaTHO npecoBane Ha GDC mpaxoBe, mocieaBaHo OT CHHTepoBaHe. [lucneprupanure
HAHOBIIAKHA CE€ OTJIaraT BBPXY CJIEKTPOJUTA, 3a Ja o0pa3yBaT CHUMETPHUYHHU KJIETKH, KOUTO CIIE]] TOBa CE
3arpsiBar. Xapaktepuzanusara cs¢ CEM Ha TorumuHO 06paboternte UT-TOKI™ obpasum mokassa, 4e ce
3arma3Ba MOpQoJorusITa Ha HaHO(UOPOBUTE BllaKHA, 00paszyBaiiku 3-D cTpykTypa ¢ MHOTO KOHTAaKTHHA TOYKHU
MEX]y CaMHUTE BJIaKHa, KOETO CE€ OYaKBa Jia C€ XapaKTepHU3upa eJHOBPEMEHHO C MM0A00PEHN MPOBOAMMOCT U
CJIEKTPOXUMHYHA peakTHBHOCT. KileTkuTe ca M3cie/BaHH ¢ €IeKTPOXMMUYHA UMITEaHCHA CIIEKTPOCKOIHSI
(EUC), KOATO € HMICATHUAT WHCTPYMEHT 3a XapaKTepU3MpaHe Ha €JICKTPOXHMMHUYHHTE CSKCIIOATAIllMOHHH
KadyecTBa Ha JAucarperupaHuTe eiaekrpousiuiereHn ot HaHonakHa LSCF enextpoau.
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The conductivity of a newly proposed ionic conductor Na-doped SrSiO; was studied. Powders were prepared by
mixing of SrCQO3, Na,CO; and SiO, in water or ethanol in order to explore the effect of solvents on the formation of
secondary phases. X-ray diffraction was employed to study the phase composition of mixtures treated in air at different
temperatures in the range 950-1050 C for 20 hours. Various heating schemes were applied to help the incorporation of
Na in the monoclinic SrSiOj; structure. Pressed pellets were sintered at 1000 °C for 20 hours and electroded with Ag
paste for electrochemical characterization by impedance spectroscopy. For most compositions and thermal treatments,
the formation of the insulating Na,Si,Os phase was observed as a matrix around grains of the monoclinic SrSiO; phase.
Double calcination limited conductivity but increased its thermal stability. When ethanol was used for powder mixing,
the material exhibited higher conductivity after long term ageing at 650 °C, also thanks to its low activation energy,

without appreciable crystallization of other silicates

Key words: lonic conductors, silicates, conductivity

INTRODUCTION

During last decades a lot of efforts have been
spent to improve performances of Solid Oxide
Fuel Cells (SOFC), and particularly to lower the
operative temperature down to the 600 °C
range. Some of them aimed to new designs
[1-7]; other regarded the development of new
materials [8, 8-11].

Recently, there has been some interest about
alkali-doped SrSiO; and SrGeO; as oxide ion
conductors with possible application as electrolyte
materials in SOFC. In a series of papers [12,13] the
formation of solid solutions, without any secondary
phases, and with conductivity exceeding 0.05 S cm
at 600 °C in air was reported.

Conductivity was ascribed to migration of
oxygen vacancies, formed as an effect of
replacement of Sr** with Na* ions [14].

Those findings were objected by several reports
that pointed out the crucial role of glassy phases
from the Na,O-SiO, system [15- 17].

In particular, solid-state NMR spectroscopy
studies allowed to associate conduction of SNS to
migration of Na* ions in the amorphous phase [19,
20] and XRD analyses evidenced the very limited
incorporation of Na into SrSiO; [21,22].

To whom all correspondence should be sent:
E-mail: massimo.viviani@cnr.it

Conductivity also appeared to be strongly
dependent on the crystallization of Na,Si,Os after
some treatment at temperatures around 650 °C
[21,23].

Some authors have reported the effect of
synthesis method and processing conditions on the
structure and conducting properties of alkali—doped
SrSi0O; and SrGeOs;. Alternatively to the
conventional solid-state route, freeze drying of
homogenous solutions of all cations was reported,
resulting in more crystalline powders and in
ceramics with lower conductivity [23].

Powders prepared by solid—state route were also
sintered by spark plasma (SPS), which allowed
obtaining single phase materials, with fine grains
and with relatively high ionic conductivity [25].

From this brief summary, it appears that phase
composition and consequently electrical properties
must be highly sensitive to processing, particularly
to reaction conditions of precursors and to the
thermal history. In order to get insight on such
aspects, the effects of some processing parameters,
like the mixing medium and thermal treatments,
have been studied for Na doped SrSiO; and results
are reported in this paper.

EXPERIMENTAL

Powders with nominal composition Sr;.4\Na,SiOs
(0.1=x<0.45), denoted as SNSX, were prepared by
the solid-state route, starting from SrCOjs, Na,CO;

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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and SiO,. Three dispersing liquids with different
polarity (acetone, ethanol and distilled water) were
employed in order to explore the effect of solvent
on Na incorporation and glassy phase formation.
After milling and freeze—drying calcination was
carried out in air in order to get the final product
following the reaction:

(l-x)SrCO3+%NaZCO3+Si02 -
St(100NaySiO, s+ (1-¥)co, 1)

In case of acetone, four compositions with x =
0.1, 0.2, 0.3 and 0.4 were prepared, while in case of
ethanol and water the composition reported with
highest conductivity (x = 0.45) [0] was prepared
only.

Powders were treated one or two times at
temperatures ranging between 850 and 1050 °C and
manually grinded after each thermal treatment. The
details of all treatments are reported in Table 1.

Table 1. Thermal treatments applied to different
compositions. Note that X = 100 x

SNSXa X =10-40 SNS45e / SNS45w
acetone ethanol / water

A=850°C/12h C=1050°C /20 h
B=A+1000°C/12h D=C+950°C/20h
E=C+D+1000°C/20 h

All compositions were also “aged” in air for 150
h at 650 °C in order to check their stability, and
particularly to allow for crystallization or
devitrification of any glassy phase.

Phase composition of powders was investigated
by XRD (CubiX — Panalytical, Cu-K, radiation,
A20 = 0.02 deg, integration = 7 sec/point) and
morphology was observed by SEM (1450VP —
LEO).

Ceramics were obtained by sintering at 1000 °C
(see Table 1, treatments B and E) disk-shaped
pellets which were prepared by uniaxial pressing.
Microstructure was investigated by SEM (Phenom
XL, Phenom World) on polished cross sections.
Electrodes for electrical characterization were
realized by brushing Ag paste (Euroinks) on both
sides, followed by curing at 700°C for 30 min.

Electrochemical Impedance Spectroscopy (EIS)
was carried out in laboratory air at different
temperatures within a custom test rig and
employing an automatic Frequency Response
Analyzer (lviumstat H, IVIUM). Spectra were
collected each 25 °C during heating and cooling
between room temperature and 650 °C. A 150h—
long ageing at 650 °C enabled studying the
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dependence of conductivity on time for samples
SNS40a and SNS45e.

RESULTS AND DISCUSSION

Na,CO; is known to be highly soluble in water,
weakly soluble in ethanol and insoluble in acetone.
Therefore, the use of different dispersing media is
expected to result in a different spatial distribution
of Na within unreacted mixtures before calcination.
In addition, some dissolution of Si into alkaline
Na,CO; solution at room temperature has to be
taken into account [25], as well as the presence of
strongly bonded hydroxyls due to the interaction
between water, silica and Na,COs.

XRD profiles of all SNSX powders are
presented in Fig. 1 and observed phases are
summarized in Table 2.

After the first treatment (calcination, A or C) all
samples, reported in Fig. 1(i), contained only one
crystalline phase, corresponding to the structure of
SrSiO;, with monoclinic symmetry (S.G. C2/c,
JCPDS card 01-077-0233). Some flat—top parts can
be detected in the diffraction profile of samples
with lower Na amount (< 30 at. %) and of the
powder prepared in ethanol (SNS45e). These
features (marked with an asterisk) suggest the
presence of amorphous or nanocrystalline regions.
It is worth noting that for other samples minor
peaks of the SrSiO; phase appear in the same parts
of the profile.

Additional thermal treatments, as reported in
Table 2, allowed for either the formation of new
phases or crystallization of amorphous regions. In
particular, for powders prepared in acetone the
phase Na,Si,Os (JCPDS card 29-1261 and/or
JCPDS card 22-1397) was found in compositions
with higher Na content (>30 at. %). In case of
further aging at 650 °C, Na,SiO3 (JCPDS card 16-
0818) was also detected in addition to two different
forms of Na,Si,Os, as can be seen in Fig.1(ii) for
SNS40a. This is in agreement with several papers
about SNS prepared with the same procedure,
reporting the presence of glassy Na,Si,Os, which
could be devitrified after heating at T > 600 °C [ 20,
22]. For water- and ethanol-based preparations,
aging of as-calcined powders resulted in
crystallization of sodium silicate phase (JCPDS
card 23-0529) as in case of acetone. On the
contrary, a second thermal treatment at 950 °C
deeply affected the resulting phase composition.

As can be seen in Figs. 1(iii-iv), aging at 650 °C
caused the formation of Na,SrSi,Os (JCPDS card
32-1159) in both samples, showing that Na was
partially incorporated in ternary oxide instead of the
glassy Na,Si,Os. Ageing of ceramics, i.e. after
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sintering stage, introduced a difference between
SNS45w and SN45e, and with the former being
decomposed in several sodium silicates (see Fig.

(iii)
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Fig. 1. XRD of SNSX. All compositions after thermal treatment at 850 °C or 1050 °C, * = amorphous or

nanocrystalline regions (i); compositions as reported in label after EIS measurement, ' = SrSiOj, © = Na,SiO; O = o—
Na,Si,Os (ii), SNS45w (iii) and SNS45e (iv), after ageing at 650 °C (°)=Na,SrSi,Og , ()= Na,Si,Os

Table 2. Activation Energy (E,), conductivity value calculated @ 600°C and phase composition (JCPDS card
numbers in brackets) of SNSX after different thermal treatments.

Sample E.(eV)  Treatment Phases o(S cm™) @600°C
SNS10a A SrSiO; (01-077-0233)
1.89 B SrSi0; (01-077-0233) 2.610°
SNS20a A SrSiO; (01-077-0233)
1.37 B SrSi0; (01-077-0233) 2.210*
SNS30a A SrSi0; (01-077-0233)
1.33 B SrSi0; (01-077-0233), Na,Si, 05 (29-1261) 9,510
SNS40a A SrSi0; (01-077-0233)
1.30 B 2.910°
B+650 °C/150 h SrSi0; (01-077-0233), Na,Si,05 (22-1397),
Na,Si,05 (29-1261), Na,SiO; (16-0818)
SNS45w C SrSi0; (01-077-0233)
C+650 °C/150 h SrSi0; (01-077-0233), Na,Si,0s (23-0529)
D+650 °C/150 h SrSi0; (01-077-0233), Na,SrSi,0 (32-1159)
0.62 E 7.6 10°
E+650 °C/150 h SrSi0; (01-077-0233), Na,Si,05 (22-1397),
Na,Si,0s (23-0529), Na,SiO; (16-0818)
SNS45e C SrSi0; (01-077-0233)
C+650 °C/150 h SrSi0; (01-077-0233), Na,Si,0s (23-0529)
D+650 °C/150 h SrSi0;, Na,SrSi,0g (32-1159)
0.52 E 1.7 10*

E+650 °C/150 h
E+650 °C/300 h

SrSi0; (01-077-0233)
SrSi0; (01-077-0233)

57



M. Viviani et al.: lonic conductivity of Na-doped SrSiOs

SEM observation (backscatter mode) of cross
sections of ceramics aged during electrical testing
are reported in Fig. 2. Both SNS40a (i) and
SNS45w (ii) show light grains with rounded shape
immersed into a matrix with darker shades. EDAX
analyses indicate that grains correspond to SrSiO;
containing less than 5 at. % of Na, while matrix
region composition is close to Na,Si,Os (light grey
areas) and Na,SiO; (dark grey areas).

The microstructure of SNS45e also is

characterized by coexistence of light rounded
grains, that were identified as corresponding to
SrSi0O; by EDAX analyses, and dark matrix.

matrix appears homogenous (white spots are Ag
particles from electrodes) and therefore with one
single composition (Fig. 2iv). Because XRD did not
revealed other phases beyond SrSiO;, this dark
matrix is a glassy phase, still not crystallized after
300h (see fig. 2iv).

The electrical characterization was carried out in
air by impedance spectroscopy, that is a very
powerful technique when the appropriate
corrections are applied [25].

An example of the results is presented in Fig. 3,
where data collected at 500 °C for the SNS45¢
sample are represented as Nyquist plot.

(iii)

(iv)

Fig. 2. SEM backscatter on cross section of ceramics aged along electrical testing. SNS40a (i), SNS45w (ii),
SNS45e (iii, iv). Red square in (iii) locates the area shown in (iv) at higher magnification.

The spectrum shows one semicircle, which is
assigned to the electrolyte, and one feature at low
frequency which can be considered contribution
from electrodes. For the purpose of this work, low
frequency intercept of the spectrum with real axis
was considered as total resistance of samples.
Those values were wused to calculate the
conductivity by using the Ohm’s law.

From data reported in Table 2, it can be noted
that for samples prepared in acetone, increasing the
amount of Na leads to materials with increased
conductivity and decreased E,. On the contrary,
materials prepared in ethanol or water shows much
lower conductivity and lower E,.
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The activation energy of SNS is reported to be
between 0.3 and 0.5 eV [0,12], while for both
glassy and crystalline Na,Si,Os much larger values
were measured (> 1.1 eV) [20,20].

By comparing literature data with present
results, it is therefore possible to assimilate SNSXa
to Na,Si,Os. On the contrary, activation energy for
conduction in SNS45e and SNS45w is closer to that
of Na-doped SrSiOs, although the conductivity is
limited by considerable amount of glassy regions.

This is further confirmed by ageing behaviour of
conductivity, presented in Fig. 4. The conductivity
of SNS40a is strongly lowered by dwelling, which
can be ascribed to the crystallization of Na,Si,Os.

1074
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Fig. 4. Arrhenius plots of total conductivity during
heating (red) and cooling after ageing (650 °C / 150 h)
(blue) for SNS40a (i) SNS45e (ii) and SNS45w (iii).

This is not the case of SNS45e, were only a
slight reduction of conductivity is observed after
150 h ageing. Accordingly, the crystallization of
new phases was not observed for this sample. The
conductivity of sample SNS45w shows some
anomalies at temperatures between 550 and 650 °C,
which are shown in Fig. 4iii. Inset also shows a
second thermal cycle, which suggests the presence
of a transition in that temperature range. The
transition  might be associated to glass
crystallization, which is also supported by the
acicular shape of Na-rich phases in this sample
(Fig. 2ii).

From results reported above, it appears that
processing can significantly modify the phase
composition and the electrical properties of Na-
doped SrSiOz;. XRD and SEM showed that Na
incorporation in the monoclinic SrSiO; structure by
the mechanism of eq. 1 is unfavourable, at least
under the conditions explored in this work.
Secondary phases from the Na,O-SiO, system were
detected in all materials with Na content higher
than 20 at. %, and always present as amorphous
regions. Ageing at 650 °C was effective in
promoting crystallization of glassy phase in near all
samples. An exception is represented by the
samples processed with double calcination before
sintering. Ageing at 650 °C for 150 h carried out
after the second calcination revealed the formation
of the 1:1 phase from the SrSiO;—Na,SiO; system
(Na,SrSi,Og), suggesting a beneficial effect from
the double thermal treatment towards simultaneous
incorporation of Na and Sr. In case of ethanol
processing (SNS45¢), further heat treatment at high
temperature (sintering) was effective in stabilizing
the amorphous regions which did not crystallize
even after prolonged ageing (300 h) at 650 °C. This
might be due to the composition of the glass as it is
known that crystallization of alkali-silicates with
high Si concentration is Kinetically limited due to
the high viscosity around the melting point [27].
Further investigation would be needed to clarify
this aspect.

For the SNS45e sample, it is not possible to
conclude whether the SNS or the glass are
contributing to conduction. Given that only one
semicircle is present in impedance diagrams,
separation of two contributions is not possible. The
very low total conductivity associated to low
activation energy make this composite quite
different from all previously reported about SNS.

For water processing (SNS45w), much lower
conductivity was obtained and stabilization could
not be achieved (see Table 2). Therefore, in this
case a lower Si/Na molar ratio is expected in the
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matrix or, in other terms, a lower incorporation of
Na in the SrSiO; phase.

CONCLUSIONS

The effects of preparation and thermal treatment
conditions on properties of Sri,Na,SiOs;, with
0.1<x<0.45, were studied. The preparation was
carried out by solid—state route with three different
mixing media. Acetone, ethanol and water were
selected for their large difference in polarity and
therefore for the different solubility of Na,COs.
Calcination was carried out under different
conditions, by changing temperature and number of
treatments. Results from X-ray diffraction, SEM-
EDAX and impedance spectroscopy confirmed that
the Na-SrSiO; system is always a multi-phase
structure, with some amount of sodium silicates
(amorphous or crystalline) increasing with Na
concentration. Quantity and crystallinity of sodium
silicates determines both the level of conductivity
and its thermal stability. Highest conductivity and
degradation rate was obtained when synthesis was
carried out in acetone with single calcination step at
850 °C. Double calcination limited conductivity but
increased its thermal stability. When ethanol was
used for powder mixing and double calcination was
applied, the material exhibited higher conductivity
after long term ageing at 650 °C also thanks to its
low activation energy, without appreciable
crystallization of other silicates. Such results make
the ethanol-based preparation promising for the
realization of a stable material suitable as
electrolyte material in SOFC.
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Honna npoBoaumoct Ha SrSiO3 [oTupaH ¢ HaTpui

M. Busnanu' ", A. Bap6yqnl’2, M.IL KapnaHe3el'2, P. BOTepZ, JI. Knemarnuc?, C. Ipecto’

! Hucmumym no xumust ha KoHOeH3Upanama mamepusi u enepautinu mexuono2uu, Hayuonanen coeem no nayunu
uscneosanust, Bua ane Onepa ITua 15, 16145 'enya, Umanus
2Kame()pa N0 2PANCOAHCKO, XUMUYECKO U eKOA0SUUHO UHJcenepcmeo, Yuusepcumem na I'enya, Bua ane Onepa Iua
15, 16145 I'enya, Umanus

[MocTenuna Ha.22 rouu 2018r.; npuera Ha 1 centremBpu 2018r.
(Pesrome)

Wscnenana e mpoBOAMMOCTTa Ha HOBO-OTKPHUTHS HoHEH mpoBomHuK SrSiOz motupan ¢ HaTpuid. Upes
cmecBade Ha SrCOs, Na,CO; u SiO, 6s1xa mpUrOTBEHW NIPaxOBE BHB BOJHA WIIM €TaHOIJHA Cpefa, 3a J1a ce
npoyun eeKTa Ha pa3TBOPUTEINTE BbPXY 00pa3yBaHETO Ha BTOpUYHU ¢a3u. M3mon3saHa Oelre peHTreHOBa
mudpaknus 3a Ja ce yCTaHOBH (Da3oBUSL ChCTaB HAa CMECHTE, TPETHPAHM Ha BB3AYX NPH Pa3IMduHU
Temneparypu B auanaszona 950-1050 °C B npogbkenne Ha 20 yaca. Pa3nuunu cxemu Ha HarpsiBaHe Osixa
MIPUIIOKEHHU C LIElT JIa ce MMOIIOMOTHE Brpaxkaanero Ha Na B MoHokiuHHaTa SrSi03 crpykTypa. [IpecoBanure
Ttabnetku ce cuaTeponatr npu 1000 °C B nmpoabxenne Ha 20 yaca U ce OKPUBAT ChC cpedbpHa MacTa 3a
CJIEKTPOXUMHYHO XapakTepH3upaHe upe3 UMIeqaHcHa crekTpockonus. [lpu noBeyeTo chCTaBU U TEPMUYHH
06paboTKH, 00pa3yBaHeTo Ha u3oaupaina ¢asa ot Na,Si,Os ce HabmromaBa karo Marpuiia ot SrSiOsz 3bpHa B
MOHOKJIMHHA (a3a. [IpoBoguMocTTa € orpaHuveHa OT JBOWHO KalllUpaHe, HO c€ yBelW4aBa TEpMHYHATA
crabunHocT. Koraro ce u3mon3sa eTaHos 32 CMECBaHE Ha MPaxOBETe, cje] AbIrOCPOYHO cTapeeHe npu 650
°C marepuaIbT UMa I10-BUCOKA MPOBOAUMOCT, ChIIO U MO-HUCKA aKTHBALMOHHA €HEprus, 0e3 3abenexxuma
KpUCTaIu3alys Ha APYry CUIUKATH.
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Chronoamperometrically poised electrodes mimic the performance of yeast-based
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Poised electrodes in a three-electrode mode is recently used as an alternative tool for establishment of favorable
redox conditions for extracellular electron transfer (EET) from biocatalysts to the anode in bioelectrochemical systems.
It has been demonstrated that the optimal imposed potentials differ for a particular microorganism species, depending
on its specific metabolic pathways. In this study, carbon felt electrodes were potentiostatically poised at +0.005, +0.405,
+0.505 and + 0.605 V (vs. SHE) in the presence of exoelectrogenic yeast strain Candida melibiosica 2491. The results
from chronoamperometric experiments show that the yeast is capable of performing EET at potentials higher than +0.5
V. The current generated at + 0.605 V (vs. SHE) follows the yeast growth phases, reaching stable maximal outputs of
ca. 40 mA/m?. The cyclic voltammetry analysis carried out reveals that the observed electrochemical activity is due to
production and secretion of endogenous mediator of EET, mimicking the already established yeast performance in real
biofuel cells. The differences in the electrochemical impedance spectra obtained with exploited yeast suspension and
cellular-free fraction describe the contribution of the cellular processes to the anodic current generation.

Key words: microbial fuel cell mimicking, poised anode, endogenous mediator, chronoamperometry, cyclic
voltammetry, electrochemical impedance spectroscopy.

INTRODUCTION

The oxidation—-reduction processes are the basis
of the cellular energetic mechanism. The most
energy-efficient oxidation of a substrate by living
microorganisms occurs at terminal electron
acceptor possessing high positive potential like the
oxygen. Under anaerobic or semi-aerobic
conditions, the aerobic respiration processes are
partially replaced by alternative pathways such as
different kind of fermentations. Although less
energetic favorable these pathways contribute to the
equilibration of the intracellular redox cell balance
providing oxidized NAD necessary as a cofactor of
glycerinaldehyd-3-phosphat-dehydrogenase and
thus for further conduction of glycolysis. The
capability of using alternative electron acceptors is
at the heart of Microbial fuel cell (MFC)
technology development, where the intracellular
produced electrons are transferred extracellularly to
the anode serving as a final electron acceptor [1].

To whom all correspondence should be sent:
E-mail: y.hubenova@iees.bas.bg

The bacteria utilizing the anode as electron acceptor
are referred to as exoelectrogens or anode-respiring
bacteria [2].

To gain these electrons (in form of electrical
energy), the MFC-devices usually operate under
polarization conditions, where the anode and the
cathode are connected in an electrical circuit [3]. At
a relatively constant cathodic potential during the
operation, the lower the anodic potential, the higher
the electrical outputs. Reaching anodic potential of
ca. -0.3V (vs. SHE) is reported as most
thermodynamic profitable. This potential can be
reached, however, for longer time at flow-batch
operating bioelectrochemical systems (BES). The
formation of microbial biofilm on the anodic
surface leads to lowering the potential [4]. Having
in mind the direct proportional relation between
microbial metabolic activity and the generated
electrical current, an alternative method for feeding
potential (poised electrode) has been proposed
[5-7]. From theoretical point of view, a more
positive anode potential wil allow the cell capture
more energy, but only if the cell is capable of
capturing this energy by pumping additional

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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protons across its cellular membrane.

Thus, the microbes must possess terminal
proteins of respiratory chains that can use this
additional potential provided by the anode [8].
Marsili et al. support this opinion by giving the
following example [9]: If the anode of an acetate-
fed (Eo’= -0.3 V vs. SHE) MFC is set to a highly
positive value of +0.4 V and a microbe can only
adjust its respiratory enzymes to a lower potential,
e.g., Eo’enzyme = -0.05 V, then the microbe will
only be able to capture a part of the total available
free energy.

Set anode potentials in MFC differ widely from
-0.2 V to +0.8 V (vs. SHE). It is accepted that the
anode potential has to be more positive than that of
the potential of the substrate and thus to simulate
natural terminal electron acceptors. The use of
different electrode materials such as stainless steel
or graphite does not allow the comparison of the
current generated at poised anodes. In their review
article Wagner et al. [8] summarize the received
data and show that current densities generated at
different applied potentials have very different
values. Some investigators suggest potential input
at negative potentials, which would create
conditions similar to those in a MFC. Others
suggest that more positive potentials would provide
more free energy to the microorganisms.
Depending on the microorganisms used as
biocatalysts, the optimal anode potentials, leading
to high current densities and more rapid start-up
times, needs further investigation.

In this study, the influence of the imposed
potential on the extracellular electron transfer
(EET) from Candida melibiosica 2491 yeast to
carbon-felt electrode was examined. For this
purpose, chronoamperometry (CA) with different
imposed potentials between -0.2 and +0.4 V vs.
Ag/AgCI was applied to the electrode, immersed in
an acetate buffer, where yeast cells had been
suspended for cultivation. The behavior of the
culture and the cell response to the applied
electrical voltage was explored by means of cyclic
voltammetry (CV) and electrochemical impedance
spectroscopy (EIS).

EXPERIMENTAL
Yeast cultivation

The yeast inoculum was fresh prepared after C.
melibiosica 2491 was cultivated at enriched
medium (YPg,) as previously described [10]. 500
ml suspension was centrifuged at 5000xg and
washed twice with acetate buffer. 6% inoculum
with Candida melibiosica was determined by
spectrophotometric measurement at Ag=0.630 at

100x dilution. The biocatalyst had been sterile
inoculated in 40 ml 0.2 M acetate buffer, pH 4.6,
allowing 3 h adaptation before the respective
potential was applied.

Electrochemical analyses

Potentiostatically-controlled anodes at four
different potentials (-0.2, +0.2, +0.3, +0.4 V vs.
Ag/AgCl) have been examined for current
generation for 50 h in a batch operation mode. At
each particular potential, the experiment was
carried out separately, however, the conditions have
been unified (electrode surface, quantity of
inoculum, temperature, electrolyte). The analyses
have been performed in a three-electrode mode,
where a carbon felt (SPC-7011, 30 g/m?
Weissgerber GmbH & Co. KG) with geometric
area of 16 cm? was connected as a working, Pt-
wire as a counter and Ag/AgCl (3.5 M KCI) as a
reference electrode. The experiments were carried
out at 26 °C. The generated current was monitored
during the whole experimental window and
recorded every five minutes by PalmSens 3
potentiostat. For better comparison, the received
data are presented as unified current density
(mA/m?) and the applied potentials referred to SHE
(Table 1).

Table 1. Applied potentials to the working electrode
in the presence of yeast suspension.

Half-cell Poising potentials,
samples V vs. SHE
Anode; +0.005
Anode, +0.405
Anode; +0.505
Anode, +0.605

The performance of yeast biocatalyst has been
also examined by means of cyclic voltammetry
(CV) for determination of the redox activity of the
yeast suspension and electrochemical impedance
spectroscopy (EIS) for clarification of the charge
transfer hindrances after the anode poisoning. EIS
was carried out in the frequency range from 50 kHz
to 5mHz with an applied ac signal with an
amplitude 10 mV and Edc equal to characteristic
peak potentials in CVs.

At the end of the chronoamperometric
experiments the yeast suspension was collected and
yeast cells were pelleted by centrifugation at
5000xg for 10 minutes. The obtained cellular-free
anolyte was filtrated by sterile filter with 0.2 um ¢
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pores’ size. The electrochemical activity of the
filtrate was analyzed by CV and EIS.

RESULTS AND DISCUSSION

Anodic set potentials have been chosen to be
sufficiently positive so that to allow the use of the
anodes for extracellular transfer of electrons by the
yeast cells (Fig. 1). At +0.005 V (vs. SHE) the
current began from too negative values, rising fast
in the first hour, but remaining negative till the end
of experiment (Fig.1a). At +0.405 V (vs. SHE) the
response of the yeast in the beginning differed but
still manifested in negative currents. These results
show definitely that both potentials are insufficient
to force the yeast cells to transfer electrons/protons
to the anode. Increasing the set potentials up to
+0.605V (vs. SHE) (Fig.1b) leads to positive
current densities, which slightly decreased at
+0.505 V, but increased at +0.605 V. The best
performance was obtained by poising at +0.605 V
(vs. SHE). The resulting curve resembles the
growth curve of the culture, previously established
[10]. Relative stable current density of ca. 40
mA/m2 has been achieved.
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Fig. 1. Current densities over time with anodes set at:
a) +0.005 V (dashed line) and +0.405 V (solid line)
potentials; b) +0.505 V (dashed line) and +0.605 V
(solid line) vs. SHE.
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Having in mind that at the end of exponential
phase of growth the electrogenic properties of C.
melibiosica are characterized with the production of
exogenous mediator (EnM), we carried out CV for
tracing the redox activity of the yeast culture at the
different set of potentials applied. The results are
presented in Fig. 2.

