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Editorial

This special issue of the Journal of Electrochemical Science and Engineering (JESE) is dedicated
to selected papers contributed to the 6™ Regional Symposium on Electrochemistry — South East
Europe (RSE-SEE), held in Balatonkenese, Hungary, from 11-15 June 2017. This issue constitutes
Part 1 of the proceedings of the Symposium (6 articles). Part 2 will appear in the next issue of jESE.

Following five successful symposia in Croatia (Rovinj, Red Island, 2008), Serbia (Belgrade, 2010),
Romania (Bucharest, 2012), Slovenia (Ljubljana, 2013) and Bulgaria (Pravetz, 2015), the 6%
Regional Symposium on Electrochemistry — South East Europe (RSE-SEE) was hosted in Hungary,
supported by the electrochemical societies of the region. The scientific theme of the meeting
“Renaissance of Electrochemistry in the 215t century and its effect on the development of South
East Europe” underscored the key role of electrochemistry as a fundamental discipline bringing
together societal needs from the one side and technology from the other side.

Over the past 10 years this series of symposia has attracted an international group of scientists
and engineers with broad experience in electrochemical measurement and modeling. Building on
already established traditions, RSE-SEE6 crossed regional borders, creating a common platform for
scientists and experts from regional and international research and industrial institutions who
brought their extensive knowledge, novel ideas, and boundless enthusiasm to the conference
venue. More than 110 participants from 24 countries presented papers (66 talks including 4
plenary and 7 keynote lectures, 40 posters) and discussed recent progress during seven sessions
(Electrochemical Energy Storage, Batteries, Fuel Cells and Supercapacitors; Analytical Electro-
chemistry, Sensors and Biosensors, Electrochemistry at Interfaces, Thermodynamic, Kinetic and
Methodological Aspects; Electrocatalysis, New, Non-Noble Metal Catalysts, Electrochemistry of
New Functional Materials, Conducting Polymers and Composites, General Session).

We would like to acknowledge the financial and other support of the Hungarian Academy of
Sciences, the International Society of Electrochemistry, the Furukawa Electric Group, Jaszplasztik,
Ametek, Zahner, Metrohm, PalmSens, Ivium and Paks Nuclear Power Plant.

We wish to express our gratitude to the members of the Scientific and Organizing Committees
for their continued dedication and support.

We would like to sincerely thank the authors for their contribution, the reviewers for their
commitment and professional work and the jJESE—Editorial Office for their invaluable assistance in
the Proceedings publication.

The next (7t) Regional Symposium on Electrochemistry — South East Europe will be held in
Croatia in 2019.

Gyo6z6 G. Ldng, Guest Editor
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Abstract

In my plenary lecture delivered at the 6% Regional Symposium on Electrochemistry of
South-East Europe (RSE-SEE) that was held between June 11 and 15, 2017, in
Balatonkenese, Hungary | surveyed the developments in the field of conducting polymers
based on my 40 years of experience in this area. It is intended to give an overview including
thermodynamical considerations, redox transformations and transport processes,
methods of investigation, redox polymers, electropolymerization, characterization, and
applications with abundant examples from my research results.
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Introduction

The preparation, characterization and application of electrochemically active, electronically
conducting polymeric systems are still at the foreground of research activity in electrochemist-
try [1-3]. There are at least two major reasons for this intense interest. First is the intellectual
curiosity [1-4] of scientists, which focuses on understanding the behavior of these systems, in
particular on the mechanism of charge transfer and on charge transport processes that occur during
redox reactions of conducting polymeric materials [2, 4-6]. Second is the wide range of promising
applications of these compounds in the fields of energy storage, electrocatalysis, organic
electrochemistry, bioelectrochemistry, photoelectrochemistry, electroanalysis, sensors, electro-
chromic displays, microsystem technologies, electronic devices, microwave screening and corrosion
protection [2]. After 40 years of research in the field, the fundamental nature of charge propagation
is now in general understood; i.e., the transport of electrons can be assumed to occur via an electron
exchange reaction (electron hopping) between neighboring redox sites in redox polymers, and by
the movement of delocalized electrons through conjugated systems in the case of so-called
intrinsically conducting polymers (e.g., polyaniline, polypyrrole). (In fact, several conduction
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mechanisms, such as variable-range electron hopping and fluctuation-induced tunneling, have been
considered.) In almost every case, the charge is also carried by the movement of electroinactive ions
during electrolysis; in other words, these materials constitute mixed conductors [2,5,6]. Owing to
the diversity and complexity of these systems — just consider the chemical changes (dimerization,
cross-linking, ion-pair formation, etc.) and polymeric properties (chain and segmental motions,
changes in the morphology, slow relaxation) associated with them, the discovery of each new
system brings new problems to solve, and much more research is still needed to achieve a detailed
understanding of all of the processes related to the dynamic and static properties of various
interacting molecules confined in a polymer network.

Although the conductivity of these polymers is an interesting and a utilizable property in itself,
their most important feature is the variability of their conductivity, i.e., the ease with which the
materials can be reversibly switched between their insulating and conducting forms (Figure 1). (The
conductivity of copper is still better but not variable!)