I/ mA

- = = Edc=+0.005 vI
—— Edc= +0.405 V]
164
02 00 02 04 06 08
E/V (vs. SHE)

I/ mA
\
\

Edc= +0.605 V|
-0,2 0,0 0,2 0,4 0,6 0,8
E/V (vs. SHE)

Fig. 2. CV of yeast suspension cultivated at applied
potentials: a) +0.005 V (dashed line) and +0.405 V (solid
line) potentials; b) +0.505 V (dashed line) and +0.605 V
(solid line) vs. SHE. Scan rate 10 mV/s.

As expected, none visible redox peaks have
been observed with the electrodes poised at +0.005
and +0.405 V (vs. SHE) (Fig. 2a). Unlike them, the
cyclic voltammogram of the electrode poised at
+0.505 V (vs. SHE) reveals slightly hinted peaks at
+0.335 and +0.595 V (vs. SHE), respectively (Fig.
2b). The registered oxidation peaks directs that the
yeast are electrochemically active around this
potential range. A significant augmentation of yeast
redox activity is observed after poising the anode at
+0.605V (vs. SHE). Both anodic and cathodic
currents have been enlarged with a clearly
distinguishable oxidation peak at +0.395V and a
reduction peak at -0.010 V (vs. SHE).

The yeast capability of secreting an EnM
participating in electricity generation processes
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with Anode, was additionally analyzed by both CV
and EIS. The recorded CVs are characterized by
appearance of broad anodic and cathodic peaks,
which potential difference rises with the increase of
scan rate, indicating a  quasi-reversible
electrochemical behavior (Fig. 3a). The estimated
formal redox potential (E°) from the CV obtained
at 10 mV/s is +0.195 V (vs. SHE), which is close to
data from our previous studies carried out in real
MFCs [2], in which the formal redox potential of
non-fractionated yeast suspensions ranges between
+0.200 and +0.285V (vs. SHE) depending on the
substrate used [12].

The linear dependence of the peaks™ currents on
the square root of scan rates reveals a presence of
electroactive soluble compound, capable of
transferring electrons from the yeast cells to the
anode (Fig. 3a, inset). The impedance data (Fig. 3b)
fit well to R;-CR,-QR3 equivalent electrical circuit
model. Because the second arc is not an ideal semi-
circle but rather a depressed one, a constant phase
element (CPE) was introduced instead of a second
capacitor.
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Fig. 3. Electrochemical analyses of yeast suspension
after chronoamperometric experiments at +0.605 V (vs.
SHE): a) CV with different scan rates. Inset:
Dependence of anodic and cathodic peak currents on the

square root of scan rate.; b) EIS-Nyquist plot —
Eac=10mV, Eqc= Eox peak:

The results show that the ohmic resistance (R; =
Rqo = 5.5 Q) and the charge transfer resistance (R, =
Rcr = 16 Q) are insignificant compared to R3= 1455
Q. Considering the presence of living cells, their
redox activity and therefore the complexity of the
system, the second arc might be attributed to
internal cellular metabolic processes, as proposed
by Sekar and Ramasamy [11], and the resistance
R;, denoted as Ry, is determined by the yeast
ability to grow under these conditions and to
produce electrochemically active compounds to
communicate with the anode. It is considered that
the in parallel connected capacitance and the
resistance of the first arc describe the external
processes, occurring on the electrode surface (that
is why R, is referred to as Re,) with the contribution
of the biological elements (whole cells and
secondary metabolites).

To distinguish the contribution of the yeast cells
themselves from that of the secreted active
metabolites to the current generation processes, the
exploited anolyte was fractionated and the redox
activity of the cellular-free supernatant was
investigated by CV (Fig. 4a). The results show the
presence of a soluble redox active substance with a
formal potential E®= +0.192V (vs. SHE).
Assuming that all molecules secreted by the yeast
cells are in a reduced form to complete their
biological role for extracellular electron transfer to
the anode, at a positive potential of +0.217 V (vs.
SHE) the molecules contacting the electrode
surface have been electrochemically oxidized,
resulting in a sharp oxidation peak. Sweeping the
potential in negative direction leads to their
reduction and a formation of a cathodic peak with a
maximum at +0.166 V (vs. SHE). Comparing the
peak potentials obtained with cellular-free fraction
and yeast suspension at the same scan rate (Fig 3a),
it is seen that in the presence of yeast cells, the
anodic peak is shifted in positive direction, while
the cathodic peak is shifted to more negative
values. The peak currents show with an order of
magnitude higher values, which in turn directs to an
enhanced oxidation ability in the presence of the
yeast biocatalysts. Within the cells, EnM is reduced
by NADH or FADH, (cofactors of important
enzymes) in the cytoplasm or by cytochromes of
the mitochondrial electron transport chains [14].

The impedance spectra also showed significant
difference in comparison with the yeast suspension
behavior (Fig. 4b). The lack of a second arc at the
absence of yeast cells supports the hypothesis that
this arc describes the hindrances connected with the
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complex cellular processes contributing to the
extracellular electron transfer (EET). Having in
mind that in the yeast suspension, the oxidized
EnM enters the cells to be reduced again and
secreted in the medium to be re-oxidized on the
anode repeatedly, the lack of yeast cells is
responsible to the huge charge transfer resistance in
the cellular-free fraction. The Bode plot data,
however, show a maximum negative phase angle at
mid frequencies (Fig. 4b - inset), which is attributed
to the presence of EnM, as previously suggested
[11].
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Fig. 4. Electrochemical analyses of filtrated cellular-
free fraction, containing EnM: a) CV, scan rate 10 mV/s,
second scan; b) EIS-Nyquist plot (Eac=10mV, Edc= Eox
peak). Inset: EIS-Bode plot.

As stated by Wagner et al. [8], more positive
anode potentials should allow microorganism to
gain more energy per electron transferred than a
lower potential, but this can only occur if the
microbe has metabolic pathways capable of
capturing the available energy. In our recent study
[15], we proved that in the presence of acetate C.
melibiosica yeast up-regulates the Glyoxylate cycle
for acetate assimilation and biosynthesis of
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carbohydrate precursors such as malate, succinate
and oxaloacetate.
The investigation was carried out in real two-

chamber MFCs with continuously connected
external load. The obtained results in this study
reveal that +0.605V (vs. SHE) is an appropriate
potential to mimic MFC-conditions mentioned
above, while the yeast use acetate as a substrate.
This potential is sufficient also to up-regulate a
secondary metabolic pathway for synthesis of
active metabolite (EnM), contributing to the current
generation under these conditions.

CONCLUSIONS

The half-cell studies with potentiostatically
poised carbon felt electrodes and C. melibiosica
2491 yeast as a biocatalyst show that anodic
reaction connected with the yeast electrochemical
activity occurs at potentials higher than +0.5 V (vs.
SHE). The current density at +0.605 V (vs. SHE)
reached stable values of ca. 40 mA/m? in a batch
operation mode. After reaching a steady-state, well-
defined anodic and cathodic peaks appear in the
cyclic voltammograms of the anolyte, indicating a
production  of  endogenous  mediator  for
accomplishment of extracellular electron transfer.
The differences in the impedance spectra obtained
in the presence and absence of yeast cells reveal the
contribution of the cellular processes to the EET
and the anodic current generation.

Acknowledgments: This study was supported by
contract DFNI-TO2/2-12.12.2014  with  the
Bulgarian National Science Fund.
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XpOHOAMIEPOMETPUYHO IPUIIOKEHO HAIIPEKEHUE BBPXY €IEKTPO UMUTHPA MOBEACHUETO Ha
JPO’KIeH OMoaHO/ B OMOTOpPHBHA KJIETKA

. XybeHoBa L2 * E. XybeHoBa ® M. Muros *

! Hucmumym no enexkmpoxumust u enepeutinu cucmemu ,, Axao. Eecenu Byoescku” - BAH, Axao. I'. bonueg ", 61.10,
1113 Cogus, bvreapus
2 [Tnosouscku ynusepcumem ,, Haucuti Xurendapcku”, yn. "Llap Acen” 24, 4000 IT1060us Bvieapus
Ilenmuvp 3a neduampus, Ynusepcumemcku Kiunuu, yrusepcumem & bon, Adenaypeane 119, 53113 Bon, I'epmarus
*Unnosayuonen yenmuwp 3a exoenepeutinu mexronozuu, F0zozanaoen ynusepcumem "Heogpum Puncku”, yn. "Hean
Muxaiinos" 66, 2700 bBracoesepao, bvreapus

[TocTpnmna Ha26 maii 2018r. ; npuera Hal6 aBryct 2018r.
(Pesrome)

[lopaBanero Ha HaNpe)XEHHE Ha €JIEKTPOJH B TPH €IEKTPOJHA EICKTPOXUMHYHA KIIETKA CE U3II03Ba KAaTO
MOJXO/A 32 YCTAaHOBSIBAHE Ha OJIATONPHUATHU PENOKC-yCIOBUS 32 WM3BBHKJIIETHUEH EJIEKTPOHEH TpaHcdep
(EET) or Omoxkaranmuzaropa 1o aHona. [leMOHCTpHUpaHO €, 4Ye ONTUMAIHHUTE TPHIOKEHH MOTEHIMAIH Ce
pa3nu4aBaT 3a OTIENHUTE BHJIOBE MHKDOOPTAaHW3MH W 3aBUCAT OT CHEUU(UYHUTE MM METabOTUTHH
mpTHmA. B ToBa m3cmeaBane, moteHmumanu ot +0.005, +0.405, +0.505 u + 0.605 V (cpemy SHE) ca
NpUJIaraHu BbPXY BBIVICPOJHHU CICKTPOM B MPUCHCTBUETO HAa SK30CJICKTPOreHeH ImaM Ha apokan Candida
melibiosica 2491. Pesynrature OT XpOHOAMIIEPOMETPHYHUTE EKCIICPHUMEHTH TIOKa3Bar, 4e APOXKIUTE ca
cnocoOHu na ocwiectBsBat EET npu nonokutenHu noreHmany, no-sucoku ot +0.5 V. TokbT, TeHepupan
npu + 0.605 B (cpemry SHE), cnenBa azute Ha pacTex Ha APOXKIUTE, JOCTUTAMKH CTAOMIHM MaKCUMAaJTHU
muBa or 40 mA /m’. W3BbplieHaTa LUKIMYHA BOJTaMIEPOMETpPHUS IIOKa3Ba, d4e HaOirolaBaHaTa
CJIEKTPOXUMHYHA aKTHBHOCT C€ ABJDKM Ha IMPOM3BENEH U CEKpeTHpaH eHjaoreHeH menuarop Ha EET,
MMUTHpPAKH BeYe YCTAHOBEHOTO MOBEACHNE Ha JAPOXKICHHS I11aM B peallHd OMOTOPUBHH KJIEeTKH. Pasnukure
B €JICKTPOXMMUYHUTE UMIIEIAHCHH CIIEKTPH, TOJyYEHH ChC JAPOXKJIEHA CYCIICH3Us U O3KJICThYHH (PpaKiiuy,
OIMCBAT NPUHOCA HA KJIETHYHUTE MPOLIECH KbM F€HEPHPAHETO Ha aHOJCH TOK.
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An intrinsic property of the merocyanine dyes is the intramolecular charge transfer, which determines a variety of
their applications in different fields like optical communication technology, molecular electronics, as optical
chemosensors for analytical purposes and voltage-sensitive dyes for mapping membrane potential changes in excitable
cells, etc. In this study, the electrochemical behavior of recently synthesized styrylquinolinium dye 4-(E)-1-ethyl-4-(2-
(4-hydroxynaphthalen-1-yl)vinyl)quinolinium bromide and its possible interaction with NAD*/NADH redox couple
have been investigated. It has been established that in neutral and alkaline buffer solutions the dye co-exists in
benzenoid (reduced) and quinoid (oxidized) forms and the equilibrium between both forms can be shifted by change of
pH. A quasi-reversible electrochemical behavior, assigned to consecutive electroreduction and electrooxidation of dye,
has been observed by means of cyclic voltammetry. The redox coupled interaction between the dye and NAD in
solution is evaluated by juxtaposing the results obtained by UV-Vis spectroscopy, cyclic voltammetry and
electrochemical impedance spectroscopy.

Key words: styrylquinolinium dye, electrochemical activity, NAD+/NADH, UV-Vis spectroscopy, cyclic voltammetry,

electrochemical impedance spectroscopy.

INTRODUCTION

Microbial fuel cells (MFCs) are devices capable
of converting the chemical energy of available
organic substrates directly into electricity by using
different microorganisms as bio-micro reactors.
The main drawback of MFC technology, which
limits the broader application as power sources, is
the low achieved power and generated current. One
of the factors influencing the microbial fuel cells’
performance is the electron transfer from the living
cells to the anode surface, which might be
overcome by the addition of the so called
exogenous mediators (ExMs) of extracellular
electron transfer (EET). Among the most explored
artificial mediators are methylene blue [1, 2],
thionine [3], neutral red [1, 4, 5], 2,6-dichloro
phenolindophenol,  safranine-O, phenothiazine,
resurofin [6], etc. It is proven that the formal
potential of every exogenous mediator determines
the possibility for exchanging electrons with

To whom all correspondence should be sent:
E-mail: y.hubenova@iees.bas.bg

cellular redox molecules possessing close potential
[7]. The highest increase of the current (1 A.m?)
and power (640 mW.m™) generated by yeast-based
biofuel cell has been achieved with the methylene
blue [1], possessing formal potential Eo’= +0.055
V (vs. SHE). Exogenous mediators with positive
formal potentials like thionine (Eo =+0.064),
methyl red (Eo'= +0.385), etc., act as electron
acceptors beeing reduced by electrons originating
from various metabolic pathways, while mediators
with too negative formal potentials like
bromocresol green (Eo’= -0.380 V) and neutral red
(E0’=-0.290V) are capable of exchanging
electrons only with redox molecules with more
negative potentials (like NADH) in a way important
for balancing levels for gain of biological and
electrical energy [8]. Diverting electrons from
different energetic levels, the exogenous mediators
actually affect the metabolic pathways. It is
demonstrated that bromocresol green and neutral
red are capable of up-regulating alcoholic
fermentation, while those with more positive
potentials like methylene blue redirects the yeast
catabolism to predominant aerobic respiration [2].

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Thus, the use of ExMs becomes a new appropriate
approach for studying energy levels of metabolic
pathways and their contribution to the EET. The
mechanisms of acting of ExMs are still unclear and
need more in vivo as well as in vitro investigations
for explanation of the processes occurring within
biocatalysts and the biofuel cell. Finding new redox
active molecules as putative exogenous mediators
will contribute to better understanding and
elucidation of the reaction mechanisms between
ExMs and cellular redox couples.

Recently, the influence of dye 4-{(E)-2-[4-
(dimethylamino)naphthalen-1-yllethenyl}-1-
methylquinolinium iodide (DANSQI) on the
electrical outputs of Candida melibiosica 2491
yeast-based biofuel cell was investigated [9].
Exploring the possible mechanisms for the
observed improved performance, it was suggested
that the dye acts as subcellular shuttle on account of
its specific intramolecular charge transfer properties
and the transition between its basic forms -
benzenoid and quinoid. The exchange of
electrons/protons between DANSQI and subcellular
electronophores was proved. It was also established
that the presence of the dye affects the yeast
metabolism. Subcellular studies showed that 1 uM
dye increased 30-times the peroxisomal catalase
activity (1.15 £ 0.06 Unit/mg protein) and twice the
mitochondrial cytochrome ¢ oxidase activity (92 +
5 Unit/mg protein).

In this study, another, recently synthesized and
characterized styrylquinolinium dye 4-(E)-1-ethyl-
4-(2-(4-hydroxynaphthalen-1-yl)vinyl)quinolinium
bromide (shortly D3) [10, 11] was investigated in
respect to establishment of its redox properties and
possible interaction with NADH/NAD+ redox
couple in solution. Like other styrylquinolinium
dye [9], D3 contains 4-hydroxynaphthyl group and
guinolinium moiety with quaternary nitrogen linked
by conjugated bridge (—CH=CH-) [11]. Due to the
conjugated structure, an intrinsic property of this
class of dyes is the intramolecular charge transfer
(ICT) from the phenol hydroxyl group (acting as an
electron donor) through the m-conjugated bridge to
the quinolinium moiety (acting as an electron
acceptor). The results, obtained by means of
electrochemical (EIS, CV) and spectrophotometric
methods, are compared and discussed.

MATERIALS AND METHODS

Preparation of solutions

The styrylquinolinium dye 4-(E)-1-ethyl-4-(2-
(4-hydroxynaphthalen-1-yl)vinyl)quinolinium
bromide (D3) was synthesized as previously
described [10]. Freshly prepared 2.5 mM dye in

DMSO was used as a stock solution for further
dilution to 50 uM in the respective 0.1M buffer
(phosphate buffered saline (PBS), pH 7; Tris-HCI,
pH 8; acetate buffer, pH 4.6 and potassium
phosphate, pH 10) or 10 mM NaOH.

1 mM nicotinamide adenine dinucleotide
(NADH or NAD+) solutions were freshly prepared
just before the experiments and mixed with the dye
in proportion 10:1. 10 mM sodium hydroxide, pH
12, was used for stabilization of NADH in solution
and preventing its non-controlled oxidation. Water
alone should not be used to prepare NADH
solutions since it is a proton-donor solvent and
would decompose NADH.

Electrochemical studies

The electrochemical behavior of D3 alone and in
mixtures with NAD+ or NADH was investigated by
means of electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV). Both studies
were performed in three-electrode mode by using
platinum wires as working and counter electrodes
and Ag/AgCl (3M KCI) as a reference electrode.
The CV studies were carried out with different scan
rates (from 10 mV/s to 1 V/s) by using PalmSens 2
potentiostat/galvanostat. The EIS measurements
were conducted at frequency range varying from
50 kHz to 2 mHz, an ac signal of amplitude 10 mV
and dc at a fixed potential module (vs. OCP). A
PalmSence 3 potentiostat with EIS function was
used for these analyses.

The capacitance of the double layer (Cq4) was
estimated by formula (1):

Car=— (1)

o.RcT

where o is the radial frequency (w=2xf) and
RCT is the charge transfer resistance determined
from the impedance spectra.
The exchange current
calculated using equation (2):

density (jO) was

; _ RT 1
Jo = 2FS " Rer (2)

where R is the gas constant, T is the absolute
temperature, F is the Faradaic constant, 2 is the
number of exchanged electrons and S is electrode
area in cm®.

Spectrophotometric measurements

The spectrophotometric analyses for
determination of the benzenoid (D3BF) and quinoid
(D3QF) forms of the dye were performed in a
wavelength scan mode between 200 nm and
800 nm, while the presence of the reduced or
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oxidized form of NAD was traced up to 450 nm by
using Hach-Lange UV-Vis spectrophotometer.

RESULTS AND DISCUSSION

In our previous study [9], it was demonstrated
that the hemicyanine dye DANSQI can undergo
transformations from quinoid to benzenoid form
and vice versa depending on the solvent. Taking
into  consideration  that these  reversible
transformations are connected not only with ICT of
electrons but also with  processes  of
protonation/deprotonation [11], it can be expected
that they are pH-dependent, i.e. the equilibrium
between both forms can be shifted by changes of
pH. To check this hypothesis, D3 was dissolved in
buffers with different pH and the obtained solutions
were analyzed spectrophotometrically. Two
characteristic absorption bands can be distinguished
on the recorded spectra (Fig. 1). The shorter-wave
absorption band at 460 nm, corresponding to the
SO-CT (where SO is the singlet state and CT is the
charge transfer state) transition, is referred to the
benzenoid structure of the dye (D3BF) and the
longer wavelength band - to the quinoid form
(D3QF) [12]. Normally, the absorption bands of the
dye D3 are broad, having half-widths of about 5000
cm™. The broadness of the absorption bands may
arise due to a contribution of more than one
electronic state to the absorption spectrum or a
broad distribution of conformers (solvent-solute or
intramolecular) in the ground state. Analyzing the
individual spectra, it can be concluded that in acidic
medium only the benzenoid form exists, while in
neutral and alkaline buffer solutions a co-existence
of both forms of the dye is observed. It should also
be noted that in alkaline media the characteristic
absorption band for benzenoid form is sharpen,
which is probably connected with deprotonation of
the phenol hydroxyl group at high pH and
formation of an anion [11, 13]. Such narrowing of
the band was also observed with the addition of an
organic base piperidine to the D3 solution [12, 14].
In anhydrous DMSO solution, D3 exists only in a
quinoid form (Fig. 1, inner graph). The splitting of
the absorption maximum into two bands with Amax
at 680nm and 650nm is associated with
aggregation phenomenon [11]. The maximum at
680 nm is assigned to a monomer, while the lower
one at 650 nm - to the quinoid dimer. Though not
so clearly expressed, a shoulder from shorter-wave
side at 650nm can be also distinguished in the
spectra of the dye in alkaline buffer solutions.

The existence of D3 in reduced (benzenoid) and
oxidized (quinoid) forms suggests that the dye
could play the role of an electron-acceptor
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(oxidizer) as well as an electron-donor (reductant).
Thus, it can be supposed that D3 may undergo a
reversible  electrochemical  conversion  and
participate in a variety of processes with an
exchange of electrons and/or protons.
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Fig. 1. UV-Vis spectra of dye D3 dissolved in
buffers with different pH; inner graph — D3 in DMSO.

The electrochemical activity of D3 in alkaline
buffer solution, where it exists in both reduced
(D3BF) and oxidized (D3QF) forms, was examined
by means of CV. When the potential was swept in
negative direction, a well-defined cathodic peak
appeared on the CVs, which shifted to more
negative potentials with the increase of the scan
rates (Fig. 2). At the lowest scan rate applied (50
mV/s), the cathodic peak potential in the presence
of D3 (-54 mV vs. Ag/AgCl) significantly differs
from that observed on the CV of the background
NaOH electrolyte (-200 mV vs. Ag/AgCl), which
supposes that the former one is attributed to the
electroreduction of the dye on the electrode surface.
After reversing the scan into positive direction, a
big anodic peak is formed with a maximum at -540
mV vs. Ag/AgCl at 50 mV/s, shifting to more
positive potentials with acceleration of the scan
rate. It is worth noticing that at the same scan rate
the position of this peak coincides with that of the
anodic peak in the wvoltammogram of NaOH
solution, which is firmly connected with the
hydrogen desorption reaction. However, the much
higher intensity of the corresponding anodic peak in
the presence of D3 suggests a strong contribution of
the dye to the formation of this peak. In a previous
study [11], a two-step mechanism for oxidation of
the reduced form of D3 was proposed, which first
step includes a formation of negatively charged
intermediate by deprotonation of the phenol
hydroxyl group. Thus, it may be hypothesized that
the enhanced anodic peak in the presence of D3 is
due to the increased amount of protons as a product
of dye deprotonation. Another evidence, supporting
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such hypothesis, is the close intensity of the
cathodic and anodic peaks at the same scan rates,
supposing that the electroactive particles,
participating in the oxidation reaction, originate
from the reduced dye formed during the cathodic
scan. At more positive potentials (above +400 mV
vs. Ag/AgCl), an anodic hump (better
distinguishable at higher scan rates) is observed,
which could be assigned to the ICT and conversion
of the intermediate dye anion into D3QF [11].

54~ = 50mV/s
100 mV/s
44— = 200mV/s
300 mV/s
3 500 mV/s
- - -1000 mV/s ’
2 {|—— NaOH, 50 mV/s G

I/mA

40 05_ 00 05 15
E /V (vs.Ag/AgCl)
Fig. 2. Cyclic voltammograms of 50 uM 4-(E)-1-
ethyl-4-(2-(4-hydroxynaphthalen-1-yl)vinyl)quinolinium
bromide (D3 dye) obtained with increasing scan rates.

The established electrochemical activity of D3
motivated the investigation of the putative
interactions between the dye and reduced or
oxidized form of NAD*/NADH couple, which is
widely explored as a model redox system because
of its important role in the energetics of the living
cells [15].

Distinguished differences were observed in the
CV patterns obtained with NAD" and its mixture
with D3 (Fig. 3a). While well-defined broad
cathodic and anodic peaks, assigned to multistep
electroreduction and re-oxidation, appeared in the
CV of NAD", the CV of the mixture of NAD" and
D3 is similar to that of NADH (Fig. 3b), suggesting
that the predominant form of the dye D3BF reduced
NAD"to NADH. Though the CVs of NADH and its
mixture with D3 look similar, some differences in
the patterns exist. First, in the presence of the dye
the observed cathodic peak is shifted to more
positive potentials, and second, a new oxidation
peak at ca. +250 mV (vs. Ag/AgCl) appears, which
is missing in the CV of NADH. The lack of
pronounced anodic peak, corresponding to the
NADH electrooxidation, may be attributed to
different reasons such as electrode fouling,
formation of electrochemically inactive
intermediates, etc. Elving et al. [16] emphasized the
impact of the experimental protocol on the results
obtained in the electrochemical studies of the NAD
system in aqueous media, especially as related to

the effects of adsorption of the various NAD
species, the mediation role of adsorbed and other
surface species on the electrode, and the time-scale

of the particular experimental approach used.
0,9

0,6

0,3 1

0,01

1/ mA

-0,34

-0.64 —— NAD" + dye|

- = NAD’

-0,9 T T T T T T
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Fig. 3. Cyclic voltammograms of: a) 500 pM NAD+
(dashed line) and mixed solution of 500 uM NAD+ and
500 uM D3 (solid line); b) 500 uM NADH (dashed line)
and mixed solution of 500 pM NADH and 500 uM D3
(solid line); Scan rate 200 mV/s.

It was supposed that in the case of Pt or Au
electrodes, on which surface the adsorption of
NAD" is negligible, the initial step in the NADH
oxidation proceeds to at least some extent through
mediator redox systems located close to the
electrode surface such as OH ,4/H;0, O,45/OH 545 OF
other redox couples. It was also assumed that a key
point in the NADH oxidation pattern is the
deprotonation step and its relation to the initial
electron-transfer step [16]. Thus, the appearance of
the anodic peak at ca. +250 mV (vs. Ag/AgCl) in
the CV of mixture of NADH and D3 could be
related namely to the role of D3QF/D3BF redox
couple as a mediator for initialization of NADH
oxidation, probably associated with facilitated
exchange of protons with the quinoid form of the
dye.

Summarizing the results from the CV
experiments, it can be concluded that due to the co-
existence of both forms (D3QF and D3BF) in
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alkaline buffer solutions the styrylquinolinium dye
D3 may interact with NAD" as well as with NADH
at appropriate conditions. Having in 3mind that the
benzenoid form of the dye presents the reduced dye
molecules, it is considered that the reduced dye
donates electrons and a proton to the NAD", while
the dye in its oxidized (quinoid) form may accept
electrons/proton from NADH. In this way, the
reduction of the dye occurs simultaneously with the
oxidation of NADH and vice-versa in a non-
enzymatic dynamic way (Fig. 4).

RiboADF
N
HoH O~NHj

NADH (red)
RiboADF

|+

8 D W,
| o /

e g Yl

H
NAD™ (ox) BF (red)
Fig. 4. Schematic presentation of the deductive

reactions between D3 dye and NAD+/NADH.

QF (ox)

The more evident differences in the CV patterns
of NAD" and its mixture with D3 could be assigned
to the predominance of the dye’s reduced form
(D3BF) in aqueous solutions, which interaction
with the oxidized NAD is additionally forced by the
applied electrochemical conditions. This hypothesis
is supported by comparison of the UV-Vis spectra
of mixture of NAD" and D3, recorded before and
after the CV experiments (Fig. 5). The spectral data
show that after electrochemical treatment of the
mixture, the band of the benzenoid form decreases
double, while the absorption band at higher
wavelengths, representing the quinoid form, grows
up, directing to a possible electrochemically forced
coupled reaction between the dye and NAD.

—— NAD" + dye after CV
20- - - = NAD’
- - NAD' + dye before CV|

1,54

1,01

300 400 500 600 700 800
Anm
Fig. 5. UV-Vis spectra of 500 uM NAD+ and its
mixture with 50 pM D3 before and after electrochemical
experiments.
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The interaction of the dye with NAD*/NADH
couple was additionally investigated by means of
EIS. For the right interpretation of the obtained
spectra, the data of the dye's mixtures with NAD
(Fig. 6a) have been compared with those of the
substances alone (Fig. 6b). While all samples are
diffusion limited at mid and low frequency range,
the response to the applied sinusoidal signal in the
high frequencies varied for the different substances
(Fig. 6, insets; Table 1).
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Fig. 6. Nyquist plots of: a) mixed solutions of 500

uM NAD+ + 50 uM D3 and 500 uM NADH + 50 uM

D3; b) individual solutions of 50 pM D3; 500 pM

NAD+ and 500 uM NADH, recorded at frequency range

from 50 kHz to 2 mHz with sinus amplitude 10 mV.

Insets - magnification of the impedance spectra at high
frequencies.

It was assumed that the observed diverse
parameters like ohmic (Rgp) and charge transfer
(Rct) resistances as well as double layer
capacitance (Cq) are a consequence of occurred
interaction in the case of mixed dye. For instance,
the ohmic resistance of the dye itself remains
identical in the presence of NADH (even when in
excess), while the polarization resistance was twice
lower and the capacitance — twice higher.
Comparing the Rcr and Cy of NADH alone to those
of the mixture dye/NADH, it is seen that Rcr is
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twice lower than that of the mixture but Cq is twice
higher. It was supposed that the capacitance of the
mixed with NADH dye is lower because of their
interaction in the solution and in the frame of the
double layer exchanging electrons/protons, which
would decrease their transfer to the electrode. In
this way, although the smallest diameter was
observed for NADH alone, showing the possible
exchange of its 2 electrons and a proton with the
electrode, the increasing arc diameter of the
mixture indicates the exchange of NADH electrons
and protons not with the electrode but with dye
molecules instead. Having in mind, on the one
hand, the intermediates formed and on the other
one, the small surface of the Pt electrode, both
could explain the increased resistances and bigger
arc diameter. If we accept that a part of the NADH
molecules are oxidized by the dye molecules

(D3QF) we have to assume that NAD® is
dynamically formed (thus D3BF, D3QF, NAD" and
NADH are present in the sample). That is why the
data obtained with NAD™ alone and in mixture with
the dye have been also compared. The presence of
more reduced dye's molecules in the sample,
which might reduce NAD" molecules argues the
lower ohmic resistance of the mixture
dye/NAD" compared to NAD" alone. At the same
time the Rt of the mixture was 9-times lower than
that of the NAD" and about 7-times lower than that
of the dye alone. The highest capacitance of the
dye/NAD" mixture could be due to the newly
formed NADH, which itself shows the highest
exchange current density among the pure explored
substances. The similarity of the arc’s diameters of
dye/NAD® and NADH itself supports this
assumption.

Table 1. Extracted data from recorded electrochemical impedance spectra.

Sample Ohmic resistance  Charge transfer Double layer Exchange current
(Ra) resistance (Rer) capacitance (Cq) density (jo)
Q Q nF pAlcm?
Dye D3 + NADH 145 431 25 37
Dye D3 + NAD" 55 95 112 168
Dye D3 150 707 15 23
NADH 80 220 48 73
NAD* 115 860 12 19
CONCLUSIONS Acknowledgments: This study was supported by
The dye 4-(E)-1-ethyl-4-(2-(4-hydro the National Science Fund of Bulgaria through

xynaphthalen-1-yl)vinyl)quinolinium bromide
(D3), dissolved in neutral and alkaline buffer
media, exists in benzenoid (reduced) and quinoid
(oxidized) forms, which equilibrium is pH
dependent. In alkaline buffers the dye can undergo
reversible electrooxidation/electroreduction. It has
been also established that dye D3 react with both
oxidized and reduced forms of NAD, more
pronounced with NAD®, probably because of the
predominance of benzenoid form (D3BF) at the
explored experimental conditions. The coupled
redox reactions can be detected by CV and EIS.
The obtained results reveal a possibility for
development of non-enzymatic method for
detection of NAD in vitro as well as potential for
utilization of the styrylquinolinium dye D3 as an
exogenous mediator of electron transfer in
bioelectrochemical systems as microbial fuel cells.
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OKUCIHUTENHO- PEAYKIIMOHHU B3aUMOJACHCTBUsS Mex 1y 0arpuiioro 4- (E) -1-etun-4- (2- (4-
XuApokcuHadTaneH-1-mi1) BuHmWI) XuHoauaue opomua u NAD+/NADH

158 XybeHoBa 12, * P. bakaicka 2, E. XybenoBa 3, M. Muros *

! Hucmumym no enekmpoxumus u enepeutinu cucmemu ,, Akao. Eezenu Byoeecku” - BAH, Axao. I'. bonueg ", 061110,
1113 Cogus, bvreapus
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IToctenuna Ha26 mait 2018r. ; mpueta Hal6 aBryct 2018r.
(Pesrome)

[Ipuchuo cBOMCTBO HAa MEPOLMAHMHOBHUTE Oarpuia € BhTPEIIHOMOJICKYJIHHS HPEHOC Ha 3apsil, KOHTO
ompefeNisi MPWIOKEHUSITa WM B pa3inyHd OONacTH KaTro OINTHYHO- KOMYHHMKAIIMOHHA TEXHOJIOTHS,
MOJIEKYJISIpHA €JIEKTPOHWKA, W3MOJI3BAHETO MM KaTO ONTHYHM XEMOCEH30pW 32 AHAIUTHYHH LEIH W
KapTrorpadupaHe Ha HM3MEHEHHUATa Ha MeMOpaHHHS IOTEHIMal BbB BB3OYIUMHU KIIETKH. B HacrosmoTo
W3CIe/[BaHe € aHATM3UPaHO EJICKTPOXMMUYHOTO MOBEJICHUE HA CHHTE3WPAaHOTO Hackopo Oarpwmio 4- (E) -1-
etmi-4- (2- (4-xunpokcuHadranen-1 -uia) BUHUII) XMHOJIMHUEB OPOMUJI U Bh3MOXKHOTO MY B3aUMO/ICHCTBHUE
¢ penoxe aBoiikata NAD/NADH. VcTaHOBEHO €, 4e B HEYTPAIHH i AlTKaTHH 6yGepHi pasTBOPH 6ArPHUIOTO
CBIIIECTBYBA B CBOsiTa OeH30eHOUHA (peAylpana) U XWHOUIHA (OKHCIeHa) popMa U paBHOBECHUETO MEKITY
nBete GOpMHU MOXKeE Jla ce M3MECTH upe3 npomsiHa Ha pH. KBa3u-oOpaTumo elnekTpoXUMHUYHO IOBEJICHHE,
OTHECEHO KbM IIOCIIEIOBATEIIHN EJIEKTPOPEAYKIHMS M EIEKTPOOKUCICHHE Ha 0arpuioTo, € HaOJIIoJaBaHo C
MOMOIITa Ha MUKIMYHA BoiTamrnepoMeTpusi. CHBOCHOTO OKHCIHMTEIHO-PEAYKIMOHHO B3aMMOJICHCTBHE
Mmexay Oarpwioro u NAD B pastBopa e OILGHEHO 4Ype3 chIocTaBsiHe Ha pesyiararure ot UV-Vis
CIEKTPOCKOIHS, IUKIMYHA BOJITAMIIEPOMETPHUS U €IEKTPOXUMHUYHA UMIIEJTaHCHA CIIEKTPOCKOITHSL.
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In memory of Professor Zdravko Stoynov for his kind personality and innovative scientific contribution to
electrochemistry

Hydrogen evolution reaction was studied by electrochemical impedance spectroscopy at a high purity grade
zirconium and Si-modified zirconium electrode in borate buffer. Roughness factor and fractal dimension of the
electrode surface were determined for both electrodes from topographic images obtained by atomic force microscopy.
Electrochemical impedance spectra were fitted by a simple equivalent circuit containing constant phase element, which
provided the exponent n that can be directly related to fractal dimension Dy of the electrode surface. For Zr electrodes a
reasonable agreement between D; values calculated from n exponent of the constant phase element and the
experimentally-obtained fractal dimension was found, whereas this approach failed for Si-modified Zr electrodes.
Further implication of this result for the determination of hydrogen evolution rate parameters is discussed.

Key words: zirconium, hydrogen evolution reaction, impedance, fractal dimension, atomic force microscopy

INTRODUCTION

This contribution is dedicated to the memory of
Professor Zdravko Stoynov for his pioneering work
in the field of electrochemical impedance analysis
[1].

Presented work is focused on the interpretation
of the constant phase element (CPE) by employing
fractal analysis of the electrode | electrolyte
interface. The nature of CPE has been discussed
extensively in the past [2-15] and it is generally
believed that the CPE behavior is a consequence of
the current density distribution along the
electrode | electrolyte interface due to the surface
inhomogeneity. If the CPE is only the intrinsic
property of the double layer, the fitting parameter Q
is independent of the solution resistance Rs and
there is no need to invoke the distribution function
for the relaxation times [5]. In most of the
experimental cases, however, this is not the case
and several distribution models (ladder or other
transmission line networks) have been assumed

To whom all correspondence should be sent:
E-mail: magdalena.hromadovajh-inst.cas.cz

leading to the effective capacitance value C,
which can be obtained from Q parameter by several
different expressions that include not only the
solution resistance but the charge transfer resistance
values as well [5,6].

Another concept that explains the CPE behavior
uses the description of the surface inhomogeneity
by a fractal geometry [8,9]. Based on this approach
Nyikos and Pajkossy [8] suggested a simple
relationship n = 1/(Df —1) between the CPE
parameter n and the effective dimension of the
electrode surface D;, which was experimentally
verified for fractal blocking electrodes [10].
Subsequently, Mulder and Sluyters [9] used the
surface fractal properties to explain depressed
semicircular arcs in impedance plots for irreversible
electrode reactions. Several subsequent
experimental works took up on this concept [16-
18].

Hydrogen evolution reaction (HER) on two
different types of zirconium-based interfaces,
namely on pure zirconium and Si-modified
zirconium electrode materials, has been used
for this evaluation. Electrochemical impedance
spectroscopy (EIS) measurements were obtained
under the experimental conditions that enabled

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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simplification of the impedance response and
subsequent spectra analysis by utilization of

a simple Ry(CPE-R) electric circuit, where Rs is
the solution resistance, Ry is the charge transfer
resistance and CPE represents the constant phase
element referring to the electrode capacitive
behavior. This simplification was achieved by using
a sufficiently negative applied potential with
respect to the equilibrium potential (open circuit
potential) [19] thus eliminating salient contribution
from the charge transfer Kinetics related to the
oxide film formation. Two experimental parameters
Q and n were obtained from the impedance
corresponding to the CPE using the expression
Zee = Q'(jo)". Parameter n represents a
frequency—independent phase angle different from
90°. If the phase angle is 90° degrees, parameter
n equals to 1. For smaller phase angles, n values are
smaller than 1. The atomic force microscopy
(AFM) was used for ex—situ imaging of the
electrode surface topography, which allowed
determination of two characteristic surface
parameters, namely, a roughness factor Ry and a
fractal dimension D; These experimental values
were then used to interpret the CPE parameters Q
and n obtained from the analysis of EIS spectra. We
are not aware of any previous work that utilizes the
AFM method for the interpretation of the CPE
values as is presented in this communication.

EXPERIMENTAL

Zirconium samples were prepared from two
types of Zr, wire and rod. Zirconium wire (Alfa
Aesar, 0.25 mm diameter, 99.95% purity, metallic
impurity 29 ppm Hf, 190 ppm Fe, 1.8 Cu, 8.4 ppm
Cr and 4.1 ppm Ni) was soldered to a support
copper wire, inserted in a thick walled tight glass
capillary and fixed with a TorrSeal™ resin (Varian
Inc., USA). The exposed part of the wire was
polished with silicon carbide paper (5000, WS Flex
16 Waterproof, Hermes, Germany). Exposed
geometric electrode area of thus prepared Zr
microelectrode (mZr-5000) was 4.91 x 107 cm”.
Zirconium rod (Alfa Aesar, 12.7 mm in diameter,
annealed, 99.2+ % (metals basis excluding Hf), Hf
4.5% max.) was cut into small 4 mm thick pellets,
which were consecutively polished on one side with
the silicon carbide paper (WS Flex 16 Waterproof,
Hermes, Germany) of increasingly smaller grit
sizes (P1200, P2000, P2500 and 5000). Zr pellet
electrode polished with 5000 grit paper is labelled
as Zr-5000. Final step consisted of polishing with a
diamond paste (particle size 3 um, D3 Urdiamant
polishing paste, Czech Republic). Thus prepared
surface was rinsed copiously with water and
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acetone, cleaned with ultrasound and dried. This
electrode is labelled as Zr-D3. Zirconium pellets
were then used for further surface modification. Si-
modified Zr  electrode  (SiZr-D3)  with
approximately 1 to 1 ratio of Si to Zr atoms in the
surface layer was prepared employing DC
magnetron sputtering from pure Si and Zr targets in
Ar plasma at 2 Pa. All targets were at least 3N
purity. Composition was probed by the scanning
electron microscopy with energy dispersive X-ray
analysis  (SEM-EDX), X-ray photoelectron
spectroscopy  (XPS), glow-discharge optical
emission spectroscopy (GD-OES) and Raman
spectroscopy. Before the deposition, samples were
annealed in-situ in an ultrahigh vacuum at 700°C
for 30 min with the aim to prepare a clean surface
for subsequent deposition. This step ensured the
absence of detrimental oxide layer interface.
Deposition was performed at 300°C. After the
deposition, samples were annealed in-situ in Ar at 2
Pa at 700°C so as to promote alloying and silicide
formation.

All ex-situ Atomic Force Microscopy (AFM)
topography images were obtained in the contact
mode regime using Agilent 5500 Scanning Probe
Microscope (Agilent Technologies, USA). A large
AFM scanner (100 um x 100 um) and PPP-CONT
cantilevers  (Agilent Technologies, USA) of
nominal force constant of 0.2 N/m and resonant
frequency 13 kHz were used. The recording speed
was in the range of 0.2-0.7 lines/s. AFM images
were analyzed using the visualization and analysis
software Gwyddion 2.35 from the Czech Metrology
Institute [20]. Both the roughness factor Ry and the
fractal dimension D; (using cube counting
algorithm [21]) were determined by this software.
Ideally flat electrode surface has the roughness
factor Ry = 1 (real electrode area equals to the
geometric one) and the fractal dimension D; = 2.
All AFM images shown in this publication are
plane—corrected.

EIS spectra were measured in the special
electrochemical cell [22] that permits measurement
on a selected sample area of 4.02 x 10~ cm? using a
three—electrode setup and employing Autolab
PGSTAT30 potentiostat/ galvanostat equipped with
a frequency response module FRA (Metrohm,
Switzerland). An aqueous borate buffer solution
consisting of 0.2 M boric acid and 0.05 M sodium
tetraborate decahydrate of pH 7.33 was used.
Experimental procedure was similar to that reported
for Zr microelectrode [19], when electrode was
immersed in the solution under the potential
control. In the case of pellet electrodes, the main
compartment of the electrochemical cell was
mounted on top of a dry—polished Zr pellet and the
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electrode surface was always contacted with a
deaerated electrolyte solution under the potential
control reported. This step is extremely important
for an achievement of sufficient experimental
reproducibility of the EIS measurement. This
procedure allowed local measurements on
approximately 6 areas of the sample surface. EIS
spectra were analyzed with Zview software, version
3.2b (Scribner Associate, Inc., North Carolina,
USA).

RESULTS AND DISCUSSION

Figure 1 shows anodic polarization curves for Zr
microelectrode (mZr-5000) and Zr pellet electrode
(Zr-5000) that were dry—polished with the silicon
carbide paper (5000 grit, WS Flex 16), and for Si-
modified Zr pellet electrode (SiZr-D3) that was

used as received.
3

-4

log |j| / A-cm®

0.5 0.0 -0.5 1.0 1.5
E/V
Fig. 1. Anodic polarization curves obtained in borate
buffer solution (pH = 7.33) at potential scan rate
0.01 V/s and starting at —1.5 V for: a) mZr-5000, b) Zr-
5000 and c) SiZr-D3 electrode.

Curves were obtained at pH = 7.33 after 120
seconds of waiting period at the open circuit
potential (OCP). An equilibrium potential, at which
the anodic and cathodic currents are equal
(effectively the OCP value), amounts to —1.1V for
mZr-5000, -0.72V for Zr-5000 and —0.48V for
SiZr-D3 against the Ag|AgCI|IM LiCl reference
electrode. Differences between the zirconium
microelectrode and pellet electrode may be due to a
higher content of metallic impurities in the latter
case. Si-modified zirconium electrode (SiZr-D3)
has the most positive OCP value of all three
electrodes and gives the lowest value for the HER
current at —1.5V.

Qualitatively the same result was obtained by a
conventional voltammetric scan starting from
potential —1.0V in the cathodic direction using the
potential scan rate of 0.1 V/s (see Figure 2). In this
case the cathodic current has lower value for SiZr-
D3 electrode compared to Zr-5000 electrode.

Impedance spectra were obtained for all studied
samples at —1.5V against the reference electrode
using 5mV amplitude for AC component of the
potential. The electrochemical cell was filled under
the potential control at —1.1V with the electrolyte,
which was previously bubbled with argon to
minimize the amount of dissolved oxygen. Then the
potential was stepped to —1.5V and the impedance
spectra were measured. Representative EIS spectra
for Zr-D3, Zr-5000 and SiZr-D3 pellet electrodes
are shown in Figure 3. Fitting parameters for these
individual curves are summarized in Table I,
whereas Table Il contains the average Q and n
parameters from all measured curves under the
same experimental conditions.

-3 ¥ T : T Y T x T

il pA
o

L 1 L 1 n 1 L 1 L
-1.0 1.1 -1.2 1.3 -1.4 1.5
E LV

Fig. 2. Cyclic voltammogram for HER process in
borate buffer solution (pH = 7.33) at potential scan rate
0.1 V/s on: a) Zr-5000 and b) SiZr-D3 electrode. Contact
of the electrode with solution was done under potential
control at—1.0 V.

100k
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Fig. 3. The representative complex impedance plot
for HER obtained at —1.5V on: a) Zr-D3, b) SiZr-D3 and
€) Zr-5000 pellet electrode. Symbols indicate the
experimental data and lines the best fit to the Rs(CPE-
Rct) equivalent circuit.
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Table 1. EIS fitting parameters for data in Figure 3

Electrode R,/ Q R/ Q n Q/Qts
Zr-5000 6 526 53 445 0.87 1.5x10°
Zr-D3 4914 146 730 0.92 3.6x10"
Sizr-D3 4961 120 680 0.73 1.8x10°

Surface structures of samples Zr-5000, Zr-D3
and SiZr-D3 were analyzed ex-situ employing the
AFM technique. Topographic images from several
areas of each sample were obtained. Only the
largest one (50 x 50 um® area) was used for
determination of the roughness factor Ry and fractal
dimension D; parameters. The cube counting
algorithm implemented within the Gwyddion
software was used for fractal analysis. [21].

Figure 4 shows the ex-situ AFM topography
images (50 um x 50 um) of the Zr pellet polished
with a 3um diamond paste (Zr-D3) and the Si-
modified zirconium (SiZr-D3) pellet electrodes.
Left image represents Zr-D3 and right image SiZr-
D3, whereas scale z of the left image is 0.48 pum
and of the right image 1.2 pum, respectively. Below
the images are the height profiles obtained along
the black line indicated in the image. Evidently,
there is a large difference between the surface
corrugations of these two samples. This observation
is consistent with the differences of the roughness
factor and fractal dimension values obtained from
Gwyddion software and summarized in Table II.
Similar analysis was done for Zr-5000 sample

0 10 20 30 40 50

X/ pm

Fig. 4. Ex-situ AFM topography image of Zr-D3 (left) and SiZr-D3 (right) pellet electrode obtained before the HER.
The height profile obtained along the black horizontal line is shown below.
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and the corresponding R; and Dy values are also
shown in Table Il. Due to the construction of mZr-
5000 electrode, it was not possible to obtain the
relevant  topography information for  this
surface. Since the same surface treatment was used
for both mZr-5000 and Zr-5000 electrodes, we
assumed that Ry and D; parameters are the
same as those obtained for Zr-5000 electrode.

Atomic force microscopy technique was used
also for analysis of the surface morphology
before and after the HER process. Figure 5 shows
the AFM topography images taken on the same
electrode SiZr-D3 in the area that was not subjected
to the HER (left) and inside the region subjected to
HER (right). AFM measurement was done in
contact mode; z scale is 1.5 um (left) and 1.1 pm
(right), respectively. The relevant region subjected
to HER was identified by the O-ring imprint.

Large scale images shown in Figure 5 confirm
that the surface morphology does not change
significantly before and after HER
process, but it is evident (also from the height
profiles) that the surface becomes somewhat
smoother.

o 10 20 30 40 50
X/ pm
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10 20 30 40 50
X/ pm

10 20 30 40 50
X/ pm

Fig. 5. Ex-situ AFM topography images of SiZr-D3 surface before (left) and after (right) HER studied by impedance
spectroscopy at —1.5V. The height profile obtained along the black horizontal line is shown below.

Both, the roughness factor and fractal dimension
decrease slightly. For this SiZr-D3 sample Rs
changes from 1.015 to 1.011 and D; changes from
2.19 to 2.17, respectively. These changes are small
in view of the fact that from all of the imaged areas
and SiZr-D3 samples the average R¢ is 1.012 +
0.001 (change from 1.015 + 0.002) and the average
Df is 2.19 £ 0.02 (change from 2.18 + 0.01),
respectively.

Once all relevant information is summarized
from the EIS and AFM experiments, we can put
into the test a suggested interpretation of the CPE
parameter n in terms of the fractal dimension Dy of
the sample surface. As previously suggested and
experimentally verified for fractal blocking
electrodes [8,10], the relationship between these
two parameters should follow a simple expression n
= 1/(D; -1). In this work we obtained
experimentally fractal dimension D; values from

which one can compute parameter n, which
we label for the purpose of comparison as n(Dy). Its
values are summarized in Table Il. Comparison of
n(Dy) with the experimentally obtained exponent n
from the EIS spectra gives an excellent agreement
for Zr-5000 and Zr-D3 samples. Interestingly, it
also explains the n parameter obtained
from impedance spectra analysis for mZr-5000
under the assumption that experimental Dy
would be the same for both electrodes. These
electrodes have different geometric area, but were
subjected to the same pretreatment procedure
before the HER measurement. The only time
that we did not get a quantitative agreement
between n(Dy) and n values is in the case
of Si-modified Zr pellet electrode, when
experimentally obtained parameter n from EIS
measurements was much lower than the n(Dy)
calculated one.

Table 2. Roughness factor Ry, fractal dimension Dy CPE parameters Q and n for different electrode surfaces.

Electrode  R;? D; ? n(Dy) n Q/Ots"

mZr-5000 - - - 0.82+£0.01  (2.3+0.3)x10°
Zr-5000 1.053+0.004  224+003 081+0.02 0.82+0.04 (1.6+0.2)x10°
Zr-D3 1.003 + 0.001 2.08+0.03  093+£0.03 091+001  (3.2+0.6)x10"
Sizr-D3 1.015+0.002  2.18+0.01  0.85+0.01 0.74+0.01  (1.8+0.2)x10°

A calculated for area 50 x 50 um* (see for example Fig. 4)
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This experiment suggests that the current
distribution on SiZr-D3 electrode is not related
primarily to the surface geometry, but rather to the
fact that the electrode surface is heterogeneous and
composed of the Si and Zr atoms, which have very
different behavior with respect to the HER kinetics.
This in turn leads to the surface distribution of
time-constants [6]. One may invoke the fact that the
surface of the SiZr-D3 electrode has approximately
the same amount of Si and Zr atoms. However, we
do not know from the AFM experiments alone the
actual distribution of these chemical elements at the
electrode|electrolyte interface. The experiment that
correlates n(Dy) and n values may give us a hint on
the role of local surface inhomogeneities on the
charge transfer kinetics. In the case of HER one
should additionally consider the Volmer-
Heyrovsky-Tafel ~ mechanism  that includes
hydrogen adsorption step [19].

CONCLUSIONS

The ex-situ AFM was used to characterize
several zirconium-based electrode surfaces prior
and after the HER at potentials negative of the open
circuit potential value. Two main characteristic
parameters were reported, namely, the roughness
factor R¢ and fractal dimension Ds of the studied
surface. A reference zirconium system gave R¢ and
Dy values in accord with the expectation that the
roughness factor and fractal dimension of the
surface should decrease for the electrode
consecutively polished with 5000 silicon carbide
paper and subsequently with a 3um diamond paste.
Both parameters increase when zirconium surface
is modified by Si adlayer in the ratio 1:1 with
respect to zirconium. The effect of HER on the
electrode surface morphology was found to be
almost negligible leading to a small decrease in the
roughness factor and surface fractal dimension.
Experimental Dy values were obtained by the cube
counting analysis of the ex-situ AFM topography
images and were used successfully to explain the
non-ideality of the interfacial capacitance (CPE)
behavior for Zr-based electrodes.
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Peaknust Ha oTaENsIHE HA BOJOPOJI IPU IIMPKOHUEBU M Si-MOIUPUIIMPAHHA TUPKOHUEBH €IEKTPOIH.
Enexrpoxumus Ha ppakTaaHU MOBBPXHOCTU
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IMoctpnuna Hal8 mait 2018r.; mpueta Ha30 ronu 2018r.
(Pesrome)

B namem na npogh. 30pasxo Cmotinos, Hecosama n00651a TUYHOCH, UHOBAMUBEH U HAYYEH NPUHOC 8
ENIeKMPOXUMUSNG

PeakuustTa Ha oOTHEeNsHE Ha BOAOpPOA Oemle wH3ClIeABaHAa upe3 EIEKTPOXHMMUYHA HMIIEJaHCHA
CIIEKTPOCKOIUS B IIMPKOHUI C BUCOKA YHCTOTa M B IMPKOHHUEB €JEKTPOX MOAU(UIMPAaH ChC CHIHMIHH B
6opareH Oydep. KoeduimeHThT Ha TpamaBoCT U (GpaKTaTHUAT pa3Mep Ha MOBBPXHOCTTA HA €IEKTpOJa ca
OIpeZieNieHH 3a JBaTa eJEKTpoAa OT TomorpadCku H300pa’keHUs, IMOIYYeHHM Ype3 aTOMHO CHIJIOBA
MHKPOCKOIINA. EHGKTpOXI/IMI/I‘IHI/ITe HUMIICAAHCHU CIICKTPU 6$1X3 aHaJIM3WpaHUu C IIOMOIIa Ha IPOoCTa
eKBHBAJCHTHA CXEMa, ChIbpiKalla €JIEMEHT C IOCTOsHHA (as3a, ompemessn KoeduimeHTa N, KOUTO e
HETIOCPEICTBEHO CBBbP3aH ¢ (pakTainHus pasmep Df Ha NMOBBPXHOCTTa Ha eNeKTpoja. 3a IMPKOHHEBH
CJIEKTPO/IM CHOTHOUICHUTO MEXAy CTOWHOcTHTe Ha Dy, M34MCIEHH OT eKCIOHEeHTaTa N Ha eJeMEHTa C
MOCTOSIHHA (ha3a M eKCIEPHMEHTATHO MOTyYeHHUTE (PPaKTaTHA U3MEPBAHU, € MPUEMIIHBO, OT Jpyra CTpaHa
TO3H MOAXOJ HE 1aBa Pe3yaTaTh Mpu Zr eNeKTpoIu MoguduImpanu cbe Si. 3HaYUCHHETO Ha TO3M pe3yaTaT 3a
oIpezieNssHe Ha MapaMeTPHUTE Ha CKOPOCTTA Ha OTJEJISIHE Ha BOJOPOJ CE€ AUCKYTHPA.
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The present study aims at developing FeF; conversion layer on cheap mild steel substrates for use as cathode
materials in Li-ion batteries. The coatings, grown in an ethylene glycol based electrolyte are characterised by SEM, FIB
and EDX techniques that show the formation of similar porous structures but thicker for the mild steel substrate than for
the iron substrate. The porous structure is characterised by EIS using a transmission line model that allows obtaining
relevant parameters of the layer as the conductivity or the reactivity at pore walls. The conductivity of the FeF; layer is
higher for the mild steel substrate than for the iron substrate. The FeF5 layers react to some extent in LiBOB electrolyte
which is interpreted as iron corrosion and Fe** reduction with Li* insertion in the FeF; structure.

Key words: Iron fluoride, Li-ion batteries, electronic conductivity.

INTRODUCTION

The Li-ion batteries sector is a major actor in the
field of energy conversion and storage, mainly
dealing with portable devices. The reaction
mechanism in these batteries involves insertion
reactions at both electrodes, the anode and the
cathode. The cathode material and the electrical
contact between active material and current
collector continue to be the main limitations to
increasing the capacity of Li-ion cells. An
alternative strategy aimed at overcoming (at least
partially) these drawbacks involves increasing the
available charge and decreasing the internal ohmic
resistance through the use of electrode materials
directly grown on the current collector. Directly
grown layers guarantee good electrical contact
between the current collector and the active
material. Moreover, if the electrode material is able
to undergo conversion reactions, the nominal
capacitance increases with respect to that of
insertion reactions. Thus, the electrode material will
reach all its entire range of oxidation states. Due to
their high nominal capacity, transition metal
fluorides, such as FeF; are good candidates for the
conversion reactions with lithium ions [1,2].

Direct formation of a fluoride-based layer has
been achieved by anodizing of iron strips in

To whom all correspondence should be sent:
E-mail: apintos@uvigo.es
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ethylene glycol and NH,4F as the electrolyte. Highly
nanoporous layers of iron hydroxifluorides were
obtained [3]. Nevertheless, those fluoride layers
were of poor electronic conductivity, which limits
their performance as electroactive materials.

One possible strategy to improve fluorides’
conductivity is the incorporation of foreign
conducting materials, such as carbon or conducting
polymers[4]. The present work focuses on a
different approach, according to which electronic
conductivity improvements can be reached through
the incorporation of conducting elements from
inner sources. The idea is to synthesize active
material as in [3], but using carbon steel as the
substrate instead of pure iron. It is expected that the
carbon dissolved in the alloy will accompany
dissolving iron and will remain trapped in the
matrix of fluorides, thus increasing its electronic
conductivity. Electrochemical impedance
spectroscopy (EIS) has been chosen as the tool to
quantify the electronic conductivity of the porous
layers formed, by modelling the electrochemical
response obtained as a transmission line type
distribution of the electric field.

EXPERIMENTAL

Preparation of the conversion coatings

The development of the conversion coatings was
carried out by anodizing the substrate material in a
two-electrodes cell as in [3]. The substrate material
ran as a working electrode and a platinum mesh as

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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the counter electrode. The potential applied was
50V for 15 min and the electrolyte solution used
was 0.1 M NH4F in ethylene glycol containing

water (3%). An Ivium® potentiostat
(IviumStat.XRe) was employed for the anodizing
procedure.

Two different materials were used as the
substrate, iron strips as those employed in [3], and
low carbon steel strips. The mild, with low carbon
content steel, is expected to produce a conversion
layer structurally close to that found for iron,
although of higher electronic conductivity due to
trapped carbon. Table 1 summarises the chemical
composition of the main alloying elements.