An evidence of the existence of the mobile electrons in the system is the practically uniform
absorbance at high wavelengths in half-oxidized state (emeraldine form of polyaniline). It is
characteristic to the metals (metallic conduction) since the excitation of the mobile electrons needs
small and practically the same energy. At lower wavelenghts the variation of the spectra indicates
the color change related to the leucoemeraldine —emeraldine — pernigraniline transitions (Figure 2).
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Figure 1. Variation of the resistance of polyaniline as a function of potential (charging state) in contact with
1 mol dm™ H,50,4 (compiled from the results of [7])

We can utilize the variation of the conductivity in electronic devices including thin film transistors
and insulated gate field effect transistors or in gas sensors; the color change in electrochromic
display devices or in smart windows, the electroluminescence in light emitting devices, the swelling-
deswelling accompanying the charging-discharging processes in artificial muscles, the charge
storage capacity in energy technologies (batteries, supercapacitors). There are properties, which are
useful in a certain application, e.g., volume change, however, those may cause problem in other
utilization. In fact, during the redox transformations generally we create a polyelectrolyte from an
uncharged polymer, which alter many physical and chemical properties. For instance, the charged,
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salt-form is insoluble, while the neutral form is soluble in certain organic solvents. The overcharging
(overoxidation) may lead to the hydrolytic degradation of the polymer. In some cases the
mechanical properties including adhesion is of importance, e. g., in corrosion protection or in
membranes where gas evolution occurs, which are less crucial in batteries. In the early period
several attempts were made to vary the morphology and the swelling properties by using different
counterions. The derivatization of the monomers frequently lead to more flexible polymers.

Abs

aan

Figure 2. UV-VIS—NIR spectra of PANI obtained in situ at different potentials:
(1) -0.35, (2) -0.25, (3) -0.15, (4) -0.05, (5) 0.05, (6) 0.15, (7) 0.25, (8) 0.35, (9) 0.45, (10) 0.55, and
(11) 0.65 V. Solution: 1 mol dm™3 H,SO4 [8]

In the last decade the researchers have started to apply novel approaches. The new trend is the
fabrication of composites including nanocomposites of polymers and other materials such as carbon
nanotubes, graphene or inorganic compounds having special structure and properties. In sensors
and biosensors of different kinds (conductometric, impedimetric, potentiometric, amperometric
and voltammetric) conducting polymers are used as active, sensing or catalytic layers, however, in
the the majority of application those serve as matrices entrapping enzymes or other biologically
active compounds. The biocompatibility of several conducting polymers provides opportunity for
the application in medicine as artificial muscles and limbs, as well as artificial nerves. The biomimetic
(bionic) applications certainly will continue in the future. (References [1-6] contain hundreds of cited
papers which were considered by the author as the most important ones. Therefore, most of the
citations in this review are the author’s works in connection with the results presented. It is worth
to mention that the total number of papers on counducting polymers until 2017 according to the
scientific database is ca. 300 000 [1].)

Historical background

Somewhat surprisingly, a new class of polymers possessing high electronic conductivity
(electronically conducting polymers) in the partially oxidized state was discovered. Alan J. Heeger,
Alan G. MacDiarmid and Hideki Shirakawa played a major role in this breakthrough, and they
received the Nobel Prize in Chemistry in 2000 “for the discovery and development of electronically
conductive polymers” [9-14]. The preparation of polyacetylene and the discovery of the large
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increase in its conductivity after “doping” actually launched this new field of research. However, as
Thomas Mann wrote: “Very deep is the well of the past”. Our case is also curious because the most
important representatives of these materials, polyaniline and polypyrrole, were already being
prepared by chemical or electrochemical oxidation in the nineteenth century. Of course, for a long
time they were not called polymers, since the existence of macromolecules was not accepted until
the 1920s. Therefore, it is somewhat interesting to review the story of polyaniline here, because it
provides an insight into the nature of the development of science. One may recall that aniline was
prepared from the coal tar residues of the gas industry in the first half of the nineteenth century,
and later played a fundamental role in the development of organic chemistry and the chemical
industry. First, aniline dyes replaced dyes from natural sources. Then coal tar dyes found use in
medicine (to stain tissues), and the selective toxicity of these compounds was also discovered. This
initiated the chemical production of medicines, and the establishment of the pharmaceutical
industry. In 1862 Dr. Henry Letheby, who was a physician and a member of the Board of Health in
London, was interested in aniline because it was poisoning workers. Letheby observed that a bluish-
green precipitate was formed at the anode during electrolysis, which became colorless when it was
reduced and regained its blue color when it was oxidized again [15]. In 1840 Fritzsche observed the
appearance of a blue color during the oxidation of aniline in acidic media [16]. In 1950 Khomutov
and Gorbachev discovered the autocatalytic nature of the electrooxidation of aniline [17]. In 1962
Mohilner, Adams and Argersinger reinvestigated the mechanism of the electrooxidation of aniline
in aqueous sulfuric acid solution at a platinum electrode. They proposed a free radical mechanism,
and wrote that “the final product of this electrode reaction is primarily the octamer emeraldine, or
a very similar compound” [18].