Table 1. Main elements in the composition of the
samples tested

C Fe
) Atomic% 4.87 94.06
Mild steel .
Weight% 1.09 97.53
Iron 0.0 99.99

Morphological characterization of the conversion
coatings

The morphological characterization of the films
was done using Focused lon Beam Scanning
Electron Microscopy (FIB-SEM). The microscope
was a Dual-Beam FEI Helios NanoLab. The SEM
technique allowed us to gather information on the
nanoporous morphology of the thin film, and the
FIB technique was used to measure its thickness
and to investigate the cross-section morphology.

Electrochemical characterization

The electrochemical characterization of the
coatings obtained was performed through
electrochemical impedance spectroscopy (EIS) and
charge and discharge cycles. EIS measurements
were performed using a Methrom-Autolab®
potentiostat (PGSTAT 30). The EIS
characterization was performed in two experiments:

a) Just after anodizing, with fresh electrolyte. In
this case a three-electrode cell arrangement
was employed, using a Pt mesh as a counter
electrode, and a Pt wire as a pseudo-reference
electrode.

b) Ageing in the typical electrolyte for Li-ion
batteries. Lithium bis-oxalate-borate (LiBOB,
1IM) + 2% fluoroethylene carbonate (FEC)
dissolved in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 [v/v]) was
chosen as electrolyte. Symmetrical cells were
assembled in a pouch cell case inside a glove
box with a dry atmosphere. We employed two

nominally identical electrodes, one acting as a
working electrode and the other as a counter
electrode. A film of glass fibre was used as a
separator.

Cycling of the conversion coatings was also
performed on pouch cell case arrangements, using
the electrolyte described above. This electrolyte
was chosen due to its good properties in the cycling
of lithium ion batteries [5-7]. A lithium foil was
employed as a counter electrode and a film of glass
fibre as a separator. The cell was galvanostatically
cycled applying 15 pA-cm™ of current density in a
potential window of 1V -4 V.

RESULTS AND DISCUSSION
Preparation of the conversion coatings

Figure 1 compares the chronoamperograms
obtained for the Fe and steel anodizations. The
general appearance is similar for both substrates.
The three domains reported in [3] can be
differentiated: germination, growth, and a pseudo
steady can be differentiated. However, the higher
current density values reached during the coating
synthesis on the mild steel reveal some structural
differences. The coating thickness can be higher for
the carbon steel, or the porosity reached can be
different. The structure and the geometry of both
layers are analysed in next section.

50 T T T

—A—Fe
45 . —0— Steel 1

40 |
35k
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Time/s
Fig. 1. Chronoamperograms obtained during the
anodizing of carbon steel and Fe substrates in ethylene
glycol containing water (3%) and 0.1M NH,F.

Morphological characterization of the conversion
coatings

The morphology of the formed FeF; layers was
analysed by SEM. The general appearance clearly
shows a difference between both coatings. The
conversion coating generated on the iron is
continuous (Fig. 2a) while the conversion coating
synthesized on the mild steel strips reveals the grain
boundaries (Fig. 2d), which is because of the
reduced growth at grain boundaries.
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The SEM images presented in Fig. 2 are
arranged in increasing magnification (from left to
right). The upper row (Fig. 2a-c) corresponds to the
iron substrate and the lower row (Fig. 2d-f) to the
steel substrate. A well-developed porous nano-
structure can be observed for both substrates. The

average pore diameter is similar in both samples;
around 75 nm and the density of pores can be
estimated at about 10" pores cm™. Based on these
parameters and assuming cylindrical geometry, the
open porosity can be estimated at around 44% for
both coatings.

the lower row to the steel substrate. Magnification increases from left to right. a) 7500x; d) 6500x; b), €) 25000x; c), f)

100000x.

Fig. 3. FIB-SEM images of cross sections of the synthesized FeF; coatings. The uper row corresponds to the iron

substrate, and the lower row to the steel substrate. (a and d) general view of the section created by Ga* bombardment. (b
and e) detail of the layer cross sections with, on top, the Pt layer deposited for conductivity purposes. (c and f) detail of

the layer’s cross section showing the estimated thickness
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Figure 3 summarizes the FIB-SEM observations
aimed at obtaining information about the thickness
and morphology of the coatings. Figures 3a and 3d
clearly show the difference in grain boundaries
specific to the steel substrate. The coating is thinner
at those regions. The general view presented in
Figures 3b and 3e shows that the coating is thinner
for the iron substrate than for the steel substrate.
The detailed view given in Figures 3c and 3f
reveals that the FeF; layer generated on the iron
strips is thinner than that generated on the mild
steel. The layer for the iron substrate is about 1.5
um thick, while on the mild steel this reaches 2.0
um. This result is in concordance with the higher
current density recorded during the anodizing
process for the steel substrate.

The images of Figure 3 also show clearly a
homogeneous high porosity from the top to the
bottom of the layer that guarantees the access of the
electrolyte to the substrate. Nevertheless, the
geometry of the pores shown in Figures 3c and 3f
deviate somehow from the cylindrical shape. The
diameter of the pores bottom seems smaller than at
the pores mouth. So, considering the pore geometry
as conical instead of cylindrical, as considered
according to Figure 2, the estimated porosity results
three times lower, around 17% open porosity.

Using the thickness and porosity data, we were
able to estimate the mass of active material per
surface unit. The maximum active mass
corresponds to the conical-shaped pores (i.e., 0.658
mg-cm’) for the FeF; coating on steel and 0.494
mg-cm™ for the coating on iron. The minimum
active mass corresponds to the cylindrical-shaped
pores (i.e. 0.433 mg-cm™) for the FeF; coating on
steel and 0.325 mg-cm for the coating on iron.

The elemental composition of FeF; coatings
synthesized on mild steel was analysed using the
EDX capability of the SEM. The chemical
composition is given in Table 2. The formation of
FeF; is confirmed by the Fe/F ratio. Moreover, the
enrichment in C with respect to the matrix is
confirmed. Comparing Tables 1 and 2, the atomic
ratio C/Fe increases by one order of magnitude. The
presence of O corresponds to partial surface
hydration of the fluoride layer, in the form of
FeFy(OH),.

Table 2. EDX analysis of the conversion coating
synthesized on the mild steel substrate.

C Fe F 0]
Weight% 2.03 8252 9.31 3.1
Atomic% 7.19 62.83 2084 8.24

Electrochemical characterization
Model of behaviour

The Nyquist diagrams of both coatings obtained
directly in fresh synthesis electrolyte are depicted in
Fig. 4. Two main aspects are of interest in these
plots. The high frequency shift observed in detail in
the inset of Fig. 4, and the diffusion-like feature
observed for frequencies lower than 1 Hz.

The presence of a high frequency shift with a
nearly 45° slope, for nominally constant cell
geometry and electrolyte properties, can only be
understood assuming a potential distribution
through the pores of the FeF; structure formed. The
model proposed by Macdonald for porous
magnetite-based layers on steel [8] can be applied
here. The corresponding impedance function, Eq. 1,
contains a purely resistive term, which is the
parallel association of the solid and liquid phases
resistivities (R, and R;, respectively) times the
thickness of the coating, L. Thus, the high
frequency limit of the impedance contains two
terms, the (constant) electrolyte resistance plus the
variable part corresponding to the layer conducting
properties.

The low-frequency diffusional tail can be
attributed to the relaxation of fluorides, in excess in
the pore network upon anodizing, or to oxygen
diffusion associated to the corresponding cathodic
reaction at pore walls that continue to sustain the
iron corrosion at pore bottom[9]. In fact, the
diffusion layers of the individual pores will overlap
to some extent leading to a nearly planar diffusion
feature[10].

The impedance spectra in the frequency window
from 100 kHz to 1 Hz provides information about
the microstructure and reactivity of the conversion
layer. The experimental data were modelled using
Eg. 1, where R, corresponds to the electrolyte
resistance between the reference electrode and the
pores mouth. Ry, represents the resistance per unit
of length of the fluoride phase, and Rs corresponds
to the resistance per unit of length of the electrolyte
inside the pores. Z, represents the impedance at the
bottom of the pores and Z; is the interfacial
impedance at the wall of the pore. Both impedances
contain a resistive term, R;, corresponding to the
charge transfer, in parallel to a capacitive term, C;,
that holds for the corresponding double layer
capacitance. A Cole-Cole dispersion term, o, has
also be considered for each R;C; time constant.
Figure 5 corresponds to a representation of the
equivalent circuit parameters associated with the
morphology of the pore structure as seen in the
SEM images discussed in the previous section.
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The impedance data presented in Fig. 4 were
modelled using the equivalent circuit given in Fig.
5. To match the experimental data with the physical
model, only the frequency window relevant to the

coating microstructure and  reactivity = was
considered, (i.e. 100 kHz to 1 Hz).
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Fig. 4. Nyquist impedance diagrams obtained in fresh
synthesis electrolyte after completing the anodizing
process.

The fitted data reported in Table 3 clearly show
the distinct electrical behaviour between the
conversion layers formed on iron and mild steel. As
it concerns the main objective of the study, the
improvement of the fluoride solid phase
conductivity, we can confirm that our hypothesis
was good because the conductivity increases. The

R parameter value decreases by one order of
magnitude, from 3.0 to 0.3 MQ cm, probably due to
the incorporation of C to the FeF; structure. The
kinetic parameters, R; and R, are also lower for the
coating developed on the steel substrate, which
indicates faster reaction rates at both of the
interfaces, the pore walls and pore bottom.

Y

FeFK(OH]\r
Conversion layer

x=L
Fig. 5. Equivalent circuit corresponding to the
synthesized iron fluorides porous structures. The
impedance function is given in the Equation (1).
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Fig. 6. Experimental and fitted impedance data
corresponding to the steel sample in Fig. 6. The
frequency window was limited to f> 1Hz. The
impedance data were modelled using Eq. 1. The best
fitting parameters are collected in Table 3.

Table 3. Best fitting parameters for the impedance data in Fig. 4 using Eq. 1 to model the impedance data. The
frequency window was 100 kHz to 1 Hz. The coating thickness was fixed to 2 um.

RO 2 Rm Rs Rl Cl (081 Rg C2 (0% L
Q-cm MQ-cm  MQ:em  MQ-em®  mF-cm® kQ-cm®>  pF-cm® um
Fe 494 3.08 5.66 2.32 3.2 1 4.4 1.3 0.64 2
Mild 988 0.31 10.0 1.85 8.3 1 2.6 6.0 0.50 2
Steel
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Ageing of the conversion coating

In a recent investigation, the feasibility of
obtaining in-situ active material by direct corrosion
of Fe in the presence of an oxidizing electrolyte
(LiPFg) was demonstrated[11]. The objective here
was to study the stability of the FeF; conversion
layers formed on the steel substrate in the presence
of a non-oxidizing Li salt, such as LiBOB. The
impedance results, obtained in a symmetrical pouch
cell at the null potential difference between both

electrodes, are presented in Fig. 7. A clear
evolution is observed during the first 5 h of
immersion, with the presence of a diffusional tail
similar to that observed in Fig. 4. From 10 h
onwards, the resistance associated to the time
constant centred at about 1 Hz increases initially
and remains unchanged after about 40 h, at which
point the diffusion tail has completely moved
outside of the considered frequency window. The
high frequency part of the spectrum remains
essentially unchanged after about 15 h.
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Fig. 7. EIS evolution of the conversion coating grown on mild steel and assembled in a symmetrical cell using 1 M

LiBOB + 2% FEC in EC:DME (1:1 [v/v]).
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Fig. 8. Experimental impedance data obtained after
1h in the symmetrical cell and fitted data using
Equations 1 and 2 as model impedance.

The interpretation of the impedance spectra
presented in Fig. 7 is similar to that given in section

3.3.1, with the only difference being the cathodic
reaction involved. As no oxidants are present in the
electrolyte, one can imagine self-corrosion of Fe as
Fe®* at the pore bottom sustained by the reduction
process Fe*'/Fe*" at the pore walls. The cathodic
reaction will involve Li* insertion in the fluoride-
based structure for electro-neutrality reasons. In
parallel, BOB™ will migrate to the pores bottom to
compensate the Fe” charge being generated.
Overall, a linear diffusion from the electrolyte can
be considered, involving Li* and BOB species for
the cathodic and anodic process, respectively.

Figure 8 corresponds to an example of the
performance of the model described here. The pore
structure of the layer is described by Eq. 1 and the
linear diffusion, Zg, (in series) by Eq. 2, where Rq
corresponds to the diffusion resistance and zy to the
diffusion time constant (6%/D). To describe the
small high frequency arc observed in the inset of
Fig. 8, it was necessary to include a 99 nF
capacitance in parallel to the impedance of the
coating, which accounts for the geometrical
capacitance of the coating.
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The best fitting parameters for the selected times
of evolution are summarised in Table 4. The
evolution of R; shows an initially fast cathodic
process, associated with Li* insertion, which slows
down with immersion time. The Li* insertion (and
Fe** reduction) leads to an increase of the coatings
conductivity (R, decreases with time, as the ratio
Fe®*/Fe*" increases). The associated structural
change leads to some pore blocking (R, increases
from 1 to 76 MQ cm). Comparing the nearly
constant R, values and the R; evolution, it is clear
that the cathodic reaction represents the final
energy barrier for stopping the self-transformation
of the coating.

Cycling in a pouch cell

Charge and discharge curves of the conversion
coating of FeF; developed on mild steel are shown
in Fig. 9. A voltage plateau is observed around

1.8 V which is in agreement with a conversion
reaction, according to the literature [12]. The
specific capacity recorded during the first
cycle corresponds to the theoretical value for FeF;
(712 mA h g% if a cylindrical porosity is
considered (see section 3.2). If a conical geometry
is considered, the specific capacity drops by 32%,
to 483 mA h g*. The real value will lie between
both limits.

During the second discharge the coating
capacity values experience a noticeable decrease
(43%), indicating that the process is not as
reversible as expected. However, comparing this
loss of capacity of the conversion coating on mild
steel to that obtained on iron [3], the difference is
only 7%, which can be considered a good result
owing the difference in potential windows. The
layer on iron was cycled between 4.0 V and 1.5 V
while the coating on mild steel was cycled in the
potential window 4.0 V to 1.0V, a deeper discharge
that induces more irreversible changes in the active
material.

Table 4. Fitting parameters obtained for the fitting data in Fig. 7 to the impedance given in Equation (1) and

Equation 2.
Ro Rm Rs Rl Cl (051 Rz C2 (0%] Rd Td L
Q-cm” kQ-cm MQ-cm MQ-cm® mF-cm® kQ-cm® pF-cm? kQ-cm® s pum
Oh 14.6 371 1.05 0.04 183 0.74 515 0120 091 51 998 2
1h 129 61.0 1.87 0.18 195 076 348 0019 066 143 1990 2
5h 16.3 278 5.50 2360 1.43 1 42.6 160 065 --- 2
45h  23.0 3.6 75.8 36000 5.70 1 53.9 450 083 - 2
ol ' ' ' ' CONCLUSIONS
sel Based on our data, the following conclusions
> can be drawn:
S sof a) FeF; conversion layers were developed on iron
j and mild steel substrates. The layers on steel
i substrates are thicker than on iron substrate.
g2 a0} i, b) EIS was successfully employed to study the
* microstructure and properties of the layers
tor 1 formed. The layers formed on mild steel are of
1ol i} higher conductivity than those formed on iron.
: : : : c) FeF; conversion layers immersed in LiBOB
0 500 1000 1500 2000

Capacity/mA-h-g*

Fig. 9. Discharge and charge curves of a FeF;
conversion layer grown on mild steel substrate. The
electrolyte was 1 M LiBOB salt + 2% FEC in 1:1 EC:
DMC. The charge density was calculated assuming
cylindrical geometry for the pores (see text).
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electrolyte tend to transform partially
incorporating Li*, as evidenced by the EIS
results.

d) The FeF; conversion layers developed on mild
steel substrate are able to cycle in Li-ion
battery configuration with performance similar
to that found for layers developed on pure iron.
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ENC kato HHCTpYMEHT 3a OXapakTepu3npaHe Ha HAHOCTPYKTYPHUPAHU CIIOEBE Kele3eH (hayopus 3a
KaTOJIHA MaTE€pUaIH B JINTUEBO-HOHHU OaTepun

b. I'yutnan, X.P. HoBoa, A. ITuatoc*
Yuueepcumem Buzo, epyna EHKOMAT, kamnyc Yuusepcumemcku, 36310 Buzo, Hcnanusa
[MocTrnmia Ha .21 mait 2018r. ; mpueta va 23 romu 2018r.
(Pe3rome)

B namem na npogh. 30pasxo Cmotiinos 3a Hecogama Hegeposmua IUYHOCH U UHOBAMUBEH HAYYEeH NPUHOC
KbM e1eKmpOoXuMusma

Hacrosimoro n3cnenane uma 3a 1en 1a paspabortu FeF; cioeBe HaHeCeHN BBPXY €BTHHH IOJUIOKKH OT
MeKa CTOMaHa 3a M3M0JI3BaHe KaTo KaTOJHU MaTepHall B TUTHEBO-HOHHM OaTtepuu. IlokputusTa, 0OTI0KEeHN
B €JIEKTPOJIMT Ha 0a3zaTa Ha eTHIICH TIMKOII, ce xapaktepusupat ¢ nomonia Ha SEM, FIB u EDX u nokassat
00pa3yBaHETO Ha aHAJOIMYHU MOPECTH CTPYKTYPH, HO C IO- ToyisiMa Je0enrHa Ha IMOJUIOKKHTE OT MeKa
CTOMaHa, OT KOJKOTO 3a >xene3HuTe nomoxku. Ilopecrata crpykrypa ce xapakrepusupa ¢ ENC,
U3M0JI3BaliKy JIMHEEH IIpelaBaTesleH MoJIell, KOMTO I103BOJIsBA J1a CE ONPeeJIAT 3HAUMMHU [TapaMeTpU Ha CJ10s
KaTo MpPOBOJUMOCTTa WJIM PEeaKTHBHOCTTa Ha mopute. IIpoBoanmMoctTa Ha ciost oT FeF; e mo-Bucoka 3a
MOJUIOKKaTa OT MEKa CTOMaHa, OTKOJIKOTO 3a MOJJIOKKara oT keinszo. CioeBere ot FeF; mo usBectHa
crenieH pearupat B enekTpoiut or LiBOB, koeto ce 00siCHsABa KaTO KOPO3HsI HA XKEISI30TO U PEIYKIUS HA
Fes" ¢ BuepsaBane Ha Li* B crpykTypara na FeFs.
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It is demonstrated for two cases of apparently ideal, ideally polarizable electrochemical interfaces that charging-
discharging following potential changes is not instantaneous hence the double layer is not (solely) of electrostatic nature
— as assumed in ,,classical” double layer theories. That is, physico-chemical interactions must also be considered to

account for the slow double layer rearrangement processes.

Key words: double layer, impedance, capacitance, Kinetics, ionic liquids, single crystal

INTRODUCTION

In general, the electrochemical double layer, in
the absence of Faradaic reactions, is capacitive — at
least, according to the textbooks and common
electrochemical knowledge. The term “capacitive”
implies two properties: ability of charge storage and
inverse proportionality of the impedance, Z, on
angular frequency, w. In what follows, the latter
property will be in the focus.

Disregarding the rare, exceptional cases, even in
the complete absence of Faradaic reactions the
interfacial impedance deviates from the inverse
proportionality on frequency. Such an electric
element is often approximated by a constant-phase
element (CPE), which is defined through its
admittance Y (w) =o(iw)” where i is the
imaginary unit, >0 and 0<o<l are the CPE
coefficient and exponent, respectively.
Accordingly, the capacitance defined as
C(w) =Y (w)/(iw), is also a power-law function of
frequency. However, we do not use this
approximation for the frequency dependence of the
interfacial capacitance, or in other words, for the
“capacitance dispersion”. The subject of this paper
are the reasons why we get C(w) rather than a

frequency independent C.

In general, the frequency dependence can be
attributed (a) either solely to the double layer or (b)
to a coupling of the solution resistance and
the ideal, frequency-independent interfacial

To whom all correspondence should be sent:
E-mail: pajkossy.tamas@ttk.mta.hu

capacitance. Obviously, both effects can appear
simultaneously, yielding very complicated C(w)

dependence. Case (b) is a result of a purely physical
effect associated with the geometry of the cell or of
the working electrode: current density is not
uniform along the electrode surface and the
"effective electrolyte resistance™ varies along the
surface. There are two important archetypes of the
“case (b)” models.

First, those of porous electrodes are usually
based on de Levie’s finite transmission line model
[1]; for a modern, comprehensive version see [2].
Second, the embedded disk electrode (often used as
a rotating disk) exhibit edge effects, i.e. the local
current density at the rim of the disk is higher than
at the center. The related theories predict
capacitance dispersion at high frequencies [3,4].
The present author has also developed “case (b)”
theories on capacitive electrodes of fractal
geometry [5-7]; however, he finished that
theoretical work with a final conclusion: for
microscopically rough electrodes the observed
C(w) capacitance dispersion is not due to the

coupling of solution resistance with the interfacial
capacitance. Instead, it is an inherent property of
the double layer [8]. That is, for rough electrodes
case (a) prevails.

For case (a) two sub-cases can be distinguished:
First, when the surface is energetically homo-
geneous (like for single crystal surfaces) and
second, when energetic inhomogeneities of the
surface exist, e.g. due to atomic scale roughness. If
there are other-than-electrostatic processes (like
adsorption) involved in double layer charging, then
energetic inhomogeneities lead to a certain

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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activation energy distribution which in turn causes
a time constant distribution of that charging
process. This is why by decreasing atomic scale
roughness the extent of capacitance dispersion can
be decreased [9]. However, capacitance dispersion
may appear also when the surface is energetically
homogeneous. This is the subject of the present
paper: we demonstrate this effect with capacitance
spectra measured on single crystal electrodes in
aqueous and also in ionic liquid electrolytes.

METHODS: IMPEDANCE SPECTROSCOPY
AND CALCULATIONS OF CAPACITANCES

Electrochemical impedance spectroscopy (EIS)
has an abundant literature, hence the basics of this
technique is skipped; a couple of less-emphasized
features is mentioned as follows:

1. Impedance and derived quantities consist of a
magnitude and a phase angle; this is why they can
be handled in terms of complex calculus, as it was
recognized by Kennelly [10], and can be plotted on
the complex plane to yield Argand-diagrams. These
are named as Nyquist-diagrams in the context of
impedances. The frequency dependence of the
impedance spectra is better seen if the Bode
representation is used. Note that this representation
is also a plot of a complex quantity because
log(Z) =log(Z,,, -exp(p)) =log(Z,,.) +ig, i.e. the
logarithm of the magnitude and the phase angle are
the real and imaginary components of log(Z),

respectively.

The Nyquist and Bode plots are the ,natural”
representations of the impedance spectra and its
derivatives. This is why the use of other than these
plots (like log(Re(Z))vs.log(w), log(Im@Z))

vs. log(Re(2)) etc) are to be avoided. In the similar

vein, it is a bad practice to use real and imaginary
axes with non-equal units, yielding anisotropy of
the complex plane.

2. The ,,as measured”, or the pre-processed data
often comprise contributions bearing no relevance
to the phenomenon studied. After their removal it is
worth to use a representation which shows the
essence and contains little if any of the incidental
factors. This is why in double layer studies the use
of the interfacial capacitance, C(w) is preferred to

the measured impedance spectrum, Z(w). The
latter is transformed to C(w) spectrum using the
C(w) =Y, [(iw) =1[iw-(Z(®w)-R,)]  equation,
where the subscript int refers to the interface, i is
the imaginary unitand R, = Z (@ — «).

Such a representation has two advantages: First,

it refers solely to the interface rather than both the
interface and the electrolyte bulk. Second, the

impedance (and also admittance) of an almost
purely capacitive interface considerably depends on
frequency; it is difficult to visualize a spectrum
taken in a broad range of frequency as a complex
plane plot. Points of a capacitance spectrum appear
on a complex plane plot much more evenly, than
those of impedance spectra.

3. The information obtained from EIS is always
a potential derivative of a structural or a kinetic
parameter (we get differential capacitances and
resistances which are d/dE potential derivatives of
surface charge and of charge transfer rates,
respectively). For the determination of these latter
quantities other considerations or quantities are
needed. For example, for the determination of
surface charge an integration constant is required.

4. Analysis of a measured Z(w) spectra is

usually carried out with a comparison with the
network function of an appropriate equivalent
circuit. This is a straightforward method if the
topology of the circuit corresponds to connection
scheme of the processes. There are, however, cases
when one cannot find an equivalent circuit
comprising of a few lumped elements only, whose
topology of could be related to the system studied.
In this case the ingenious method of Stoynov and
coworkers [11,12] may help: their “structural” or
“differential” analysis of impedances may reveal
characteristic time constants or time constant
distributions.

5. The definition of impedance implies that the
system is in equilibrium or at least in a steady state.
Slowly changing systems can also be characterized
by impedance spectroscopy; in these cases the low
frequency limit of the spectra should be determined
by the Kramers-Kronig transform [13,14] or similar
tests [15,16]; all points below this limit frequency
should be discarded. There exists a simple method,
elaborated by Stoynov [17] to correct for the
system’s drift: Consider a number of subsequent
spectra measured with the same set of frequencies,
on a slowly changing system. The moment of the
measurement is recorded together with the
spectrum data points (frequency, Re(Z), Im(Z)) for
each points. Afterwards, for the impedance points

of identical frequencies, @, frequency one fits an
appropriate smooth curve (typically a spline) to
yield the Z(w,,t) function. Having Z(w,,t), one
can calculate the Z(w,)data points for any

moment. This way the spectra can be corrected as if
all points of one spectrum would have been
measured in the same moment. Using such a
procedure of interpolation (or extrapolation), the
rates of slow processes could be evaluated [18,19].
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6. It is very important to ensure homogeneous
current density distribution along the electrode
surface. Nowadays EIS setups are commercially
available with fairly high upper frequency limit.
With these, it is tempting to measure, analyze and
present impedance spectra also in the frequency
range even higher than 10-100 kHz. Unfortunately
in this frequency range various artefacts appear due
to inhomogeneous current density distributions;
these are more pronounced when the electrolyte
conductivity is low. As a thumb’s rule we suggest
the use of cells where all the current streamlines are
uniform everywhere (this condition is fulfilled with
thin layer cells where the counter and working
electrodes are parallel to each other). In general, the
reference electrode junction point — e.g. the
“Luggin capillary tip”— should be located at a
position where the current streamlines are not
bending (an example for inappropriate location is
when the reference electrode sensing point is just at
the edge of an embedded disk electrode). Because
of cleanliness point of view it is often advisable to
keep the reference electrode in a separate
compartment — then the use of a capacitively
coupled auxiliary reference electrode placed close
to the reference compartment’s junction point is
suggested [20].

DOUBLE LAYER CAPACITANCE IN
AQUEOQOUS SOLUTIONS

Many of the double layer studies have been
carried out in aqueous electrolytes with Hg; on its
smooth, energetically homogeneous surface the
double layer is indeed capacitive. In contrast, on
solid electrodes, even on noble metals, the
appearance of a capacitive interface is an exception
rather than a rule. For example, on Au(111), in
perchloric acid solution, at potentials at which
neither hydrogen evolution nor hydroxide
adsorption proceeds, the interface is almost ideally
capacitive. As it is demonstrated with Fig. 2 of Ref.
21, were the interfacial impedance approximated by
a single CPE in four orders of magnitude of
frequency, then its exponent would be very close to
the unity (>0.99). If this interface is regarded to be
ideally capacitive, then its specific capacitance is
around 20 pF/cm?. This value is generally accepted
as that of an electrostatic double layer, i.e. of the
Stern-layer.

Whenever adsorption of anions is possible, then
the frequency dependence is much more
pronounced. Two cases are to be clearly
distinguished:

(@) Double layer charging and adsorption are
independent of each other. This is the case when we
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have some adsorbing species of minority
concentration in a base electrolyte. Then, the
double layer capacitance and the impedance of
adsorption are parallel to each other and can be
clearly separated — the latter term is a usual
adsorption impedance comprising of resistive,
diffusional and capacitive elements. This case can
be adequately analyzed by the theory of adsorption
impedance whose two roots are the papers of Dolin
and Ershler [22] and of Frumkin and Melik-
Gaykazyan [23]. These two theories were compiled
to one in Ref. 24, for an interpretation of the
present author, see the Appendix of Ref. 21. This
case is irrelevant from the point of view of the
present paper.

(b) Double layer charging and of adsorption are
coupled processes (hence are not independent of
each other). The simplest case is when the
adsorbate species is the same as the one forming the
double layer — as it is the case with binary
electrolytes. The same ion takes part in the charging
of the electrostatic double layer and in the
adsorption process. In what follows, the examples
refer to such a situation.

It is worth to start with the well-known system
of polycrystalline platinum in aqueous sulphuric
acid solution. It is known from radiotracer studies
[25,26] that in the double layer region (between
approximately 0.4 and 0.8 V vs RHE) the surface is
covered with adsorbed sulfate ions (to be precise,
by bisulphate ions). The impedance in this region is
not ideally capacitive, some frequency dispersion
can be observed [3]. The frequency dispersion
practically diappears for well-defined single
crystalline surfaces, like for Pt(111), see Fig.2. of
Ref. 27 and for Pt(100), Fig.3 of Ref. 28. The high
value of the interfacial capacitance — 60-80 pF/cm®
rather than the 15-25 pF/cm® prevailing for the
electrostatic double layer — points to a thin double
layer, i.e. sulphate on platinum is in an adsorbed
state. The little if any frequency dispersion implies
that movement of adsorbate across the double layer
is fast.

In contrast, in hydrochloric acid the interfacial
capacitance exhibits a remarkable frequency
dispersion in the double layer region of various
single crystalline platinum group metal electrodes
[29]. Two of these systems, 1r(100) and Pt(100) in
HCI deserve a closer look [28,30].

The cyclic voltammogram (CV) of Ir(100) in
0.1M HCI is shown in Fig. la. There is an
approximately 0.4V broad featureless potential
region, which might be called as double layer
region. Since the potential of zero total charge, pztc,
is just in the peak at -0.1 V; in the double layer
region the electrode surface is covered by the
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anions, i.e. by chloride ions. The impedance spectra
there can be well fitted with the impedance spectra
of an empirical equivalent circuit of Fig.1b; the
capacitance spectra (both the measured and fitted)
are shown in Fig.1c.
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Fig.1. (a) CV of 50 mV/s of Ir(100) in 0.1M HCI
(solid line) and the metal’s charge as function of the
potential (dashed line). (b) The equivalent circuit of the
electrode. R; is due to the electrolyte bulk, whereas the
other elements represent properties of the interface. The
W element is an empirical “pseudo-Warburg” element.
(c) Capacitance spectra at potentials as indicated. Points
at frequencies 1kHz, 100Hz, 10Hz and 1 Hz are marked
by solid symbols; the frequency of the topmost spectrum
points are labelled. Solid lines: fitted spectra; the
equivalent circuit is shown in (b). The spectra are shifted
along the abscissa due to visibility reasons.

The fits are quite good; the high frequency limit
of the capacitance is about 20 pF/cm?, ie. the same
as that of the electrostatic double layers. In contrast,
the low frequency limit is about 50-60 pF/cm®
implying a two-three times thinner double layer.
This is in accord with a view that following a very
fast positive potential change, the chloride ions can
enter the outer Helmholtz plane (OHP) from the
bulk of the solution; whereas in a much longer time
they can approach also the surface taking an
adsorbed position in the inner Helmholtz plane
(IHP). Note that the ion which gets adsorbed, first
has to cross the OHP, so adsorption and double
layer charging are sequential rather than parallel
processes. The Kkinetics of the anion moving
between the OHP and the IHP is expressed by the R
and W (Warburg) terms of the equivalent circuit.
We have no theory for the appearance of W — we
regard it as an empirical element of the model.
Nevertheless, even if a model is lacking, we still
may claim that the w.x frequency (or its reciprocal,
a time constant) of the topmost point of the arc
characterizes the rate of the process; and the shape
of the arc gives a clue whether the time constant
distribution of the adsorption is narrow or broad. As
it is seen on the arcs of Fig. 1c, the arcs are
semicircle-like at +0.1V and depressed semicircle
at +0.3V, respectively — according to that the W
term of the RW branch plays a more important role
at more positive potential. The topmost frequency
is also smaller for more positive potentials, i.e.
more time is needed then for the adsorption-
desorption processes. These properties of the RW
branch can be tentatively connected to the
“crowded” nature of the chloride adlayer. In
general, adsorption onto a zero-coverage,
homogeneous surface is a single-time-constant
process. In contrast, when coverage is close to
unity, adsorption requires a concerted movement of
many adsorbate species: The sequence of the steps
are first the formation of an empty place, then the
adsorption step, finally the rearrangement of the
adlayer. Such a collective movement requires more
time; the many individual processes imply a certain
time constant distribution.

The CV of the other system to be discussed:
Pt(100) in 1M HCI solution is shown in Fig.2a, the
capacitance spectrum at the positive potential end
of the CV is displayed in Fig.2b. The capacitance
spectra for HCI solutions on 1r(100) and Pt(100) are
rather similar to each other. We note that similar
spectra of arc shapes have been found by us using
other Pt-group metal single crystals, also with Br’
and I containing electrolytes [29].

For comparison, Fig.2 consists also the CV and
a capacitance spectrum of Pt(100) in 0.5M H,SQO,,
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measured the just the same way as in the 1 M HCI
solution. The voltammograms and the pztc values
(as displayed in Fig.2a) just as the capacitance
spectra are rather different. Since the H*
concentration of the two solutions is approximately
the same, the difference — at least positive to the
pztc — is evidently due to the different properties of
the anion adlayer. The spectrum in H,SO, solution
is practically a single point, at about 80 pF/cm?. We
note that similar single-point like spectra have been
found by us using other Pt-group metal single
crystals, also with phosphate (at the given pH,
H,PO, ) ion containing electrolytes [29].

|
o
q" [1Clcm?]

— -100

T

— -200

-600

-03-02-01 00 0.1 02 03 04

E vs SCE [V]

Nl—! 40 i max

£ 40 - - =

S | 1MHCI 7 ™

L )(\ ~

= oog p 0.5MH,SO, \

(_é [ /00‘00\ \ \

' 0 W | T L. | h

0 20 40 60 80 100
ReC [uFicm’]

Fig.2. (a). CVs of 50 mV/s (solid lines) along with
the metal’s charge vs potential curves (dashed lines) of
Pt(100) in 0.5M H,SO, (thick lines) and in 1M HCI (thin
lines); (b) Capacitance spectra at +0.3V (points:
measured spectra), solid line: fitted spectrum (in HCI
solution); dashed line: hypothetical high frequency
spectrum in H,SO4 solution.

This single-point behaviour can be interpreted in
the following way: also for this system, the high
frequency end of the capacitance arc is assumed to
be at about 20 pF/cm?® this hypothetical arc is
indicated by a dashed line in Fig.2b. The topmost
frequency of this arc, wmsx iS at very high
frequencies, orders of magnitudes higher than the
audio-frequency range of the capacitance (probably
in the MHz range). In other words, adsorption-
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desorption of sulphate appears to be much (orders
of magnitudes) faster than of chloride. This
difference can be easily explained as follows: With
impedance measurements we get information on
the displacement of charges — without learning
anything on their chemical nature. That is, in the
case of (bi)sulphate adsorption-desorption we
cannot distinguish between bisulphate adsorption
and H* release from an adsorbed bisulphate ion.
Both processes lead to one electron removal from
the metal surface. However, adding one bisulphate
ion to an already crowded adlayer requires much
more time than removing one H* ion from a
bisuphate anion — this dissociation process does not
require the rearrangement of the neighbourhood
within the adlayer. Hence we conclude that the
“single-point” capacitance spectrum is due to the
dissociation of the adsorbed bisulphate ions which
process appears as H* desorption/adsorption. We
note that the H'-releasing nature of the
bisulhate/sulphate adlayer has already been
demonstrated by combined voltammetric and
radiotracer measurements [31].

DOUBLE LAYER CAPACITANCE IN IONIC
LIQUIDS

lonic liquids (ILs) are salts whose melting point
is below 100 °C; many of them are (more-or-less
viscous) fluids at room temperature. Due to their
properties like non-volatility, non-flammability and
electric conductance these salts attracted much
interest in various areas of chemistry [32]. For
practical purposes they are regarded as promising
electrolytes [33]. An important group of ILs
comprises imidazolium cations [34].

As ILs are concentrated electrolytes, the C(E)
function of the metal | IL interfaces is relevant from
theoretical point of view. In the related models the
charge density is limited everywhere (in contrast to
theories with of dilute electrolytes, “lattice
saturation” prevents accumulation of much charge
anywhere). Since the start of the ionic liquid
electrochemistry studies one of the important issues
was whether or not the measured C(E) curves can
be interpreted in terms of Kornyshev’s IL double
layer model [35,36], predicting “bell-shaped” or
“camel-shaped” C(E) curves. Up till now this
question is open; the measurements are still not
good enough to support or disprove related
statements. There are two reasons for this. One is a
cleanliness problem: the ionic liquids are usually
much less pure than the aqueous electrolytes; the
second is related to modelling problem as will be
explained in the following paragraphs.
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Various groups reported C(E) measurements
(either performed at one frequency with scanned
potential, or calculated from impedance spectra)
made on poly- or single-crystalline gold [37-41] or
other electrodes like polycrystalline Pt [42], on
carbon [43,44], on Bi(111) [45-50]; in most studies
the electrolytes were the commercially available
imidazolium-based ILs. We have focused our
attention to the behaviour of two single crystal
faces of gold, Au(111) and Au(100), because we
regarded gold to be just as inert as in aqueous
solutions. In most cases we used 1-butyl-3-methyl-
imidazolium  (BMI) salts, with PFg or
bis(trifluoromethylsulfonyl) imide, Tf,N, anions.
After a few years of laboratory work with these
systems [51-55], we recognized that gold is far
from being inert in BMIPFg and other N-
heterocycles-consisting ILs. Up till this recognition
the low frequency impedance behaviour was
attributed to the double layer charging rather than
to a dissolution + eventual re-deposition process.
But in-situ scanning tunneling microscopy (STM)
images, demonstrating the presence of etch-pits and
corrugating step-edges provided direct evidence for
the latter case [56]. Thus, even on the noble metal
of gold, we face the problem of separation of
charging and charge transfer processes.
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Fig. 3. Schematic capacitance spectrum of the metal-
ionic liquid interface and its general equivalent circuit.
Rs is due to the electrolyte bulk, whereas the other
elements represent properties of the interface. The W,
element is an empirical “pseudo-Warburg” element. In
some cases this W element was replaced by a CPE. The
Z, impedance (if any) is a serial R—CPE-C circuit, or a
subset of it (CPE, R-W-C etc.).

A couple of typical measured capacitance
spectra are shown in Fig.4; they can be well
interpreted in terms of the equivalent circuit of
Fig.3. The corresponding theoretical spectra, as
shown on the complex plane plot of Fig. 3 comprise
a high frequency (hf) arc between Cy¢ and Cy+Cy
and a low frequency (If) arc or tail. Accordingly, we
have to analyze the measured spectra using the

equivalent circuit of the inset, then draw
conclusions regarding double layer charging from
Cht, C1, Ry and Wi elements only — all elements
related to the If tail can be disregarded.

The hf arc was apparent in all but one systems
studied by us. (The exception is our first IL
measurement series [51], where cleanliness,
reproducibility and measurement precision was not
sufficient to resolve the hf arc.) First, C.s appeared
to be independent of the metal (cf. Fig.4); its
potential dependence is little if any (the potential
dependences of the spectra are well documented in
Refs. 53-56). Cy¢ was found to depend on the cation
rather than the anion: the larger the cation the
smaller Cy¢ values were found. Second, for C,, the
span of the If arcs is in the range of 1-3 pF/cm?, we
found neither trends of the values nor can we offer
any explanation for the order of magnitude of these
values. Third, the order of magnitude of the
characteristic frequency of the hf arcs, wmay, IS In
the range between 100Hz and 1kHz. This
frequency increases with higher temperatures (see
Fig.6a of Ref. 56). Whereas Cy and C; do not
depend on temperature, the temperature
dependence of wmax (the "Arrhenius plot" and the
associated activation energy) is rather similar to
that of the bulk conductivity of the ionic liquid
(Ref. 56, Fig. 6b). This is why we suspect that the
rearrangements of the double layer and the ionic
movements require similar activation processes.
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Fig. 4. Capacitance spectra of various electrodes —
unless otherwise noted — in BMIPFg. All spectra have
been measured at, or the close vicinity of, -0.1 V. The
characteristic frequency of the high frequency arcs is in
the range of 100 Hz — 1 kHz. The spectra are shifted
along the ordinate for visibility reasons.

There exist reports on similar studies — for an
overview on these see, e.g. Ref. 57. One group’s
work deserves mentioning here: Roling and
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coworkers studied a number of similar
electrochemical systems with Au(111) [38-41].
Though the representation of their
impedance/capacitance spectra markedly differs
from that of ours; — after all — their conclusions are
similar to the above ones.

The main, phenomenological outcome of these
studies is that the double layer capacitance, Cy of a
metal |ionic liquid interface at a given potential is
not a single, frequency independent value, but is a
function of frequency, involving (at least) three
parameters. The high and low frequency limiting
values of Cg(w) (Cps and Cps + C; in this model) can
be interpreted as they refer to the “frozen” and
“relaxed” states, respectively. The characteristic
time (reciprocal of the angular frequency of the
topmost point along the capacitance arc) represents
the Kinetics of the rearrangement of the double
layer.

SUMMARY AND CONCLUSIONS

It is demonstrated for two cases of apparently
ideal, ideally polarizable electrochemical interfaces
that the interfacial capacitance does depend on
frequency. In other words, charging-discharging
following potential changes is not instantaneous. A
double layer with non-zero characteristic time
cannot be interpreted in terms of electrostatics — as
the name of electrostatics implies, in that discipline
there is no time involved as a variable. Electrostatic
charging/discharging is infinitely fast; hence, for
the rationalization of the — not infinitely fast —
charging/discharging we have to assume processes
of physico-chemical origin.

The existing double layer theories (Helmholtz,
Gouy-Chapman-Stern, Bockris-Devanathan-Miiller,
etc) are all based on electrostatic interactions and
hence time/frequency is not a variable therein (this
applies also to newer MC, MD, DFT calculations).
Double layer theories are wanted which include
kinetic processes based on physico-chemical
interactions.

The frequency dependence of the double layer
has a consequence on how we evaluate electrode
kinetics data: These are calculated from transient or
EIS measurements, the procedures require the
proper separation of the Faradaic and charging
currents (provided that it is possible). Corrections
of kinetics data by taking into account the double
layer charging are typically approximations using
Ca or CPE, which in turn affect the accuracy of
data on electrode Kinetics.
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[Iponiecu Ha GaBeH 3apsi / pa3ps B €IEKTPOXUMHYHUS TBOCH CIIOH
T. ITaiikomn

Hremumym no mamepuanu u Xumus Ha oKoaHama cpeoa, M3cnedosamencku yeHmsp 3a RPUPOOHU HAyKu, YHeapcka
akademus Ha naykume, Maeusp myoowok kopymus, 2, byoanewa H-1117, Yneapusa

IHocTpnuna Ha 2 maii 2018r.; npuera Ha29 ronu 2018r.
(Pesrome)
B namem na 30pasxo Cmotiinog

3a nmBa ciydas Ha OYEBHIBHO HICANTHU, WICATHO TOJSPHU3YEMH EIEKTPOXMMUYHH IMOBBPXHOCTH €
JIEMOHCTPATUPAHO, Ye 3apsija / pa3psaaa cliell U3MCHEHHE Ha MOTEHIMANa HEe Ce OCBIIECTBSIBA MUTHOBEHHO,
MOpajii KOETO IBOMHMAT CJIOH HE € (SAMHCTBEHO) SJIEKTPOCTATHUEH IO MPHUPOJIA - KAKTO Ce IMpeJrosara B
"knacuueckute" JABOWHU cioeBe. ToBa 03Ha4aBa, 4e (PU3MKO-XMMUYHHUTE B3aUMOJCHCTBUS CHIINO TPsOBa 1a
ce B3MMAT B MPEJIBH]I IIPH MpoIecH Ha OaBHO MpeoOpa3yBaHe ONMUCBAIIY CE C IBOCH €JICKTPHUCH CIIOM.
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A multi-scale approach for the analysis of reactant systems is a very important mean for the improvement of the
understanding of the phenomena occurring at different scales of space and time, and for the support it brings to the
experimental and design activities in particular for scale-up purposes. In previous works, the authors developed kinetics,
cell and stack models for molten carbonate fuel cells, integrating all these scales of simulation in a code called SIMFC,
which has been successfully validated on experimental data. The aim of the present work is to show the benefits that the
coupling of plant simulation and small scale models can bring to the study of innovative applications and the design of
particular configurations. In the frame of this paper, the authors analysed the integration of the calcium-looping
technology coupled with molten carbonate fuel cells for the capture and sequestration of carbon dioxide using a series
of different sources of fuel gas to evaluate the best options. In particular, this work analyses the exploitation of poor
fuels in fuel cell that would not be possible without enrichment. The availability of a small scale model allowed to
identify critical operating conditions (of both local temperature and composition) that decrease the performance and that
cannot be easily identified with the use of only large scale model commonly employed for plant design and simulations.

Key words: Molten carbonate fuel cell, calcium-looping, plant simulation, CO, sequestration

INTRODUCTION

The emissions of CO, in the atmosphere,
especially due to energy production, are a major
concern due to the effects that this greenhouse gas
has on the climate. Carbon Capture, Utilization and
Storage (CCU and CCS) are regarded as the main
solution to mitigate these effects [1]. CCU and CCS
consist of a number of technologies that can be
used to separate and collect the CO, generated in
industrial processes for its reuse in other chemical
plants or for its storage in underground facilities to
prevent emissions into the atmosphere.

Molten carbonate fuel cells (MCFCs) are a valid
example of a technology that can be used for
carbon capture thanks to its operating principles
[2]. MCFCs are deeply studied by Electrochemical
Impedance Spectroscopy [3,4], that is a valuable
tool for the investigation of reactions and
phenomena taking place in different materials [5-
10]. In literature, different studies already exist
concerning its application as mean for carbon
capture [11-13]. Investigations on MCFCs vary

To whom all correspondence should be sent:
E-mail: barbara.bosio@unige.it

from studies to improve the used materials [14-21],
to reduce the pollutant effects and to increase their
resistance [22—-26] and to realize robust computer
simulations [27-29] in particular for integrated
systems [12, 30, 31].

Computer simulation can be a useful instrument
to support experimental and design activities. In
particular, a multi-scale approach that integrates the
modelling from the small to the large scale can
highly improve the scale-up process.

In previous works, the authors developed a
kinetics formulation to simulate the performance of
MCFC [24, 32, 33]. This formulation has been
integrated into a Fortran code coupled with a cell
level simulation to accurately consider mass,
energy and momentum balances. Through a series
of experimental campaigns, the model has been
tested and proved reliable for the simulation of the
MCFC behaviour. In this work, the aim is to show
the benefit of the integration of a local model into
the overall plant simulation.

For this activity, an MCFC stack was integrated
after a calcium-looping process for carbon capture
and sequestration.

This integration is interesting because it allows
the use of poor fuels in MCFC. In fact, for
particular fuels such as the exhaust of a gas furnace

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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or the product of the gasification of waste, the
amount of fuel and the high content of CO, induce
instability in the cell. If the calcium looping process
is integrated upstream the cell, it removes CO,,
enriching the fuel. Moreover, performing the
regeneration of the sorbent in the calcium looping

Carbonator

co,

> Calciner

m MCFC cathode

with air and not pure O,, allows significant cost
reduction and removal of CO; in the cell. In this
way the two technologies brings mutual benefit
[34]. A simple scheme that shows the integration of
these two technologies is represented in figure 1.

Energy |
production|

) ((Mcrc anode ) EERE)

co,

€0, poor

Fig. 1. Schematic representation of the integration between calcium looping process and MCFC.

MOLTEN CARBONATE FUEL CELL & SIMFC
CODE

A molten carbonate fuel cell is an
electrochemical device that directly converts
the chemical energy presents in fuel to
electrical energy. The electrochemical reactions
that allow this conversion are the following:

20 + CO, + 2e~ — CO7 (at the cathode)
1)

H, + C03 = H,0 + CO, + 2e~ (at the anode) (2)

1 -
EO + Hz + 2e (+COZ,Cathode)

- H20(+C02,Anode)

(overall reaction) 3

An important characteristic of MCFC that can
be seen from the overall equation (eq. 3) is that the
CO, at the cathode moves to the anode side where
is released. This process allows the depletion of
CO, from the cathode feed and the subsequent
enrichment of the anode stream. At the end of the
process, ideally, the cathode outlet will have a low
content or none CO,, while the anode one will
consist of a mixture of CO, and water that can be
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separated with less energy consumption compared
to the CO, and N, mixture of the cathode feed. For
this reason and for the surplus energy that they
produce, MCFCs are deemed as a valid instrument
for carbon capture and segregation.

The performance of an MCFC can be expressed
through the following equation:

AV = AE _] RTOt (4)

where AV is the measurable voltage (V), AE the
voltage at the thermodynamic equilibrium given by
the Nernst equation (V), J the total current density
(A m?) and Rror the overall cell resistance (Q m?)
which includes all the voltage losses of the cell
which are Ohmic, concentration and activation
losses.

In the model developed by the authors [24, 32,
33, 35] and named SIMFC, the resistance term has
been expressed as:

Py
P3Te T

P2
Rrot = PreT + w =
p ln[l—m(l’coz +YH20)]
Pg
—0.75 P;TeT

pin(1+yy,) ®)

Zs 0.5
PsTe T pco, Po,
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where T is the operating temperature (K), p is the
operating pressure (atm), P;s and 9 are empirical
parameters, p;s are the partial pressure of the i-th
gas (atm) and yy, is the molar fraction of H,. In the
formulation, each addend represents a particular
aspect of the resistance: the first is the ohmic term,
while the others are the polarization resistances due
to respectively CO,, O, and H,.

The model has been tested with different
operating conditions (temperature and composition)
and electrode materials (with opportune parameters
re-evaluation), and showed always a satisfying fit
[24,32,33].

The SIMFC code uses equations 4 and 5 to
describe the performance of an MCFC and is
completed with the addiction of energy, mass and
momentum balances. Through the code it is
possible to obtain good fitting results of a single
cell or a stack performance, composition and
temperature maps and other kind of electrochemical
information.

This model can be helpful if integrated in a plant
simulation because it can provide information about
parameters that usually plant scale design models
ignore, such as local compositions, current and
temperatures.

CALCIUM-LOOPING

The calcium looping is a carbon capture
technology that is based on the reversibility of the
lime carbonation [36]. The process can be divided
into two main phases: carbonation and calcination.

jCO2 rich

Rich Fuel J ‘

D
Carbonator v Calciner
600-700°C ' 900-950°C
' \CaC03
4 y
Poor Fuel ( CH, + air (

Fig. 2. Calcium looping process scheme.

The carbonation consist in an exothermic step
where a flue gas containing CO, enters a carbonator
reactor where the CO, reacts with CaO to form
CaCO; (usually at an operating temperature
between 870 and 970 K), according to the
following reaction [37].

CO, + Ca0 - CaCO0s3
AHT,298K = _178 K] mOl_l (6)

Through this first phase the feeding is depleted
of CO, and can be used for different scopes as gas
with a higher heating value.

Subsequently, the formed carbonate is sent to a
calciner where, at temperature higher than 1170 K,
it dissociate to CO, and CaO. The gaseous CO, can
be collected, while the solid can be recycled to the
carbonator reactor. This step is endothermic and
heat is usually provided with combustion with pure
O, in order to obtain a highly concentrated stream
of CO, [37]. This represents one of the main
disadvantages of this process [38] due to the high
cost of pure oxygen. A possible solution considers
the use of air, but it would require a subsequent
separation of N, and CO, for carbon sequestration.
This separation can be carried out exploiting an
MCFC where the CO, rich stream can be used as
cathode feed while the previously enriched fuel can
be used as the anode one.

DESCRIPTION OF THE SYSTEM

The studied system consists in the integration of
the technologies of calcium looping and MCFC for
the segregation of carbon dioxide and the
exploitation of poor fuels. The development of the
calcium looping process was based on the
ZECOMIX high efficiency hydrogen power plant
currently operating at the ENEA research centre
Cassaccia (ltaly) [39], where the process is
positioned downstream of a gasifier for the
decarbonisation of raw syngas.

A fuel gas reach in CO, and that cannot be directly
used in MCFC is sent to the calcium looping
system, after a treatment to remove possible
poisonous gases as sulphur compounds (This aspect
has not been treated in this work). In the carbonator
the fuel is depleted of CO, thanks to reaction 6 and
can be used as anode inlet for an MCFC. The
CaCO; moves to the calciner where the thermal
regeneration of the solid sorbent occurs.
Combustion of methane in air is utilized to
ensure an adequate temperature rise to facilitate
the regeneration. The integration of the MCFC
downstream allows for methane combustion in
the presence of air instead of pure O2, reducing
the energy and cost penalty associated with
producing pure oxygen in an air separation unit.
The regenerated CaO is recycled back to the
carbonator while the COz2 rich gas is used as the
cathode inlet to the MCFC, allowing for further
CO2 concentration and the generation of useable
electrical power. The utilization of the
decarbonized syngas for electricity generation in
an MCFC is preferable due to the higher
electrical efficiencies observed in MCFCs
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compared to the commonly utilized gas turbines.
At the end of the process the enriched CO, should
undergo a further separation to remove steam or
other impurities. In this work three different
possibilities have been investigated: simple
condensation, burner and condensation to remove

possible unreacted O,, and membranes [40, 41]. A
scheme of the proposed solution with the
integration of the burner and condensation
separation process as used in the simulation in
Aspen is presented in figure 3.

Fig. 3. Aspen representation of the calcium looping and MCFC integration.

The following assumptions have been made for
the simulation of the process:

1. The removal of pollutants happens before the
beginning of the studied process.

2. The carbonator works at 973 K. The
carbonation reaction is at the thermodynamic
equilibrium, while the conversion of CHy, is fixed at
80% as literature suggests [42]. CH, and CaO feed
flow rates are optimized as function of the
operating conditions.

3. The regeneration works at 1173 K at the
calciner. The regeneration reaction is at the
thermodynamic equilibrium, while the conversion
of CH, is total. The amount of the “CH,+O,”
stream has been calculated in order to ensure an
adiabatic reaction.

4. The solid phases after the carbonator and the
regenerator are completely separated from the gas
phases in downstream cyclones.

5. A reformer is placed before the anode inlet
enters the cell to convert all the CH, in H,. Prior to
this reaction the stream is preheated up to 1123 K.
Also, steam is added to increase the content up to
10 mol% since it is necessary to avoid carbon
deposition.
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6. The cathode inlet stream is mixed with air to
ensure an amount of O, equal to 20% and the
thermal management of the cell.

7. In the cell the fuel utilization factor (at the
anode) is assumed to be 70%, while the CO,
utilization factor (at the cathode) is assumed to be
90%.

8. The cells of the stack are considered to have
an area of 1 m® each working with a current density
of 1000 A cm™.

9. The performance of the cell is calculated on
the basis of the local SIMFC model.

10. At the anode outlet a burner is used for the
combustion of excess H, to obtain only CO, as gas
outlet and water which is separated thanks to a
condensation. The O, flow rate is optimized as a
function of the operating conditions.

11.In case a membrane is considered
downstream, it is assumed that the CO, removal
efficiency is of 90% and that it produces a 95%
pure CO, stream [43].

For this analysis, three different feeds have been
studied to describe three different possible
applications: blast furnace exhaust [44], gasified
waste [45] and syngas
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Table 1. Compositions (in molar fractions) of the three kinds of fuel gas used for the simulation.

Type of fuel H, (6{0)] C02 Hzo N, HZS HCN NH;
Blast furnace 0.048 0.228 0.190 0.062 0.472 1.9710° 1.6610* 1.3210°
exhaust

Gasified waste | 0.292 0.425 0.161 0.068 0.054 0.0036 9.9510°  0.0025
Syngas 0.282 0.350 0.139 0.198 0.031 0.0068 - 0.0015

SIMULATION RESULTS

The capture of CO,

The main interest of this integrated application
is its applicability to the capture of CO, to reduce
emissions in the atmosphere and the simultaneous
exploitation of poor fuels. For this reason the main
results presented will be focused on the flow rate
and the molar fraction of CO, released and captured
during the process as well as the energy efficiency.

Before showing the results of the integrated
process, the results of the single units (fuel cell and
calcium looping separately) should be presented for
comparison. However, since poor gases are
considered, they cannot be used directly in a fuel
cell stack efficiently, and therefore only the calcium
looping results are shown in table 2. The use of the
calcium looping allows to ideally obtain a pure
stream of CO,, but the emissions in atmosphere still
contain CO, in the order of 5 mol%.

In table 3 and 4, the main results concerning
the CO, captured and released in atmosphere of the
simulation for the integrated process are presented
for the three different types of fuel gas with three
different methods for the final downstream
separation.

In table 3, the column “CO, molar fraction”
represents the values in the final enriched stream of
CO;, after the calcium looping process, the fuel cell
operation (anode outlet) and one of the three
processes of separation considered. In all the
analysed cases, it appears clear that the use of the
condensation only is not sufficient to obtain a
stream of CO, suitable for sequestration or other
possible uses since it is still rich in other compound

s (mainly N, and unreacted H,). The addiction
of a burner will favour the process, but the best
solutions is to add a further separation by means of
membranes. This kind of separation does not only
allow to obtain a stream very reach in CO,, but also
to reduce the final flow rate.

Table 4 refers to the sum of all CO, presents in
all the streams that are released into the atmosphere
during the overall process. In particular the column
“CO, molar fraction” indicates the molar fraction of
CO, if all the emissions were grouped in one
stream. As expected, for all the three fuel gas cases,
the lowest value of CO, emission is obtained when
membrane separation is used. In particular it
appears that there is no actual difference between
the use of only condensation and burner coupled
with condensation.

Table 2. Main results concerning the CO, captured and released in atmosphere for the simulation of the calcium

looping process only.

Type of fuel CO, stream Molar CO, Flowrate/ CO, CO, Flowrate/ MCFC Power
fraction Flowrate in the fuel ~ Output (kmol_CO, MW™)
Blast furnace CO, released 0.060 0.288 6.635
CO; captured  1.000 1.208 27.830
Gasified waste CO, released 0.034 0.183 1.680
CO; captured  1.000 0.979 8.980
Syngas CO, released  0.050 0.344 2.628
CO, captured  1.000 1.785 13.618
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Table 3. Simulation results for the three studied types of fuel gas.

Type of Fuel Downstream CO, Molar Flowrate/ CO, Flowrate/ MCFC Power
separation fraction Flowrate in the fuel Output (kmol MW™)
Blast furnace With Condensation  0.351 1.767 421
exhaust Only
Burner + 0.444 1.985 27.446
Condensation
CO; Selective 0.950 1.590 21.979
Membrane
Gasified waste | With Condensation  0.647 3.166 24.872
Only
Burner + 0.909 3.554 27.916
Condensation
CO; Selective 0.950 2.850 22.385
Membrane
Syngas With Condensation  0.687 3.510 28.048
Only
Burner + 0.941 3.886 31.052
Condensation
CO; Selective 0.950 3.159 25.243

Membrane

Table 4. Simulation results for the three studied types of gas concerning the captured CO,.

Type of Fuel Downstream CO, Molar Flowrate/ CO, Flowrate / MCFC Power
Separation Fraction Flowrate in Fuel Output (Kmol MWh™)
Blast furnace With Condensation 0.005 0.202 2.791
exhaust Only
Burner + 0.005 0.202 2.791
Condensation
CO, Selective 0.0009 0.379 5.233
Membrane
Gasified waste | With Condensation 0.005 0.360 2.826
Only
Burner + 0.005 0.360 2.826
Condensation
CO, Selective 0.0011 0.676 5.313
Membrane
Syngas With Condensation ~ 0.005 0.355 2.834
Only
Burner + 0.005 0.355 2.834
Condensation
CO, Selective 0.0010 0.706 5.639

Membrane
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Finally in table 5 the global efficiency of the
integrated solutions in terms of electrical energy
and CO, capture are reported for the three type of
analysed fuels. For all the gases the efficiencies are
similar and in particular the segregation values
reached are significantly high.

Compared to the calcium looping only solution,
it is clear that the molar fraction of CO, emitted

into the atmosphere is much lower, allowing larger
savings on CO, emissions tax.

On the basis of this analysis it is possible to say
that the burner coupled with a condensation step
and the membrane separation are the best scenario;
the difference between the two would require a
further economic analysis which is beyond the
scope of this work.

Table 5. Electrical energy and CO, segregation global efficiency of the integrated solution.

Electrical energy efficiency

CO, segregation efficiency

Type of Fuel

Blast furnace exhaust 0.287
Gasified waste 0.286
Syngas 0.285

0.933
0.922
0.922

The benefits of a small scale model

An important aspect of a multi-scale approach is
the possibility to rely on low level analysis to verify
the reliability of larger scale processes. In particular
the use of both a detailed kinetics model and a cell
level model allows to verify the stability of each
element of the MCFC stack in each point in the
possible operating conditions.

In figure 4 the maps that describe the molar
fraction of CO, on the cell plane at the anode and
cathode side are presented. Relying on these type of
maps can be useful to determine the best operating

Map of the CO, molar fraction on
the anodeplane of a stacked cell

Anode inlet l

0.05 / / /
] Cathode inlet

Anode inlet l

conditions. For example, they can help determine
whether it is necessary to increase the surface and
therefore increase the capture rate or decrease the
surface because the cell is working in very unstable
conditions (in this case the analysis of the H, or O,
maps is also necessary).

In figure 5 the maps that represent the
temperature of the solid structure (a), the cathode
gas (b) and the anode gas (c) are presented. The use
of these maps is important to verify that there are
no hotspots that can compromise the cell
performance and stability in any point of the cell.

Map of the CO, molar fraction on
the cathode plane of a stacked cell

0.005

04000

] Cathode inlet 0.05

Fig. 4. Example of maps of the CO, molar fraction on a cell plane at the anode and cathode side of the gas deriving
from the treatment of the blast furnace exhaust with the cell operating at operating at 1000 A m™
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Fig. 5. Map of the temperature on a cell plane of
the solid structure (A), the anode (B) and the cathode
(C) gas of a cell operating at 1000 A m™.

CONCLUSION

The aim of this work is to show the benefits that
the coupling of plant simulation and small scale
models can bring to the design of plants and the
study of particular configurations. In the frame of
this work, the authors analysed the integration of
the calcium-looping technology coupled with
MCFCs for the capture and sequestration of CO,
and the exploitation of a series of different sources
of poor fuel gases.

The availability of a small scale model allows
the identification of critical operating conditions (of
both local temperature and composition) that can
decrease the performance and that cannot be easily
identified with the use of only large scale model
that are mainly used for plant design and
simulations.

A further feasibility analysis will be carried out
taking into account the detailed plant battery limits
and economical considerations in order to evaluate
the benefit of the proposed system integration as a
function of specific applications.

Symbols
AE cell reversible potential, V
AH sy enthalpy of reaction, kJ mol™
J cell current density, A m?
p pressure, atm
Pi partial pressure of the i-th gas, atm
Py empirical parameters, variable
Rrot total cell resistance, Q m™
T temperature, K
AV cell measurable voltage, V
Vi molar fraction of the i-th gas
9 empirical parameter
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MHuoromamnabHuUs IOXO/ 32 aHAIM3 Ha PearuparinuTe CICTEMU € MHOTO BaXKHO CPEJICTBO 3a MOJ00psBaHe
Ha pa30UpaHEeTO 3a SBJICHUATA, HACTHIIMIN B PA3JINYHKM Mallladu Ha MPOCTPAHCTBOTO U BPEMETO, KAKTO M 3a
Mo/ITIOMaraHe Ha eKCIepUMEHTAITHOTO U JIM3aHEPCKOTO pellieHne, CIEIalTHO MPH YBEJIMYeHHE Ha Malnada.
B npeaummau TpymoBe aBTOpHTE pa3paboTBAT KMHETWYEH MOJENl Ha KIETKaTa M Ha CT€Ka NMPU TOPHUBHU
KJIETKAa ChC CTOIICH KapOOHAT, MHTETPUPAIIN BCHUKH Te3W Mamadn Ha cuMysanus B Koj, HapedeH CUMOK,
KOWTO € yCITENIHO BaluANpaH Ha 0a3ara Ha eKCIIepUMeHTAHHA naHHu. llenTa Ha HacTosmara pabora € 1a
MOKa)Ke IMOJI3UTE, KOUTO MOraT Ja JOHecaT CBbP3BAHETO HA CHUMYJALUsATa HA LIEHTPAIM U HAa MO-MAaJKO
MamaOHu MOJIENM NP HW3yYaBaHETO HA HWHOBATUBHU TIPIIOKCHHS M TMPOCKTHpPAHE Ha OIpeaeiieHU
KoHpurypanmmu. B paMkuTe Ha Ta3W CTaTHS aBTOPUTE AaHAIW3HWPAT HHTETpAIsITa Ha TEXHOJIOTHAITA
Perenepupani 1mukbI Ha KalIWKA YCHOPEIHO C TOPHBHH KJIETKHM ChC CTONEH KapOOHAT 3a yJaBsHE U
OTBEX/IaHE Ha BBIVIEPOJCH ABYOKHC, M3MOJ3BAMKU Cepus OT PAa3IMUYHM W3TOYHUIIM HA TOPUBEH ra3 3a
omnpeeisiHe Ha Hal-moOpuTe BapuaHTu. [lo-creruaiio, To31M TPy IpaBy aHAIU3 Ha yrnoTpedara Ha OeIHU
ropHBa B TOPUBHUTE KJIETKH, KOETO He OU OMIIO BB3MOXKHO 0e3 TSIXHOTO oOoraTsiBane. Hannaunero Ha Manko-
ManiabHu MOJEIH TI03BOJIsIBA Ja Ce UACHTU(DUIMPAT KPUTHYHUTE PaOOTHU YCIOBHS (KAaKTO Ha JIOKaTHATa
TeMIiepaTypa, Taka U Ha ChCTaBa), KOUTO MOHMKABAT EKCIUIOATAIMOHHUTE KadeCcTBa U KOUTO HE MOTaT Ja
ObJAT JICCHO MICHTU(HUIMPAHH C MU3IOJ3BAHETO CaMO Ha IIMPOKOMAIaOeH MOJEI, 3M0I3BaH OOMKHOBEHO
[IpU CUMYJIAIIMU U NPOEKTUPAHE U HA LICHTPAJIU.
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Organic coatings are generally used for metal protection. The coating process involves several steps, such as
chemical pretreatment, priming and application of top coats. Electrochemical Impedance Spectroscopy (EIS) is a
valuable tool to tailor each step and/or optimise the protective performances of the complete coating system.

EIS on deformed, T-bent and damaged samples of complete systems can be used as a tool to obtain a selective
evaluation of the best chemical pretreatment/primer combinations.

Impedance data analysis and equivalent circuit modeling on undamaged and artificially damaged coatings exposed
to aggressive environments can be used to evaluate the influence of formulation parameters, as Pigment Volume
Concentration (PVC), on the protective performance and the retention of the coating adhesion, respectively.

EIS data obtained for intact coatings can be analysed to evaluate water permeability coefficients, often influenced by
the molecular weight and the chemical nature of the resins constituting the coatings.

Several case histories will be presented to gain further insight on the power of EIS for the optimisation of organic

coating systems.

Key words: Electrochemical Impedance Spectroscopy, Organic coatings, Industrial applications

INTRODUCTION

Organic coatings are generally used for metal
protection. The coating process involves several
steps, which can be summarised as follows:

» metal cleaning

+ chemical pre-treatment
* priming

* top coat application

Electrochemical Impedance Spectroscopy (EIS)
[1, 2] is a valuable tool for the investigation of
reactions and phenomena taking place in different
materials [3-8]. It can be also applied to study “at
different level” the coating systems. For example, it
can be used to study i) the protective performances
of the complete coating system, ii) the formulation
of a coating layer or iii) the properties of the resin
constituting the coating.

In the following some case histories are
presented, to gain further insight on the power of
EIS for practical industrial applications in the
optimisation of organic coating systems.

CASE HISTORY 1: OPTIMISATION OF THE
PRETREATMENT-PRIMER COMBINATION

The first case history is about the study of the
performance of a complete coating system. Coil

To whom all correspondence should be sent:
E-mail: marina.delucchi@unige.it
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coatings are mainly used to coat metal strips which
are post-fabricated to desired products later. Coil-
coating products are generally tested in quality
control laboratories using T-bend deformations. If
the metal is pressed together, it gives a 0T bend.
1T, 2T bends, etc., can be obtained with one, two or
more thicknesses of the metal around which the
bend is made. In this way the flexibility and
adhesion performance of the coating as well as its
barrier properties are analysed when the precoated
metal is produced.

The critical area of the coil-coated products
corresponds to the top of the bends, where the
presence of induced defects is often unavoidable.
Fig. 1 reports the appearance of one bent system,
where cracks in the top coat are readily visible.

Fig. 1. Top of a bend of a coated sample

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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The aim of this study was to verify the reliability
of innovative pretreatment/primer combinations for
a coil coating product.

The materials under test were five experimental
pretreatments, named from 1 to 5, in which the
reference one, 1, was a nitro-cobalt chemical
conversion, and three different primers, named A,
B and C, among which the reference one, A, was a
modified polyester-urethane resin containing non-
toxic inhibitors, which were tested in all the
possible combinations.

A three electrode electrochemical cell used for
the analysis is given in Fig. 2, where the WE had
the top of the bend in contact with the artificial sea
water used as electrolyte.

sea water

Fig. 2. Electrochemical cell for EIS measurements on
bent samples

Generally, quantitative analysis of impedance
data is carried out over a wide frequency range in
order to determine the individual components of an
equivalent electrical circuit model that represents
the system under test. The high number of
pretreatment/primer ~ combinations and  the
preliminary nature of the analysis led us to consider
an alternative way of data interpretation. Since the
total impedance of the system at the low frequency
can be considered as a rough estimation of the
system condition, only the impedance modulus at
0.1 Hz was considered, and recorded as a function
of time of exposure to the electrolyte for all the
systems. But the different amounts of cracks in the
top coat and/or in the primer, and hence the
extension of the surface exposed to the aggressive
solution at the initial time of the measurement,
could greatly influence the initial impedance
response, with impedance moduli ranging between
10° and 10® ohm cm? at 0,1 Hz.

Then, a relative variation of the impedance
modulus was calculated and a degradation factor, n,
was defined as:

_ Log|Z, |o,1H; -Log|Z, |o,1H; (1)
Log|Z, |0,1Hz

h=1

where |Zoo.11, iS the impedance at 0,1 Hz and time
0 and |Zo 1 is the impedance at 0,1 Hz and time t.
n ranges between 1, which is related to the starting
condition or no degradation, and 0, which means
total degradation of the coating.

Fig. 3 reports the general trend of n as a
function of time for some of the specimens with a
4T bend, so low deformed samples, and a 2T bend,
as an example.
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Fig. 3. Degradation factor, n, as a function of time

for primer B coupled with all the preatreatments 1, 2, 3,
4 and 5 a) 4T bend; b) 2T bend

It is worth noticing that n constantly decreases
for the low deformed samples, indicating a general
progressive deterioration of the system; this result
can be interpreted as a degradation of the top coat
or top coat/primer layers and hence a development
of more and larger pores which allow an increasing
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water penetration through the first layers of the
system. It means that the quite severe bend (4T) did
not cause an immediate and complete top coat
cracking and this prevents a clear discrimination
between the  different  pretreatment/primer
performances. On the contrary, the general defected
surface of the 2T bend specimens caused a rapid
water up-take through the top coat, allowing a
reliable investigation on the inhibitive action of the
primer or pretreatment.

The increasing values of n after an initial drop
can be readily assumed as indexes of the
primer/pretreatment inhibitive action.

Since a clear distinction between the system
performance was not possible from these
gualitative results, a quantitative attempt was made.
Then, the variation of n (4n) calculated as the
difference between the value of 7 at the time of
final measurement and the minimum value of 7,
generally obtained after an initial time of activation,
was estimated. Table. 1 reports the values obtained
for the fifteen 2T bend systems.

Table. 1. An values for the 2T bend samples

Pretreatment
Primer 1 2 3 4 5
A 0,6 007 0,11 0,07 0,11
B 0,7 009 003 0,08 0,19
C 0,43 0,04 007 003 0,20

The effectiveness of the system is related to the
value of An.the higher the value, the better the
performances. Considering that the combination 1A
is the reference one, the performances of the
different systems are evident: pretreatments 2, 3
and 4, regardless the primer, have lower inhibitive
action than the reference system, while
pretreatment 5, coupled with primer A and B,
results very promising.

So, from this experience, a fast and reliable
strategy to select an  effective  novel
pretreatment/primer combination on a real complete
coated system was found.

CASE HISTORY 2: OPTIMISATION OF THE
PVC OF THE TOPCOAT

The second case history is about the study of the
formulation of a coating layer.

Paint formulations are complex systems because
they are a mixture of a binder, solvents, fillers,
pigments and additives. An important parameter
that takes into account the balance between most of
these components is the Pigment Volume
Concentration (PVC), defined as the volume
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percentage of solid particles in the system after film
formation. Depending on this concentration, the
properties of the coatings can vary considerably [9].
For example corrosion resistance and gloss
decrease with PVC, on the other hand porosity and
blistering increase with PVC.

In this work the need of obtaining the best
compromise between protective and aesthetic
properties of a fluorinated moisture curing coating
has been the driving force behind the study of the
loading of the system.

The materials were coatings from the same
binder, with PVC equal to 0, 5, 7, 10 and 15%. The
pigment was a powder of TiO,, alumina and
amorphous silica.

A series of Q-panels coated with 40 um of the
resins was subjected to impedance analysis to
follow the water permeation process. The
importance of assessing the water uptake into
coatings has been acknowledged because water
penetration is an initial step in the degradation
process. The initial behaviour of the coatings can be
simulated as that of an ideal capacitor, so the
impedance results obtained in the frequency range
between 1 kHz and 40 kHz were analysed using an
R(RC) equivalent circuit and the capacitance was
used to evaluate the increase of capacitance of the
coating over time. In fact the large difference
between the dielectric constant of water (about 80)
and that of an organic coating (2-7) evidences if a
coated substrate absorbs water. The whole
procedure was automated to perform a large
number of measurements in the first hours of the
experiment.

The water permeabilities of top-coats with
different pigment contents are reported in Fig. 4.

207, . «

t t t t t i
0 1000 2000 3000 4000 5000 6000

t (min)

Fig. 4. Capacitance trends over time for the coatings
with PVC: 0, O0; 5, ¢; 7, O; 10, A; 15, X

The starting values of the curves, C,, are
determined by the composition of the coating and
display an increase with the coating pigment
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content. This is readily explained considering that
the dielectric constant of the fluorinated binder is at
least one order of magnitude lower than the
dielectric constant of the pigment TiO,.

A first stage of water up-take where the coating
capacitance, C,, increases is followed by a nearly
asymptotic trend, which reaches the limiting value
corresponding to the saturation of coating voids and
porosity by water (Cs). Then dielectric constants
were converted to water volume fractions through
Brasher and Kingsbury equation [10-11], and the
volume of water at saturation (V) vs the pigment
content of these coatings was evaluated.

Table 2. Volume of water at saturation as a function
of the PVC

PVC
0 5 7 10 15
VvV, 310* 1,110° 1,310° 210° 2510°

The presence of higher pigment contents in the
polymer matrix evidently emphasizes the formation
of easy pathways for water uptake and/or the
presence of voids in the coating structures where
excess water can be retained if it is available.

Regarding the aesthetic properties, the gloss, an
optical property which indicates how well a surface
reflects light in a specular direction, was evaluated
too. The maximum gloss is 100, and it decreased
with increase of PVC.

3,00E-03 I 100
=-2,6214x + 103
2,50E-03 1 w’ R®=0,95679 A$ 95
%
2,00E-03 ]
\I>/ 85
v
3 7
< 1,50E-03 s &
/ \ 5 °
1,00E-03
5 00E-04 y = 0,0001x + 0,0004 70
il R?=0,97622 \’ .
0,00E+00 + i , ' g
0 3 6 9 12 15

PVC

Fig. 5. Trend of volume of water at saturation and
gloss as a funcion of PVC

Fig. 5 reports the properties of the coating
depending on the coating loading. Linear
relationships between the parameters and PVC is
found.

Also from this experience, a reliable strategy to
select the best formulation to obtain optimum
compromise between aesthetic and barrier
properties specific to our system was found.

CASE HISTORY 3: CHEMICAL STRUCTURE

The third experience refers to the study of the
properties of the coating resulting from slightly
different resins.

The polymer network of the binder greatly
influence the properties of the coatings [12].

In this work the influence of the chemical nature
of the coatings on their technological properties
was investigated.

Different polyurethane (PU) coatings were
prepared starting from —N=C=0 terminated resins
obtained by addition of perfluoropolyether (PFPE)
macrodiols of molecular weight 500 or 1000 and
cross-linked by exposure to environmental
moisture, monocomponent, MC, formulations or by
addition of stoichiometric amounts of PFPE
macrodiols, bicomponent, BC, formulations. Two
series of samples were prepared, characterised by
the presence of hexamethylene diisocyanate (HDI)
or isophorone diisocyanate (IPDI)
polyisocyanurates in the formulation. The samples
are generally named with four alphanumeric groups
separated by a dash. The first two letters stand for
the type of crosslinking: MC and BC. The first
number stands for the molecular weight of the
PFPE diol in the prepolymer: 5 = 500 or 10 = 1000.
The second group of letters stands for the nature of
the poly- isocyanurate constituting the coatings:
IPDI or HDI. The Ilast number defines the
molecular weight of the PFPE used to crosslink the
BC coatings.

DSC measurements and stress-strain
measurements were carried out on self supported
samples, while water permeability tests, through
EIS measurements, were carried out on aluminium
panels coated with 25-40 um of the fluorinated
polyurethane coatings.

Table 3 reports the technological parameters for
the different coatings.

Calorimetric measurements showed that all the
coatings are amorphous and most of them are
biphasic due to the segregation of a soft PFPE rich
phase and a hard, mainly urethane phase. When
both well-resolved glass transition temperatures are
present, the low Tg value, indicated as Tg F, and
the high Tg value, indicated as Tg H, are attributed
to the segregated PFPE moiety and to the urethane
phase, respectively.

Regarding the mechanical properties of the
coatings, they are rather diversified; in general, the
use of IPDI leads to harder and brittle materials. In
addition, the position of the thermal transition of
the rigid phase of the polyurethane markedly affects
the mechanical behaviour of the coatings.
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The higher the Tgy, higher than room T, the
harder and more brittle the coatings. Also the
electrochemical impedance measurements gave
different spectra depending on the change of the
structure of the resin (Fig. 6).

The analysis of the phase shift allows an
effective differentiation of the behaviour of the
different coatings. From an ideal capacitive
behaviour, characteristic of only one coating, BC-5-
IPDI-5, the phase shift 6 decreases at low
frequencies and a second time constant, attributed
to the electrodic process, appears. On this basis the
ranking of the tested materials was determined.
Within each series, IPDI or HDI, monophasic
structures are characterised by a fine fluorine

dispersion, which guarantees better barrier
properties; coatings having Tg higher than ambient
temperature  are  characterised by  glassy
structures which inhibit water
permeation. Comparing the IPDI and HDI series,
coatings from IPDI behave better than the
corresponding HDI compositions, probably due to
the rubbery character of the HDI coatings,
whose Tgy values are lower than those of
the IPDI coatings and lower than ambient
temperature in many cases.

From this work, a reliable strategy to evaluate
the wide diversification of structures, morphologies
and resulting barrier properties of the final coatings
was found.

Table 3. Glass transition temperatures and mechanical properties of the PFPE PU coatings

TgF TgH Tensile Strength Rupture Strain
(°C) (°0) (MPa) (%)
BC-10-IPDI-10 -51 52 28,8 25-35
BC-10-IPDI-5 -30 80 31,2 3
BC-5-1PDI-5 10 88 21,3 2
MC-10-1PDI -67 90 48,6 4
MC-5-1PDI ND ND n.a. n.a.
BC-10-HDI-10 -61 -22 n.a. n.a.
BC-10-HDI-5 -60 -7 53 80-90
BC-5-HDI-5 - -1 n.a. n.a.
MC-10-HDI -59 41 23,4 40-50
MC-5-HDI - 50 35,6 4
10 - o MC-5-HDI
+ BC-5-HDI-5
8 - A MC-10-HDI =
g ¢ ®BC-10-HDI-10| &
N 0 BC-10-HDI-5 oy
2 4 A S
S ] |
0 ; —
2 -1 0 1 2 3 4 5
Log f(Hz)
(a)
A BC-5-IPDI-5
10 9 ® MC-5-1PDI 0 "
8 +BC-10-IPDI-10| 75 1 o
a 0 BC-10-IPDI-5 8 60 - ©
= 61 © MC-10-IPDI 245 <>°°
g 41 @ 30 | e
|
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0 T 1 O T T
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Fig. 6. EIS data for the IPDI and HDI coatings after 4 months of exposure to the electrolyte
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CONCLUSIONS

Electrochemical impedance spectroscopy is a
well-established technique for investigating the
properties of painted metals. Some simple strategies
to apply EIS in the industrial coating optimisation
have been shown. Even if the industrial
applications of EIS are not very common, in these
cases the integration of chemico-physical and
electrochemical  investigations  allowed the
enhancement of specific properties of the coatings.
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Crpareruu 3a ONTUMU3UPAHE HA CUCTEMU 32 OPTaHUYHO TTOKPUTHE
M. [denyuu*, A. BapOyuwu, I'. ['epucona

Kameopa "I'pasicoancko, xumuuecko u exonocuuno undicenepcmeo”, Ynusepcumem na I'enya, Bua ane Onepa nualb,
16145 I'enya, Umanus

ITocTbnuna Ha 30 ronu 2018r.; npuera Ha 7 centemBpu 2018r.
(Pe3rome)

OpraHn4HuTEe MOKPUTHS OOMKHOBEHO CE€ M3IOJI3BAT 3a 3alluTa Ha MeTan. IIponechT Ha HaHacsHE Ha
MOKPUTHE BKJIIOYBA HSKOJKO €Tara, KaTo MpeJBapuTeliHa XUuMHYecka 00padoTKa, rpyHIUpaHe U HaHACSHE
Ha TopeH cioi. Enekrpoxummunara wmmnenancHa crektpockonus (EMC) e meHeH WHCTpyMEHT 3a
npociieisBaHe Ha BCSKa CThIKA M / WIM 3a ONTUMM3MpPaHE Ha 3alIMTHUTE KayecTBa Ha CHUCTEMara 3a
HaHAaCAHC Ha IIOKPUTUA KAaTO LAJIO.

ENC Bupxy nedopmupanu, T-orsHaTv W MOBpeACHM 0Opa3lM HA 3aBBPIICHH CHCTEMH MOXE Ja ce
W3M0JI3Ba KaTO HMHCTPYMEHT 3a MNpHI0OMBAaHE Ha CEJIEKTUBHA OIEHKAa Ha Hal-IoOpUTEe XHMHUYECKH
KOMOWHAIINY 32 MTPeIBAPUTETIHO TPETUPaHe / TPYHAUPAHE.

Ananu3sT Ha UMICAAHCHUTET OaHHU Ype€3 CKBUBAJICHTHU MOJICIHU CXEMU BBPXY HCHIOBPECACHHU U
W3KYCTBEHO TOBPEACHU MOKPHUTHUS M3JIOKEHH Ha arpecMBHHU Cpeld MOXE Jla Ce M3I0JI3Ba 3a OLIEHKA Ha
BIMSHUETO Ha MapamMeTpuTe Ha (QOpMyiHpaHe, Karo oOeMHaTa KoHueHTpanus Ha nurment ([1BLI),
CBbOTBCTHO, BbPXY 3alllTUTHHUTE Ka4€CTBA U CbXPAHCHUEC HA aJIXE3UATa HAa IIOKPUTUETO.

Hannute nonyuenu ¢ nomoma Ha EWC, 3a HeHapymieHM MOKPUTHS, MOraT Aa ObJaT aHAJM3UpaHH 32
orpenesisiHe Ha KOe(pHUUMEHTUTE HAa BOAONPOIYCKIUBOCT, YECTO IMOBIUSHU OT MOJIEKYJIHOTO TErjo H
XUMHUYCCKaTa Ipupozia Ha CMOJIMTE, CbCTAaBAIIN ITOKPUTHATA.

Pasrienanu ca mocnegoBaTeNIHO HAKOJIKO CIydas, 3a Ja Ce MOJydd M0-3aAbi004eH norien Bepxy ENC
KaTo MOLIEH CIOco0 3a ONTUMHU3UPAHE Ha CUCTEMHTE 32 HAaHACSHE Ha OPraHMYHH NOKPHUTHSI.
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This paper aims to present a feasibility study of an innovative plant for methanol synthesis from carbon dioxide and
hydrogen, produced by water electrolyser fed by renewable electrical energy. The analysis aims to examine a methanol
production plant, based on 1MW of installed electrolyser, from both the management and economic standpoints: the
1MW plant size has been chosen to represent a modular plant for the power to fuel distributed generation, which may be

powered by renewable energy.

The thermo-economic investigation is performed using two different approaches: a detailed design point analysis,
carried out in order to identify the optimal component sizes and operating parameters followed by a time-dependent

plant management optimization.

Both the studies are carried out with two simulation tools, named WTEMP (Web-based Thermo-Economic Modular
Program) and W-ECoMP (Web-based Economic Poly-generative Modular Program), both developed by the

Thermochemical Power Group at University of Genoa.

Key words: power to fuel, thermo-economic analysis, methanol production.

INTRODUCTION

According to recent evaluations, world energy
demand is expected to increase significantly by
2050: despite fossil fuels will be still the
predominant primary source, renewable energy
sources (RES) contribution is expected to increase
as well 1. At the same time, European Countries are
investigating innovative systems in order to reduce
CO, emissions developing new kind of fuels (i.e.
biofuels), which have low carbon footprint for the
energy production. On the other hand, the
increasing RES penetration, in particular in case of
not fully controllable sources as solar and wind,
introduces new issues in terms of electrical system
management and energy balance: in particular, the
wide exploitation of not predictable and storable
RES which have the priority in the energy market,
has recently caused significant troubles to
traditional power plants (i.e. combined cycles),
forcing them to operate in strong off-design
conditions at lower efficiencies, with numerous
on/offs that affect negatively the plant lifetime and
pollutant emissions.

The power-to-fuel (PtF) technologies seem to
represent a good solution in this sense, allowing to
absorb electrical energy (i.e. RES overproduction),

To whom all correspondence should be sent:
E-mail: massimo.rivarolo@unige.it

converting and storing it into chemical form, for
example for the production of biofuels.

According to recent evaluations, world energy
demand is expected to increase significantly by
2050: despite fossil fuels will be still the
predominant primary source, renewable energy
sources (RES) contribution is expected to increase
as well 1. At the same time, European Countries are
investigating innovative systems in order to reduce
CO, emissions developing new kind of fuels (i.e.
biofuels), which have low carbon footprint for the
energy production. On the other hand, the
increasing RES penetration, in particular in case of
not fully controllable sources as solar and wind,
introduces new issues in terms of electrical system
management and energy balance: in particular, the
wide exploitation of not predictable and storable
RES which have the priority in the energy market,
has recently caused significant troubles to
traditional power plants (i.e. combined cycles),
forcing them to operate in strong off-design
conditions at lower efficiencies, with numerous
on/offs that affect negatively the plant lifetime and
pollutant emissions. The power-to-fuel (PtF)
technologies seem to represent a good solution in
this sense, allowing to absorb electrical energy
(i.e. RES overproduction), converting and storing
it into chemical form, for example for the
production of biofuels. Currently, on the industrial
scale methanol is predominantly produced from
natural gas by steam reforming or coal gasification:

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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however, with this method, about 0.6-1.5 tons of
CO2 are emitted for each ton of produced methanol
45. This paper analyzes an alternative and
sustainable method for methanol production:

methanol is synthesized from a mixture of
hydrogen and carbon dioxide. The hydrogen is
produced by water electrolysis employing
renewable electrical energy, while CO2 is

sequestrated from the flue gas of a fossil power
plant 67. The reaction is reported below:

€O, + 3H, & CH;0H + H,0 (1)

The catalytic reaction takes place in ranges of
temperature and pressure of 250 — 300 °C and 50 -
100 bar, respectively on CuO/ZnO/AI203 as
catalyzer 89.

The study is performed using two different
software, both developed by the authors’ research
group at University of Genoa, named respectively
WTEMP (Web-based Thermo-Economic Modular
Program) and W-ECoMP (Web-based Economic
Cogeneration Modular Program).

WTEMP allows the thermos-economic analysis
of a large number of energy systems (steam plants,
gas turbines, combined cycles, power to fuel
systems, biomass gasification, fuel cells, etc.).
Some components of energy systems can be
studied, previously, varying operative conditions by
Impedance Spectrocopy [10,11], that is is a
valuable tool for the investigation of reactions and
phenomena taking place in different materials [12-
177]. Operating characteristics and mass and
energy balances of each component, in the on-
design state, are calculated sequentially until the
conditions (pressure, temperature, mass flow, etc.)
at all interconnections converge on a stable value.
After the thermodynamic calculation, the thermo-
economic analysis is performed: at first each
component purchase cost is defined through the use
of cost or costing equations, therefore the internal
thermo-economic and exergoeconomic analysis is
carried out through the cost and exergy balances of
each module 18.

W-ECoMP is a software which aims to the
management strategy optimisation, minimizing a
target function which is rapresentative of the annual
costs of the plant; the optimization process is based
on a genetic algorithm. Compared to WTEMP, W-
ECoMP is a software that performs a time-
dependent thermo-economic analysis, usually by
dividing the operational time (usually a year) with
sufficient number of representative periods (one
hour or less depending on the particular
application) 18.

The first step for the economic analysis is the
calculation of the Purchased Equipment Cost
(PEC), which is determined on the basis of the cost
funtions of the different components of the plant
under analysis. Starting from the PEC, it is possible
to calculate the Total Capital Investment (TCI),
taking into account different costs depending on the
economic scenario where the plant is operating (i.e.
construction and installation costs, the start-up cost,
working capital, licensing, allowance etc). The final
aim of the analysis is the calculation of the
investment's profitability in order to choose the best
solution, taking into account the initial investment
and the associated risks related to the economic
scenario and to the characteristic of the plant.

More details about W-ECoMP can be found in
other authors’ publications 192021.

THERMODYNAMIC ANALYSIS

Before performing the economic analysis, a
thermodynamic analysis is necessary in order to
define the operating parameters of the plant. The
mass flows, the electrical consumption and the
thermal energy input and output must be defined
for each plant component in order to understand the
mutual interaction between the different parts of the
system. The PtF plant under investigation is
composed by three main components:

e Carbon capture system (CCS): the CCS is
connected to the coal-fired power plant and
sequestrates, the CO, required by the methanol
production process, from the flue gases;

o Water electrolyser: this device employs
electrical energy to produce, by water electrolysis,
the hydrogen for the methanol synthesis;
furthermore a significant amount of oxygen (about
8 times the hydrogen, in mass terms) is co-
produced by the process;

e Methanol reactor: the mixture of hydrogen
and carbon dioxide is sent to the reactor for the
methanol production, according to Equation (1).

The simplified scheme of the plant is reported in
Figure.l.

In order to produce the so called “green
methanol”, only renewable generators are
considered for the electrolyser energy supply. To
this aim, different renewable energy sources, such
as solar and wind, are taken into account.
Moreover, different management options (only
solar, only wind or a combination of both) are
analyzed in order to define the best solution from
both the economic (based on costs-revenues and on
the total capital investment) and the operating point
of view (based on the utilization factor and the
exploitation rate of the RES).
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The thermodynamic analysis is performed
using the WTEMP software, described above.
Several technical data are necessary for the
characterization of each module of the
plant to perform the thermodynamic analysis.

All the data assumed for the simulations are
reported below; in this analysis, most of the data
are taken from literature or from real commercial
data.

RENEWABLE GENERATORS

FLUE GAS |:>
FROM

COAL POWER PLANT

@WATER

Fig. 1. Reference plant scheme

Table 1. Thermodynamic main assumption

AEC Electrolyser

Electrical consumption
Pressure

Temperature
Efficiency

4.7 KWh/Nm® H,
30 bar

80 °C

68%

Carbon Capture system

Treatment kind

Amines MEA (30%)

Flue gases inlet T[°C] and  40°C, 2bar
p[bar]

Thermal energy 3 GJth/kgCO2
consumption per ton of
CO,

CO; outlet temperature[°C]  40°C, 2 bar
pressure[bar]

CO; capture rate 90%

Methanol Reactor

Working Pressure 80 bar

Temperature 240 °C

Recirculation factor of 0.85
unreacted syngas

Conversion efficiency 96%

Molar H,:CO, ratio 3:1

116

OXYGEN
El. Energy 1 Water
*====="| Electrolyser
5! 1MW
=3 | nvorogeN
CO,tH, | METHANOL
PLANT |:> METHANOL

The reference plant size is based on 1MW of
installed electrolyser: on the base of the parameters
reported in Table 1, the electrolyser produces about
19kg/h of hydrogen and 151kg/h of oxygen (H,:O,
mass ratio is 8). Considering the stoichiometric
methanol reaction, for 19kg/h of hydrogen, about
140kg/h of CO, are needed: the CCS system is
sized in order to be able to produce that amount of
CO,, meaning that it is able to process about
824kg/h of flue gases, assuming a CO, average
content equal to 17%.

The CO, exits the CCS section at 2bar;
consequently it is pre-compressed up to 30bar
before being mixed with the hydrogen. Then,
hydrogen and carbon dioxide are mixed together
and compressed to the reactor working pressure,
equal to 80bar. In the table 2 below, the results of
the thermodynamic analysis, in terms of mass
flows, electrical energy consumption and thermal
energy input and output, are summarized.

It is worth noting that the largest energy
consuming component of the plant is the AEC
(IMW installed), the energy demand of the other
components (about 30 kWh in total) is just the 3%
of the total demand and therefore it results
considerably lower compared to the electrolyser
demand.



Bulgarian Chemical Communications, Volume 50 Special Issue D (pp. 114 — 122) 2018

Table 2. Thermodynamic simulation main results

AEC Electrolyser

Power installed 1MW
Hydrogen outlet 19 kg/h
Oxygen outlet 152 kg/h
Water consumption 195 kg/h
CCS system
Flue gas in 823 kg/h
wt% CO; in flue gas 17%
CO, out 140kg/h
Thermal ener
ey 117 kWhy,
consumption
Electrical ener
nergy 7 kWhe
consumption
Methanol reactor
Mixture inlet 159kg/h
Methanol outlet 97 kg/h
Thermal energy outlet 31kWhi,
(based on the heat of
reaction)
Compressors
CO, compression (from 2
up to 30 bar) 9.8 kwh
H, + CO, compression
2 ™ 72 COMP 13 KWh

(from30 up to 80 bar)

THERMO-ECONOMIC ANALYSIS

The thermo-economic analysis aims to study a
reference methanol production plant, based on
1MW of installed electrolyser, from both the
management and economic point of view. For
simplicity, the IMW plant size has been chosen to
represent a modular plant for the PtF distributed
generation, which may be powered by RES. In the
following, the influence of the plant size on the
economic feasibility will be presented. First, in
order to analyze the production process of 100%
green methanol, the direct coupling of different
RES plants (wind, solar or a combination of the
two), to the methanol plant is investigated.

Main assumptions

The RES under analysis are the solar energy
(using PV panels), wind energy or a combination of
both. In order to simulate the energy production
from RES, it is necessary to extrapolate the solar
insulation curve and the wind velocity curve from
the database available for the area near to the

installation site. In the Figure 2 average monthly
solar irradiation is reported: each curve represents
the trend in a typical day representative of the
month. The magnitude of the curves changes during
the year, following the seasons.

—o— July —@—May —&—October —@—December

[w/m2]
g

0 2 4 6 8 10 12 14 16 18 20 22 24

[hours]
Fig. 2. Average monthly solar irradiation [22]

In Figure 3, the values of the wind velocity hour
by hour are reported; in this case it is not possible
to recognise a specific profile because the values
are completly stochastich. It is just possible to
identify an average trend season by season.

wind speed [m/s]
R R S

Fig. 3. Wind velocity profile [23]

To perform the analysis, the German economic
scenario is chosen and the following economic
assumptions are considered:

Methanol selling price is assumed to be 400
€/ton, that is the average market price between
2014 and 2015 in Europe, as reported in 24;

Oxygen selling price highly depends on its
diffusion on the market, which is related to local
conditions, applications, etc. In the case under
analysis, oxygen price is assumed 100 €/ton, which
represents the minimum selling price for industrial
use of oxygen (rates are higher for medical use). It
is worth noting that the purity of oxygen produced
by electrolysers (>99.9%) is sufficient for industrial
applications, therefore no further purification
treatments are needed;

Electrical energy cost represents a term of
primary importance to determine optimal system
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configuration. The electrical energy to feed
electrolysers is produced by renewable sources that
are strongly variable hour by hour and it is not
always available to feed the system at the nominal
conditions. When the renewable energy is not
available and it is assumed to operate at nominal
conditions, the electrical energy is purchased from
the grid. The average energy cost is assumed equal
to 0.037€/kWh that is the market value for 5 MW
maximum installed plant in Germany 25;

Electrical energy selling price: the possibility of
selling the surplus (respect the methanol plants
demand) energy produced by the renewable sources
is also taken into account. The market price of
renewable energy sold to the grid is assumed equal
to 0.073 €/kWh, which is the incentivized price for
RES producers in Germany (at 2014) 25;

Capital cost: In order to calculate the TCI is
necessary define the PEC that is the sum of the
capital cost of the each component of the plant
(electrolyser, CCS system and methanol reactor).
The capital costs depend on the size and operating

Table 3. Thermodynamic simulation main results

parameters of the component, the cost functions
used for this analysis are reported in Table 3 below.

Plant lifetime is assumed equal to 15 years to be
conservative, considering the lifetime of the
electrolysers, which is the most expensive plant
component;

Methanol plant equivalent operating hours is
assumed equal to 8640 hours per year, which
represents a typical value for this kind of plants: in
fact, due to the great inertia of chemical reactors,
the methanol plant should operate at nominal
conditions for the whole year, if possible:

Inflation is assumed equal to 0.4 %, which
represents a typical value in Germany, Figure 4
[26].

Average income tax rate is assumed equal to
19%, which is a typical value in Germany 26.

Tab. 4 reports the main data assumed for the
present thermo-economic analysis. All these data
are inputs for the W-ECoMP software.

Plant component

Cost function

Pressurized electrolyser
CCS plant (CO, separation)

Methanol reactor

PV panels
Wind generator

CAEC = 1.3 " 106 . P[kW]0.815 [€]
0.65 €
C = 75.45 - 106 L[k_:] [ ]
ces ' 2.808 - 106
M, [kg/h1\ [€]
Cyreon = 14.2-10° Minlkg/h]
54000
Cying = 1500 - P[kW] (€]

Table 4. Economic data

Economic scenario parameters

Economic data reference year 2015
Construction starting year 2015
Construction time 1year
Plant lifetime 15 years
Depreciation time 10 years
Inflation rate 0.4%
Mominal escalation rates 2.5%
O&M factor 1.04
Average income tax rate 19%
Financing fraction (debts) 50%

Financing fraction (preferred stocks) 35%
Financing fraction (common equities} 15%

Annual cost rate (debts) 5%
Annual cost rate (preferred stocks) 5%
Annual cost rate (common equities] 5%
Discount rate 0.4%
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Cases description

In this preliminary thermo-economic analysis, it
is assumed to integrate the methanol plant with
different RES (solar and wind). Considering the
stochastic nature of RES, the renewable generators
have been oversized in order to have an acceptable
amount of energy supply. Three different plant
configurations, based on the RES employed, are
investigated keeping constant the size of the
electrolyser (1 MW):

Case 1: 3MW of PV panels installed.

The PV panels are installed to generate the
energy necessary to the hydrogen production by
water electrolysis. When the renewable source is
not available, the electrical energy is purchased
from the grid in order to ensure the AEC
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electrolyser to work at the nominal conditions. The
system works at the rated condition imposed by the
size of the electrolyser.

Case 2: 3MW of wind generator.

Wind turbines are installed to generate
hydrogen by water electrolysis and to produce the
required hydrogen, when the renewable source is
not available the electricity is purchased by the
national grid to help stabilize the hydrogen
production. The system works at the rated condition
imposed by the size of the electrolyser.

Case 3: 1.5MW of PV panels and 1.5MW of
wind generator installed.

This case is similar to the previous
configurations, but both PV field and wind farm are
installed and interconnected to generate hydrogen
by water electrolysis. The possibility to
interconnect the two renewable sources is analyzed

to increase the periods in which renewable energy
is provided. Consequently, the percentage of green
methanol (defined as the methanol produced
employing only renewable energy) is increased.
When renewable sources are not available the
electricity is purchased from the national grid.

For each of the three Cases described above, two
different energy options are taken into account:

A: The PtF is only fed by the renewable energy
(production of “100%” green methanol)

B: The PtF is fed by the renewable energy, when
available, and by grid energy in the other periods.

It is worth underling that this is a theoretical
analysis that aims to investigate the possibility of
coupling a renewable plant directly to the PtF plant
from both the operating and economic point of
view in order to identify any critical aspects that
can be improved with further development.

Only RES —

Surplus renewable
energy sold to the grid

CASE 3

RES (when available)
Grid energy (remaining periods)

1.5PV+1.5
WIND

Fig. 4. Scheme of the different cases under analysis

MAIN RESULTS

In this thermo-economic analysis, the
management option A for the three different plant
configurations is investigated from an operating
and economic point of view. It is assumed to feed
the methanol plant employing only the renewable
energy produced by 3MW renewable power plant
that is represented by PV panels (case 1), wind
generator (case 2), integration of both (case 3).

In Table 5 a comparison between the three cases
from the operating point of view is reported: it is
evident that the case 2A is the best solution because
it presents the highest renewable energy production
and the highest utilization factor as well. This
entails a higher methanol production and therefore
higher revenues as reported in Figure 6.

Figure 5 shows that the Case 2A results the best
solution also from the economic point of view:
although the system is not profitable due to the high
costs value, it has the minimum difference between
the cost and revenues due to the combined effect
of higher revenues and lower TCI.

In the second part of the analysis, the
management option B for three different plant
configurations is investigated as well: it is assumed
to feed the methanol plant employing, when
available, the renewable energy produced by 3MW
generators, represented by PV panels (case 1), wind
generator (case 2) or integration of both (case 3). In
the remaining periods, the electrical energy is
purchased from the grid in order to keep the
methanol plant at constant nominal conditions.
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Table 5. Operating management comparison (case A)

CASE-1A CASE-2A CASE-3A
(BMW PV) (B3MW WIND) | WIND + PV
Total Energy production | [MWh] 4800 7004 5902
Equivalent hours [h] 1600 2335 1203
RES energy to AEC [MWh] 3026 5123 4699
AEC utilization factor [%] 34 57 53
RES energy to the grid [MWh] 1774 1881 1190
Methanol production [ton] 295 494 458
€ 800'000.00
€ 700'000.00
€ 600'000.00
€ 500'000.00
O Costs
€ 400'000.00
@ Revenues
€ 300'000.00
€ 200'000.00
£ 100'000.00
£ -
CASE 1A CASE 2A CASE 2A

Fig. 5. Case comparison: costs and revenues

In Table 6 a comparison between the three
cases from the operating point of view is reported:
it is evident that the case 2B results again the best
solution because of the highest amount of
renewable energy utilized by the plant and
consequently the lowest amount of purchased
energy. Moreover, it presents also the highest
amount of surplus renewable energy that can be

Table 6. Operating management comparison (case B)

sold to the grid. For these reasons, together with
the lower TCI (due to the lower capital cost of the
wind generator than the PV panels), the case 2B
represents the best solution also from the
economic point of view and the only one with a
positive balance between costs and revenues, as
shown in Figure 6.

CASE-1B CASE-2B (lt.:SAIE‘:,E: f?ﬂ
(3MW PV) | (3MW WIND) WIND)

Tot. Energy production [MWh] 4800 7004 3902
Equivalent hours [hl 1600 2335 1967
Renewable energy to AEC [MWh] 3026 5123 4699
AEC utilization factor [%a] 100 100 100

El enerpy purchased from grid | [MWh] 5904 3807 4231
RES energy sold to the grid [BWMWh] 1774 1881 1190
Methanol production [ton] 866 866 866
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€1,000,000.00 1~
€900,000.00 1~
€800,000.00 1~

€700,000.00
€600,000.00
€500,000.00 +
€400,00000 1~
€300,000.00 1
€200,000.00 1~
€100,000.00 +~

€- '?’J' T
CASE 1B
Fig.6. Costs and revenues comparison (case B)

CONCLUSION

In the paper, RES and methanol plant
integration has been investigated. Three different
plant configurations have been taken into account
on the basis of the typology of RES coupled to the
plant: in configuration 1 it was assumed to install
3MW of PV panels, in configuration 2 it was
assumed to install SMW of wind generators and, in
configuration 3, the interaction between the two
different energy sources was investigated: the
3MW of renewable power installed was distributed
equally between PV panels (1.5MW) and wind
generator (1.5MW).

Each configuration was analyzed considering
two different energy options: (A) feeding the
system with RES only; (B) powering the plant with
RES, when possible, and purchasing the electrical
energy from the grid in the remaining periods The
following considerations can be drawn:

e Taking into account the energy option A, the
system is forced to operate under discontinuous
conditions:  the  utilization  factor  results
significantly reduced; moreover this operating
strategy would not be compatible with the methanol
reactor.

e Taking into account the option B, the plant
can operate continuously at nominal condition, the
methanol production increase up to the 100% of the
capacity plant; on the other side the electricity
purchased increases the operating costs and the
methanol produced is not “700% green”.

e The solar energy source presents a high rate
of predictability that allows the system to operate in
on-off modality with a regular profile; on the other
hand, PV panels present a lower energy production
compared to the wind generators.

e The Dbest solution results to be the
configuration 2B: since renewable energy

CASE 2B

O Costs

@ Revenues

CASE 3B

production is higher, the green methanol produced
results the highest as well as the amount of surplus
energy sold to the grid. Moreover, wind generators
capital cost are lower than the PV panels: thus,
configuration 2B results the best one also from the
economic standpoint.
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Nomenclature
AEC Alkaline Electrolyser
CCs Carbon Capture Sequestration
PEC Purchased Equipment Cost
PtF Power to fuel
RES Renewable Energy Sources
TCI Total Capital Investment
TPG Thermochemical Power Group
WTEMP Web-based Thermo-Economic

Modular Program
Web-based Economic Cogeneration
Modular Program

W-ECoMP
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Cunres Ha METaHOI OT B300OHOBSIEMA ENIEKTPHYECKA EHEPTHs: [IPEAIPOEKTHO MPOyYBaHe

M. Pusapomno *, /1. bemoru, JI. Maructpu
I'pyna no mepmomexanuka, Ynusepcumem na I enya, yn. Bua Monmeneepo 1, 16145 I'enya, Umanus
IMoctennina Ha 07 ronu 2018r.; npuera Ha 01 centemspu 2018r.
(Pesrome)

Ta3u cratust npeacTaBsi NPEANPOKTHO MPOYYBAaHE HA MOTEHLHMANA 33 OCBHIIECTBUMOCT HA WHHOBaTHBHA
WHCTaNaLMs 32 CUHTE3 Ha METAHOJ OT BBIJIEPOJEH JBYOKHCH] M BOAOPOI, MPOU3BEAEH OT ENEKTPOIU3HOP
4ype3 BBH30OHOBIEMA ENEKTpHYECKa €Heprus. AHAIM3BT HMMa 3a [N Ja MPeACTaBH HHCTaNalus 3a
MPOM3BOJCTBO Ha METaHOJ, 0a3upaHa Ha MHCTAIMPAH eJIEKTPOIM3bOp ¢ MOMIHOCT OT 1MB, KakTO OT rileaHa
TOYKa Ha yNpaBlieHHE, Taka U OT MKOHOMHYECKA IJie[Ha TOYKAa: MOLIHOCTTA Ha MHcTananusra or 1MB e
noadpaHa Tak, 4e Ja MPEeACTaBIsiBa MOIYJIHA MHCTANAIMS 32 Pa3lpe/iesieHHe Ha €HEeprus MpOu3BEJeHa OT
BBH300HOBSIEMH EHEPTHUHHI U3TOYHHITH.

TepMO-HKOHOMHYECKOTO H3CIEABAHE € OCBIIECTBEHO KAaTO €€ MNpuiararT JBa pa3iddHd MOAXO0Ja:
noJipoOeH aHalIM3 Ha TMPOEKTHUTE TOYKH, OCHIECTBEH C 1T J]a ce WACHTH(QHIMPAT ONTUMAIHUTE pa3Mepu
Ha KOMIIOHCHTHUTE M OIEpPaTHBHUTE NapaMmeTpH, IMOCJC/BaHM OT ONTHMHU3AIMsS Ha YIpPaBICHUETO Ha
WHCTaNalusITa Mo Bpeme. U nBeTe mpoyuBaHusl ca OCBIIECTBEHH C JIBE METOJAMKH Ha CUMYJIallMs, HApeYeHU
BTEMII (ye6-6a3upana TepMo-UKOHOMHYHA MOoAynHa nporpama) u B-ExoMII (ye6-0a3upana MKOHOMUYHA
MOJIM-TeHEepaTHBHA MOJYJIHA ITPOrpaMa) pa3paboTeHu OT Tpylara 1o TepMOMEXaHUKa KbM YHUBEpPCHUTETA B
I'enya.
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Explanatory Notes: In the last year of his unwearied active scientific life Zdravko Stoynov was focused on
intensive theoretical and experimental activities for effective illustration of his powerful advanced mathematical tool
Rotating Fourier Transform (RFT). He would describe it as a “powerful engine for non-stationary impedance
spectroscopy which opens up the exploration of the low and infra-low frequencies where many important and
interesting phenomena, still hidden, can be measured precisely.” He was expecting the development of a new oy th
Generation” marketable impedance analyzers, applying RFT and MRFT (Multiple RFT) in the near future. In order to
accelerate the coming of this "near future” and be able to see it, he was working both on the mathematical tool and on
the experimental verification.

We are presenting his last manuscript, as written by him, expecting, that there will be an interest in his work on
RFTs and support of his idea for the 4th Generation of impedance analyzers to fruition. We are open to collaboration
for the continuation of Zdravko Stoynov’s work.

Daria Vladikova,

Electrochemical Methods Department, Acad. E. Budevski Institute of Electrochemistry and Energy Systems — BAS

The conventional Impedance Spectroscopy is based on the original Fourier Transform (FT), which is the best
estimator of periodic signals in stationary conditions. Many practical applications however require impedance
measurements of typically non-stationary objects. This paper presents an advancement of the classical Fourier
Transform which provides for precise measurements of sinusoidal signals in presence of non-stationary noise. The new
mathematical tool was called Rotating Fourier Transform (RFT). Its architecture contains multiple integrals converting
the time-domain phenomenon into its frequency domain complex image. The classical Fourier Transform is used as a
kernel of the multiple integrals. The new transform filtrates orthogonally the derivatives of the drifting potential which
is in this case an additive aperiodic noise. The paper reports the first practical application of the new mathematical
instrument in a real laboratory experiment.

More complex is the case of measurements of impedance, which is changing with the time. In this case the changes
can be defined as a multiplicative aperiodic noise. The derived analytical expressions are showing that every simple
element which is changing with the time, produces methodical errors increasing with the frequency decrease. Those
errors are changing the original structure of the model producing an artificial substructure, which is a product of the
applied mathematical tool - the FT. When applied transform is the RFT, the artificial structure is eliminated. It was
proven that the RFT filtrates orthogonally the first derivative of this noise and provides for the estimation of the proper
Instantaneous Impedance. The paper presents also the first practical application of the new mathematical tool for
measurement of battery impedance.

Key words: Non-stationary Impedance Spectroscopy, Fourier Transform, Rotating Fourier Transform, Instantaneous
Impedance, Battery State of Health.

INTRODUCTION sufficiently large frequency range, the Transfer
Function is a full description of the dynamic
properties of a linear system [2, 3].

Electrochemical  systems  are  however
intrinsically non-linear. In order to overcome this
problem, EIS follows the theory of Friedholm -
Volterra, in accordance to which the nonlinear
system is measured at selected different working
points of the non-linear  voltage-current
characteristic of the object [4]. In electrochemistry,
To whom all correspondence should be sent: the Working pOint is stabilized galvanostatically (Or
E-mail: d.vladikova@bas.bg potentiostatically) and perturbed additionally by

small sinusoidal signal of a given frequency.
© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

The Fourier Transform [1] is the kernel of the
electrochemical impedance spectroscopy (EIS) -
one of the most powerful methods, widely used in
all fields of the electrochemical research. The EIS
is based on the Transfer Function analysis
developed in technical cybernetics. It is proven
theoretically that wunder the conditions of
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The response signal measured at the output of
the object - voltage (or current) is also sinusoidal,
partially deformed by the object’s non-linearity.
This signal is periodic and contains the basic
frequency and a sum of higher harmonics. When
the perturbing signal is small enough the main
frequency dominates the response and can be
separated successfully. This operation is performed
by the applied Fourier Transform. Thus the FT is
used for coherent (iso-frequency) detection of the
linear part of the response produced by the non-
linear object. In addition, it is proven theoretically,
that the Fourier Transform is the best estimator of
the sinusoidal signal in the presence of Gaussian
noise [3].

THEORY
Aperiodic noise and Fourier Transform errors

The Fourier Transform is efficient and best
estimator (detector) of stationary periodic signal in
the presence of noise. However when the signal is
non-stationary or when the noise contains aperiodic
component, the FT is not efficient. The analysis of
the resulting errors is principally interesting and
necessary for the evaluation of the acceptable low
frequency limit for the application of the 4-
dimensional approach.

By definition, the impedance is the ratio
between the voltage and current, defined in the
complex frequency space:

Z(iw)=Z"(w)+iZ" (w) = {ay,(w) +

in(w). {dwtid(w)}—1, (@)
where Z' and Z "are the real and the imaginary
impedance components, a,, b,, a; and by are the
real and the imaginary components of the object’s
voltage and current correspondingly. The voltage
and the current are measured by the instrument as

functions of the time and the acquired data are
converted into the frequency space by the FT:

ay (w) + iby(w) = FT {u()}, (22)
a; (w) + ibj(w) = FT {i(t)}, (2b)
where FT is a symbolic notation for Fourier
Transform operator. In accordance with the

classical FT definition [1, 2] the coefficients a and
b are calculated by the Euler equations:

a= Wf(;VTx(t) sin(wt)dt, (3a)

b=w fONTx(t) cos(wt)dt, (3b)
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where w is the weighting normalizing factor, N is
the number of periods T of integration and x(t) is
the input function (measured voltage or current). In
order to keep the ortho-normality of

the Fourier spectra, the weighting coefficient
should have the value w = 2 (NT)™.

Performing these operations the instrument is
changing the selected frequency step by step, under
given program. The full programmed range of
frequencies is covered and the produced set of data
forms a linearized (quasi-linear) impedance
function, characterizing the object dynamics in the
vicinity of the selected working point. In order to
enlarge the observation of the object, the same set
of measurements should be performed at others
working points. It is worth to state here, that the
available frequency range is never enough wide to
observe the entire variety of processes taking place
in the electrochemical objects. Thus the EIS can
give only partial and local description of the object
dynamics.

As a matter of fact the impedance analyzer
performs the FT over both voltage and current
signals. Assuming galvanostatic mode and perfect
operation of the galvanostat, the full calculation at a
given frequency wis:

Z (iw) = [FT {Upc + u(t) + n(t)}].
[FT {Ipc + Lac O3 (4)

where Z (iw) is the measured impedance, t is the
time, Upc and Ipc are constant values characterizing
the selected working point, Iac is the perturbating
small galvanostatic sinusoidal current, u(t) is the
object response and n(t) is a noise, which could be
present. This noise can contain components of
different origin, nature and structure. In the
general case

n(t) = Nyobj T Nkw + Ngs + Ninser ®)

where Ny is the noise produced by the object
voltage, ny,is the cumulative noise of the
frequency harmonics produced by the object’s non-
linearity, ng is a typical statistically sufficient noise
and N IS @ noise related to the power supply
frequency and to other instrumental imperfections.
As far as the FT is a linear operator [2], the
components of the errors caused by the different
noise components in Eg. 5 can be studied
separately.

The errors produced by the statistical noise are
very small —the FTis filtering this kind of noise
very  efficiently. The errors produced by
Nk. depend on the relative nonlinearity - for small
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signal perturbation those errors are also small. They
are separated by FT very efficiently and some
instruments are evaluating those errors in a range of
higher harmonics. The instrumental errors depend
to a large degree on the construction of the
instrument and on its environment. Their evaluation
however is out of the scope of this paper.

The target of this investigation is the study of
the errors, produced by the object’s voltage. In the
cases when this voltage is constant (the object is
stationary) the Fourier Transform is filtering this
constant orthogonally (unconditionally) and the
precision of this operation depends only on the
limited precision of the calculations. The
application of the ABC (Automatic Bias
Correction) by the modern impedance analyzers
supports the perfection of this noise filtration. In
the opposite case - when the object’s voltage
changes with time, the FT produces methodical
errors [6]. The analysis is based on the presentation
of the voltage-time dependence as a typical
aperiodic signal, which could be approximated by a
Taylor’s series expansion:

Uobj (t) = Upc + at+ ky,Bt, + kzyts + -, (6)

where Upc is a constant, k, = (n!)™* are the Taylor’s
series coefficients, and a, B, y....are  the
derivatives of Ug; (t) for t = 0. All these derivatives
form the Taylor Spectrum [7], the shape of which
could play an important role in the analyses. When
the noise corresponds to the presentation of Eg. 6 it
can be called aperiodic noise.

As far as the FT is a linear operator, the errors
produced by the individual terms of Eq. 6 can be
studied separately. The analytical solution of FT
(Eq. 3) of the linear aperiodic term given with Eq. 6
is a direct one [5] and it gives a = - 2aw 'and b =
0. As it can be seen, the error is present only in the
real component (defined by Eq. 3) and is absent in
the imaginary one. Thus the linear aperiodic noise
corrupts the orthogonality between the real and
imaginary impedance components. For high
frequencies the error is small and could be
neglected. For low frequencies however, this error
could be large and increases quickly with the
decrease of the frequency. This phenomenon can
corrupt significantly the shape of the measured
impedance.

Fig. 1 and Fig. 2 illustrate the significance of
those errors on very simple examples of
electrochemical impedances.

The analytical derivation of the errors caused by
the second Taylor term shows that they are
in both the real and imaginary components:
a=-278Nw " and b = 2Nw* [7]. The analytically

derived expressions for the errors from the higher
Taylor’s terms of Eq. 6 are more complicated. They
are with increasing complexity and show
interesting properties of conversion after the fifth
term under given conditions [8].
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Fig. 1. Deformations of an ideal Warburg-type
impedance diagrams from the errors of the
Fourier Transform, caused by linear drift of the cell
potential. Frequency range 10 Hz - 0.01 Hz, 5
points/decade, linear aperiodic noise with derivative
values a=-4,-2,0,2,4mVsec™.
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Fig. 2. Deformations of an ideal impedance
diagram of Polarisable electrode from the errors of the
Fourier Transform, caused by linear drift of the cell
potential. Frequency range 100 Hz - 1.25 mHz, 5
points/decade, linear noise with derivative values « = -2,
-1, 0 mVsec™.

Phase definite Fourier Transform

The initial phase of integration in Eqg. 3 could
not be zero. In the early definition of Eq. 3, Euler
has used for initial limit of integration also zand
2. As far as we are analyzing measurement of
impedance which is defined as the ratio between
two Fourier Transforms we can select any desired
initial phase applied for both Transforms. Thus an
additional definition the Fourier Transform can be
constructed [8]. It was called Phase definite Fourier
Transform and can be denoted by the symbol pFT:
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a=w ft2°+NTx(t) sin(wt)dt, (7a)
b=w ff:*”Tx(t) cos(wt) dt, (7b)

where the only difference from the classical
definition is the presence of one additional
parameter - the initial time of integration, which

corresponds to an initial phase ¢ =t, T™. In respect
to stationary periodic signals the pFT is equivalent
to the classical FT. However in respect to aperiodic
noise pFT has different properties. The error
produced by a linear noise term is a function of the

initial phase @. One remarkable property of this
dependence is the equality of the errors

correspondent to initial phase ¢ =0 and phase

@ =2z It corresponds to the analytical property of
the space of the errors as functions of the initial
phase. However the shape of the error produced by
the second — quadratic term of the Taylor Spectrum
of Eqg. 6 is more complicated. This function is also
complex, but it is non-linear and the correspondent
space is not analytical.

Rotating Fourier Transform

On the base of the described analysis a novel
transform was created.  Using the analytical
property of the pFT, the new transform has the
following form [8]:

W427Ny to+NoT
a = ww, -f J x(t) sin(wt)dt do
t

k4 0

(8a)
Y+2nN, (to+NoT
b =wiw, f f x(t) cos(wt)dt de
' to
(8b)

where the first (internal) integration is the
classical phase definite Fourier Transform with
initial phase @= t, T the second (external)
integration is in respect to this phase. It starts from
the external initial phase y and is a full circulation.
The coefficients w; and wg are normalizing
coefficients, dependent on the numbers of the
periods of integration N;and A, and on T. As far
as the last integration is with respect to the phase ¢,
which symbolizes a rotation, the new transform can
be called Rotating Fourier Transform (RFT). The
operator symbol RFT has a number of parameters:

RET{x(t) | w, @, ¥, Ny and N; 1}, 9)
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where x(t) is the input signal, which is defined in
the time domain and has to be converted into the
frequency domain.

The kernel of this double integration is the
classical Fourier Transform - as a result the RFT
keeps the properties of the FT in respect to
periodic signals and constant bias (zero term of the
noise Taylor spectrum). The difference is with
respect to the linear and higher terms of this
spectrum - the RFT is orthogonal to the linear term
(RFT filtrates it totally) and is suboptimal to the
higher terms of the noise Taylor spectrum. This
property is in correspondence with the classical
FT, which is orthogonal to the zero term (constant
bias) of the same Taylor spectrum. Thus the RFT is
in continuity of the FT. This property of RFT was
proved theoretically [8]. Fig. 3 is showing the
described orthogonal property which keeps the
precision of the FT.

Multiple Rotating Fourier Transform

The described continuity can be enlarged
further. A second order and higher orders Rotating
Fourier Transforms can be constructed also.

The general Multiple Rotating
Transform (MRFT) of order v has the form:

Fourier

Y, +21N,,
a=W,

Py

Wi +27N; (to+NoT
f f x(t) sin(wt)dtded¥; ...d¥,_;
W, to

(10a)

W, +21N,,
b= va
Wy

W, 427N, to+NoT
f f x(t) cos(wt)dtdepd¥;...d¥,_,
W, to

(10b)

where the initial phase of the first integration is ¢ =
to T, the normalizing coefficient Wy is the product
of all individual normalizing coefficients.

The MRFT keeps the property of the classical
FT in respect to periodic signals. The MRFT of
order v is orthogonal to all vterms of the noise

Taylor spectrum - the MRFT filtrates
unconditionally all v derivatives of this noise
(voltage drift).

Thus the RFT and MRFT are natural

generalization of the Fourier Transform. They are
keeping the continuity of its properties [9].
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EXPERIMENTAL

The theory derived above was proven by
multiple simulation studies as well as by real
experimental measurements of  battery under
charge and discharge.

Simulation studies

The theoretically derived equations for FT and
pFT errors, as well as the construction of RFT and
MRFT were checked by series of simulations with
varying structures and amplitudes of the additive
aperiodic noise and varying periods of integrations.
The influence on the final results of the calculations
precision was also evaluated. The next examples
are showing some of these simulation studies.

The property of the RFT for filtration of linear
drift (orthogonality to the linear term of the noise
Taylor spectrum) is shown in Fig. 3. The figure
contains the equation used for synthesis of the input
signal, having sinusoidal component and additive
linear noise (drift). The resulting values of the
produced transform into the frequency domain,
together with the ratio signal to noise (S/N) are also
given. It is clear that the RFT filtrates efficiently
the linear noise.

The next Fig. 4 and Fig. 5 illustrate the property
of the MRFT of second order for filtration of more
complex additive noise. In this case the noise
contains linear and quadratic terms. In Fig. 5 the
amplitude of the sinusoidal signal is extremely low
and un-visible. Nevertheless the final results are
excellent.

100
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20

0 60 120 180
t/sec

Fig. 3. Detection of sinusoidal signal in presence of
linear aperiodic noise. Frequency 0.0156 Hz, A.C.
amplitude 10 mV, derivative of the trend: o= 0.4
mVsec™. Input signal x(t) = 10.01 sin (af) + 5 + 0.4t
[mV], signal to noise ratio S/N = 0.1. RFT estimate:
10.01001 sin (et) + 3.52.10°° cos ().
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Fig. 4. Detection of sinusoidal signal in presence of

complex aperiodic noise. Frequency 0.0156 Hz, A.C.
amplitude 30 mV, derivatives of the noise: &= 1 mVsec
', f=0.02mVsec Input signal x (t) = 30.01 sin (et) +
50 + t + 0.02 t? [mV]. Signal to noise ratio S/N = 0.06.
R?FT estimate: 30.01002 sin («t) — 6.78.10° cos (at).
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Fig. 5. Detection of very small (un-visible)
sinusoidal signal in presence of complex aperiodic noise.
Frequency 0.0156 Hz, A.C. amplitude 0.5 mV,
derivatives of the noise: &= 1 mVsec™, 8= 0.02 mVsec’
2 Input signal x (t) = 0.505 sin (aft) + 50 + t + 0.02 t?
[mV], signal to noise ratio S/N = 0.001. R?FT estimate:
0.505015 sin (at) — 9.83.10°° cos ().

Experimental measurements

In order to verify the theory, a series of real
experimental measurements were recently carried
out. The impedance measurements of a battery
during charge, performed by a classical impedance
analyzer and by the new mathematical instrument
are compared.

The first measurement was conventional. It was
performed in the frequency range 1 kHz down to 1
mHz during the charge of a battery (Li-ion, NiCo -
type, 2000 mAh) using Solartron 1260 impedance
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analyzer, controlled by an external computer. Fig. 6
shows the produced impedance diagram. As it is
seen in the frequency range down to approximately
1 Hz the diagram is smooth and regular. However
below 0.4 Hz irregularities appear and down to 1
mHz the diagram contains mainly increasing errors.
In this range the measurements are totally non-
usable.

50 - THz
oY 10 mHz
o’ \O-QQ)
o] FT (o c‘;/\
E 0 ﬁ 00-0
= 2 Q
N
1
50 1 mHz
0 50 100 150 200
Z'/ mQ

Fig. 6. Impedance diagrams of Li-ion battery 2000
mAh during charge with 100 mA produced by
conventional Impedance Analyzer (Solartron 1260)
using Fourier Transform. Frequency range 1 kHz — 1
mHz, 5 points/decade, A.C. current amplitude 11 mA.

The second series of impedance measurements
are produced by using the Rotating Fourier
Transforms. For this purpose a special laboratory
set-up was assembled. In the frequency range 0.01
down to 0.001 Hz, the Solartron instrument is used
only as a generator of the necessary frequencies
with given amplitudes. This signal is mixed with
the selected D.C. current via laboratory made
galvanostat, connected to the measured battery.
The current and the battery voltage are measured by
two parallel AD converters (17 bits) with selectivity
0.002 mV and controllable acquisition time. The
data are stored in the computer memory for post-
experimental processing.

Fig. 7 shows the data record from the last
decade (0.01 - 0.001 Hz) during the charge of the
battery, measured immediately after the
conventional measurements. The current signal
shows a stationary DC component and a sinusoidal
AC component with varying frequency and
stationary amplitude (~ 10%). The battery response
- the voltage signal, contains also sinusoidal
components, however they are naturally mixed with
the voltage drift during the battery charge.

The acquired data records are processed post-
experimentally by FT, RFT and MRFT of second
order. As it could be expected, the FT gives
unreliable results with errors, which are frequency
and phase dependent. The RFT and MRFT are
producing similar estimates with very small
differences - obviously the drift contains mainly
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linear term (un-known in advance). The RFT -
produced diagram for the last decade of the
measurement is given in Fig. 8. The impedance
diagram is smooth, reliable and shows the real
impedance of the battery in this very low frequency
range, where the most interesting properties of the
cathode intercalation are taking place.

The estimation of the impedance by using
consecutive periods of the last frequency is
showing the independence on time, which leads to
the conclusion that the impedance is stationary
during this measurement. This example shows
again the property of RFT to filter efficiently a
linear drift of the object voltage and confirms the
applicability of the theory in real conditions.

150 mA 3.830V

’\/U\/\
A /\
5100 mA
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= ARRVAVIRVARVER

3.820V

50 mA 3.810V
1 2 3
t/ h
Fig. 7. Record of the current and voltage signals
during the measurement of Li-ion battery 2000 mAh at
charge with 100 mA. Frequency range 10 — 1 mHz, 5
points/decade, A.C. current amplitude 11 mA.
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Fig. 8. Impedance diagrams produced by Rotating
Fourier Transform of the data from Fig. 7. Frequency
range 10 mHz to 1 mHz, 5 points/decade.

DISCUSSION

New types of Fourier Transforms are
developed. The classical Fourier Transform, the
Rotating  Fourier Transform and the Multiple
Rotating Fourier Transforms form a consistent and
full set of transforms of evolving in the time
domain phenomena into the frequency domain. The
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general conclusion which can be derived is that the
projection of time evolving phenomena into the
frequency domain depends on the applied
transform, which can have specific properties.

The RFT and MRFT keep the property of the
classical FT in respect to periodic signals. The
MRFT of order vis orthogonal to all n terms (n =
v) of the aperiodic noise Taylor spectrum - the
MRFT filtrates unconditionally all n derivatives of
this noise (voltage drift). Thus the RFT and MRFT
are natural generalization of the Fourier Transform.
They are keeping the continuity of its properties
[10].

The newly developed transforms together with
the classical FT are unidirectional operators. As the
FT, the RFTs are filtrating unconditionally the zero
term of the time-domain Taylor spectrum (constant
value) of the signal under operation. The
application of the back transforms can not restore
the filtrated initial constant value and its time -
derivatives. Other mathematical tools should be
applied for that. The multiple integrals (8, 10) are
of a specific type - every next integration is a
circulation with respect to the parameter (initial
phase) of the previous one, which is not
conventional.

The first real experimental application of RFT,
reported in this paper, shows the applicability of the
new mathematical instrumentation and its
robustness. The variations of the initial phase of the
RFT of a single frequency record, produce
impedance results with a wvery small phase
differences (A< 0.25°), which confirms this
robustness. The comparison between the estimates
produced by RFT and MRFT (v=2) shows the
quasi-linear nature of the present aperiodic noise.

From practical point of view the RFT operators
could be used in many scientific and applied areas.
The typical example is the measurement of the
battery impedance during its operation (charge or
discharge), when large parts of the active materials
volumes participate in the studied processes.
However many electrochemical fields like
corrosion, passivation, AC polarography and others
can successfully apply the RFT for improvement of
their precision and for enlargement of their
applicability. Other scientific fields in physics,
geophysics and material science could also gain
from this novel mathematical tool. Areas of a
special interest are the studies of non-stationary
impedances - the situations when the impedance of
the object is changing during the period of the
single frequency measurements. In this case a
multiplicative aperiodic noise can be defined [8]. In
general, the amplitude and the phase can be also
functions of time:

Z (w,t) = Ag (1 + at + ft? + - )elTiwt+re®}
(11)

where the terms a, £, ... form again a Taylor
spectrum and can be treated by the RFT tools.
Preliminary studies carried out on this subject have
shown that the RFT filtrates orthogonally the linear
multiplicative term. Thus the RFT can estimate the
real Instantaneous Impedance for every point inside
a single frequency period [9 - 11, 13]. This is a
significant progress of the notion of Instantaneous
Impedance, given by Harkevich [12], where it is
defined as the limit of the mean value of the
impedances of series of periods, when their number
tends to 1; or that defined by the 4-D method where
single period measurements are used [14, 15]. This
subject however is out of the frame of this paper
and will be discussed elsewhere.

Having these properties, the RFT mathematical
instrumentation can serve as a powerful engine for
non-stationary  impedance spectroscopy. The
implementation of this new transform tool opens
the exploration of the low and infra-low frequencies
in impedance spectroscopy. Many interesting
phenomena, specially in Li-ion batteries, can be
measured precisely, supporting the understanding
of the processes under investigation. The acquired
results will booster the further improvement of
those objects. The efficient implantation of the
RFT into the 4-Dimentional technology will
provide for intensive application of this
methodology for battery studies, State of Charge
and State of Health diagnostics.

An important feature of the proposed new
mathematical instrumentation is the possibility for
separation of the real time data recording from the
post-experimental data processing. In this second
stage different algorithms can be applied, resulting
in a set of frequency domain images. The
comparison of the results produced by FT, RFT and
high levels MRFTs can provide for precise
impedance measurements and in addition can
supply objective information about the structure
and values of the noises, present in the analyzed
signals.

The fine details concerning the robustness,
noise immunity and other properties of the RFTs
as well as the optimal design of MRFT are targets
of next investigations. In any case the development
of marketable impedance analyzers from a new “4-
Generation” (applying RFT and MRFT) can be
expected in the near future. They will perform the
standard FT and also RFTs (as option), and could
be of open architecture type, providing the recorded
data sets to the user for customized processing.
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Porupamia ®ypue tpanchopmanms - ABUTaTET Ha HECTAIIMOHAPHATA UMIIEIAHCHA CTICKTPOCKOTIHS
3. CroitHOBT

Hncmumym no enexmpoxumusi u enepeutinu cucmemu ,, Axao. Eecenu Byoescku , bvreapcka akademus Ha Haykume,
yia. Akao. I'. bownues, 61.10, Cogus 1113, Bvreapus

Oo6sicnutennn oenexku: [lpe3 mocmeanara roanHa OT CBOS aKTUBEH HaydeH JKUBOT 3apaBko CTOWHOB
paboTH MHTEH3UBHO KaKTO TEOPETUYHO, TaKa U EKCIIEPUMEHTAITHO, 32 Jla IEMOHCTPUpPA HArJeIHO MOIIHUS
cu MateMmaTuueckd HMHCTpyMeHT "Portmpama ®ypue Tpancopmanus” (POT). Toi ro ommcaiie Kato
"MOIIIEH JBWTaTesl 3a HeCTAalMOHapHa HMMIICAAHCHA CIEKTPOCKOIMS, KOWTO OCHrypsiBa HOBH
WHPOPMALMOHHN BB3MOKHOCTH B AMANa3oHa Ha HUCKUTE M CBPBX-HUCKU YECTOTH, KBJICTO MHOTO 3HAYUMHU
Y MHTEPECHU SIBJICHUS, BCE OILIE HEOTKPUTH, MOTAaT Ja ObaaT mpenu3Ho n3Mepenu”. Toil oyaksaiie B OJM3KO
ObJielIe mosiBaTa Ha HOBO, "4ETBBPTO MOKOJICHHE" WMIENaHCHU aHanu3aTopu, u3nonssamy POT n MPOT
(MHuorokparaa PDT). 3a na yckopu uaBaHeTo Ha ToBa "ONU3KO Obnemie", KOETO Ja MOXKE Jla BUIH, TOH
paboTerie KakTo 1Mo MaTeMaTHUeCKHUs HHCTPYMEHT, Taka U TI0 eKCIIeprMEeHTalIHaTa My IPOBEpKa.

[IpencraBsme mocnenHust My PbKOIMC, Taka KaKTo € HamucaH oT Hero. OgakBame, uye paboTara My IO
POT me npennsBrka MHTEpEC U HEroBaTta HUaes 3a 4-TO IMOKOJICHWE MMIICIAHCHU aHAIM3aTOPH LIE CpPEIIHe
HeoOXxouMara 3a peanusupaHeto ¥ nojkpena. OTBOpEHH CMe 3a CHTPYAHUYECTBO, KOETO Jia MPOABIDKH
paborara Ha 3npaBko CTOWHOB.

/. Braoukosa

Cexyus ,, Enexmpoxumuynu memoou”’ Ha Mucmumyma no eiekmpoxumust u enepeutinu cucmemu ,, Axao.
Eeecenu Byoescku' - BAH
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Data Exchange Formats
Z. Stoynov |

Acad. E. Budevski Institute of Electrochemistry and Energy Systems- Bulgarian Academy of Sciences, 10 Acad. G.
Bonchev Str., Sofiall13, Bulgaria

Explanatory Notes: With the increasing number of Electrochemical Impedance Applications, the problem of
unified data exchange formats becomes important. In addition, the existing computerized experimental facilities
produce automatically large sets of data files, which have to be stored, sorted, archived and possibly exchanged via
Internet. The efficiency of the data banking and the speed of the virtual research depend notably on the selected Data
Exchange Formats (DEF).

The material below describes the DEF for impedance measurements proposed by Zdravko Stoynov [1]. It will be
nice if the equipment producers discuss this topic with the end users of their equipment and introduce common data
banking as a convenient and appropriate tool, especially for friendly scientific communication in the big EU Framework
programs projects.

We offer Zdravko Stoynov’s approach since we use it for more than 15 years and find it extremely convenient. Our
group is ready to develop and upload free of charge Data Convertor. We shall be thankful for every remark, correction,
recommendation or suggestion.

The DEF description which we have included in this special issue of Bulgarian Chemical Communications can be
also downloaded from the web site of the FEuropean Internet Centre for Impedance Spectroscopy
www.accessimpedance.eu (in the Section Information Kit/News).

The web site of EICIS will be upgraded in September/October 2018 with its new name “Zdravko Stoynov Internet

Centre for Impedance Spectroscopy
New ideas and approaches are welcome.

Daria Vladikova,

Electrochemical Methods Department, Acad. E. Budevski Institute of Electrochemistry and Energy Systems — BAS

INTRODUCTION

In accordance with the general IUPAC
recommendations, the Electrochemical Impedance
Spectroscopy’s Data Exchange Formats (DEF)
should be generic, economic and efficient.
Following the practical experience, some other
recommendations are useful: DEF should be self-
explaining and easily readable by the user as well
as by the computers. They should contain enough
explanations and to a certain extent should be over-
dimensioned by wverbal information. The used
symbols must be readable by computers of different
versions and generations and should be selected
only from the ASCII table.

For these reasons, the use of “text only”
(xxxxx.txt) format is recommended for the storing
and attachment format. The “.txt” format is not
only universal, but it is also the most economic.
The experimental comparison with “rtf”, “.doc”
and other word processing formats shows an

To whom all correspondence should be sent:
E-mail: d.vladikova@bas.bg

excessive enlargement of the file volumes, when
stored in those formats. The inefficient enlargement
for “.rtf” is about 5 times and for “.doc” extension —
about 20 times. For a single file the enlargement
can be neglected, but for a data bank, containing
thousands of files, and for their exchange, the
compactness becomes important.

The “.itxt” files have the advantage to be
readable by computers of all versions, independent
of the type and version of its software and Internet
instruments.

Another problem arises when a series of
experiments are carried out with one and the same
object with a varying parameter. One solution for
the DEF efficiency is the application of the Large
Structured Files (LSF), proven in our practice.

The LSF starts with a header. The header should
contain all the information necessary for the
understanding, sorting, exchange and banking of
the data.

The LSF contains a certain number of pages.
Each page starts with a symbol (#) and a number (1
to N) and has a verbal informative label,
corresponding to the wvalue of the wvarying

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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parameter. The label contains determination of the
size (n x m) of the data matrix as well as the
description of the type of the data (f, 2", Z"', t°, or
others).

After the label comes the data kernel. It contains
a number of lines (n). Every value in the line is
separated from the previous one by “;”.

Every page finishes with a tag (@), which could
be followed by the post-experimental observations.

The LSF finishes with a footer symbolizing the
end of the file (@ EOF).

EXAMPLES

Examples for explanation of the DEF (Large
Structured Files) with a code

#ftp:EISDEF205LSF.txt.

The file, stored as xxxxx.txt with this
CONVENTION CODE is a Large Structured File
(LSF).

The suggested EIS DEFs are illustrated in the
following examples:

Large Structure File — Example LSF1:

File Name: BATI043.txt

#ftp:EISDEF205LSF.txt  #fnm:BATI043.txt pages: 6
<BaTi sample N.33 measured>

<No: 1243-49 author: X. Broun 29-01-2005 20:36:05>
<object: BaTi; sin.crystal [100] S=1.22 cm”2 d=0.2 cm>
<set-up: Sol 1256 + Pot. self-made; cell: planar>
<Udc=0; Uac=5 mV; down; variation: temper. ‘C>

#pl {f; Z"; 2"} [ SI ] (3*56)

<calibration short connected>

1000;1.356E-3;2.265E-3

ooy ey

0.001:1.222E-3:-0.005E-3

@p <room temperature>
#p2 {f; Z°; Z°} [ SI] (3*56)
<calibr. open>

@p

#p3 {f; Z°; 2"} [ SI] (3*56)
<object row data var: 20°C>
@p

#p4 {f; Z°; 2} [ SI ] (3*56)
<objectrow var:31°C>

@p

#p5 {f; Z°; 2} [ SI] (3*56)
<object row var: 40°C>

@p

#p6 {f; Z°; 2} [ SI] (3*56)
<object row var:51°C>

@p

@ EOF
132

Explanations:
File Name: BATI1043.txt

#ftp:EISDEF205LSF.txt #fnm:BATI043.txt pages: 6

<BaTi sample N.33 measured>

<No: 1243-49 author: X. Broun 29-01-2005 20:36:05>

<object: BaTi; sin.crystal [100] S=1.22 cm”~2 d=0.2 cm>

<set-up: Sol 1256 + Pot. self-made cell: planar >

<Udc=0; Uac=5 mV; down; variation: temper. ‘C>

(this information forms the file’s header)

#pl {f; Z; Z} [ SI ] (3*56) = page 1 beginner &
descriptor

= free text

= data /example/

<calibration short connected>
1000;1.356E-3;2.265E-3

ey ceey

ey ceey

0.001;1.222E-3;-0.005E-3
@p <room temperature>

= |ast data

= page footer & tag

#p2 {f;, Z"; 2"} [ SI] (3*56) = page 2 beginner &

descriptor

<calibr. open>

@p

#p3 {f, Z"; 2"} [ SI ] (3*56) = page 3 beginner
& descriptor

<object row data. var: 20°C>

ooy ceey

@p

#pd {f; Z°; 2"} [ SI ] (3*56) = page 4 beginner &
descriptor

<object row var:31°C>

@p

#p6 {f; Z"; 2"} [ SI ] (3*56) = page 6 beginner &
descriptor

<object row var:51°C>

@p = last page footer

@ EOF = file footer

Large Structure File — Example LSF2:

File Name: BAT1044.txt

#ftp:EISDEF205LSF.txt  #fnm:BATI044.txt pages: 8
<BaTi recalculated from BATI043.txt corrected Z & Y >
<No: 1250-58 author: X.Balan 30-01-2005
21:36:05>

<object: BaTi; sin.crystal [100] S=1.22 cm2 d=0.2 cm>
<set-up: Sol 1256 + Pot. self-made cell:planar>

<Udc=0; Uac=5 mV; down; variation: temper. "C>

#pl {f; Z°; 2} [ SI] (3*26)

<calibration short connection>

@p

#p2 {f;Z°;Z}[SI](3*56)
<calibr. open>

@p

#p3 {f; Z°; 2} [ SI ] (3*56)
<object row data. var: 20°C>



@p

#pd {f; Z°; 2"} [ SI ] (3*56)

<object data corrected LCcell var:20°C>
@p

#p5 {f; Y; Y} [SI] (3*56)
<object corrected:; Y

@p

#p6  {f; Ig [Y|; phi} [ SI] (3*56)
<object corrected; Bode

@p

#p7 {f;Z°; 2"} [ SI ] (3*56)
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ey

<simulated M11=La: R C/R BW >

<par: 120; 1.23E-3; 1038; 30246\880 >
<identified by CNLS — Boukamp version “3/2000” for

20°C>

@p
#p8

ceey

{f; 2, 2"} [SI] (3*56)

<residuals f;dZ°/Z";dZ/Z"">

@p

ceey

@ EOF

#ftp:

EISDEF205LSF.txt

#fnm:

BATI033.txt

<BaTi sample N.3 measured>

<N0:1232 author: X.Green 29-01-2005 20:36:05>
<object: BaTi; single crystal[100] S=1.22cm2 d=0.2cm>
<set-up: Sol 1256 + Pot. self-made cell:planar>
<Udc=0; Uac=5 mV; down; temper. 22°C>

# {f; Z°; 2} [ SI ] (3*26)

ooy N

ooy ey

@p

file name:
file type:
<text>:

<text>
#{f; 2>, 2"} [ SI] (3*26)
#

{22}
[S1]

(3%26)

()

\

3*26
#{}[]1\\< > #ftp #’nm @p

var:20°C>

var:20°C>

Remarks:

1. The symbol “#ftp:EISDEF205LSF.txt”
describes the file’s type in accordance to this
convention.

2. The symbols “(”, ), “\” and “var:” are for
computer reading. They possess the dimensions of
the data kernel matrix and the varying parameter’s
values.

3. The text within the symbols “<” and “>” is
for the user’s reading; its internal format is free.

4. The number of the text lines <......... > is
unlimited.

5. The value of the varying parameter should
immediately follow the symbol “var:” (“var:* is for
computer reading!).

6. The symbols “{“,”}”, “[*,”]”, “#ftp:” and
“#ftnm:” are for computer reading.

7. The data kernel may contain additional data
for every frequency: time of measurement, quality
of measurement, d.c. values and others.

8. The page footer is optional.

9. The file footer is optional.

Explanations:

= computer used symbol
= file type

= computer used symbol
= file name given by the operator
= text:object

= text:number

= object

= set-up

= meas.cond.

= data descriptor

= data

= last data

= page footer = end page

Additional Explanations:

- name of the file given by the author;

- STANDARD, subject to this preliminary convention;
- free text, composed by the author, including information
about the author, date/time, object, instrumentation,
measurement conditions; other information.

- a number of lines with <... ... > is free.

- descriptor of the following data:

- computer used symbol (new page)

- descriptor of data types

- descriptor of data units /in this case in SI/

- data kernel format

- computer used symbol

- computer used symbol

- in this example: 3 columns, 26 lines

- computer used symbols
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Additional Explanations of the file type descriptor:

#ftp:EISDEF205LSF.txt - file type code

#ftp: - computer used record of file type

EIS - Electrochemical Impedance Spectroscopy
DEF - Data Exchange Format

205LSF - 2005 year, Convention LSFile

Axt - type in which the file must be saved / attached
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