The first real breakthrough came in 1967, when Buvet delivered a lecture at the 18™ Meeting of
CITCE (later ISE), and this presentation appeared a year later in Electrochimica Acta [19]. Here we
cite the first sentence of this paper, which speaks for itself: “Polyanilines are particularly
representative materials in the field of organic protolytic polyconjugated macromolecular
semiconductors, because of their constitution and chemical properties”. They also established that
polyanilines “also have redox properties,” and that “the conductivity appears to be electronic”. It
was also shown that ”polyanilines are also ion-exchangers”. Finally, they proposed that
“polyanilines... can be utilized for making accumulators with organic compounds”. While Josefowicz
et al. used chemically prepared PANI pellets as an electrode and for conductivity measurements,
investigations of the mechanism of electrochemical oxidation also continued, and the name
polyaniline became generally accepted. The paper of Diaz and Logan that appeared in 1980 [20]
initiated research into polymer film electrodes based on polyaniline, which continues even today.

Definition and classification

Electrochemically active polymers can be classified into several categories based on the mode of
charge propagation (note that insulating polymers are not considered here except for those with
variable conductivity). The mode of charge propagation is linked to the chemical structure of the
polymer. The two main categories are electron-conducting polymers and proton (ion)-conducting
polymers. We will focus on electron-conducting polymers here.

We can also distinguish between two main classes of electron-conducting polymers based on the
mode of electron transport: redox polymers and electronically (intrinsically) conducting polymers
(ECPs or ICPs).
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Redox polymers contain electrostatically and spatially localized redox sites which can be oxidized
or reduced, and the electrons are transported by an electron exchange reaction (electron hopping)
between neighboring redox sites if the segmental motions enable this. Redox polymers can be
divided into several subclasses: i) polymers that contain covalently attached redox sites, either built
into the chain, or as pendant groups; the redox centers are mostly organic or organometallic
molecules; ii) ion-exchange polymeric systems (polyelectrolytes) where the redox active ions
(mostly complex compounds) are held by electrostatic binding.

A simple distinction between the intrinsically conducting and redox polymers is that in dry state
the ICPs are conducting while redox polymers are not. In the case of redox polymers water (or other
solvent) acts as a plasticizer, and makes the chain and segmental motions possible which is
inevitable to ensure the electron hopping between the localized redox groups.

Conducting polymers are mostly used as polymer film electrodes by electrochemists. A polymer
film electrode can be defined as an electrochemical system in which at least three phases are
contacted successively in such a way that between a first-order conductor (usually a metal) and a
second-order conductor (usually an electrolyte solution) is an electrochemically active polymer layer
which is usually a mixed conductor. The polymer layer is more or less stably attached to the metal,
mainly by adsorption (adhesion).

Methods of investigation

Conducting polymers have been studied using the whole arsenal of methods available to
chemists and physicists [2]. Electrochemical techniques, mostly transient methods such as cyclic
voltammetry (CV), chronoamperometry (CA) and chronocoulometry (CC), are the primary tools used
to follow the formation and deposition of polymers, as well as the kinetics of their charge transport
processes. Electrochemical impedance spectroscopy (EIS) has become the most powerful technique
used to obtain kinetic parameters such as the rate of charge transfer, diffusion coefficients (and
their dependence on potential), the double layer capacity, the pseudocapacitance of the polymer
film, and the resistance of the film [21].

The application of combinations of electrochemical methods with non-electrochemical
techniques, especially spectroelectrochemistry (UV-VIS, FTIR, ESR), the electrochemical quartz
crystal nanobalance (EQCN), radiotracer methods, probe beam deflection (PBD), various
microscopies (STM, AFM, SECM), ellipsometry, and in situ conductivity measurements, has
enhanced our understanding of the nature of charge transport and charge transfer processes,
structure—property relationships, and the mechanisms of chemical transformations that occur
during charging/discharging processes. In several cases to elucidate more complicated reaction
mechanism it is necessary to apply the combination of more than one technique, e.g., transient
electrochemical technique with UV-VIS spectroelectrochemistry and ESR, or with
spectroelectrochemistry and EQCN.

It is not necessary to deal with these techniques in detail here, since there are several books,
monographs and papers on the subject [2, 21-24].

Preparation of conducting polymers

Both redox and electronically conducting polymers can be prepared using chemical and/or
electrochemical methods of polymerization, although most redox polymers have been synthesized
by chemical polymerization. Electrochemically active groups are either incorporated into the
polymer structure inside the chain or included as a pendant group (prefunctionalized polymers),
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added to the polymer phase during polymerization, or fixed into the polymer network in an
additional step after the coating procedure (post-coating functionalization) in the case of polymer
film electrodes. The latter approach is typical of ion-exchange polymers. The electrochemical
polymerization is preferable, especially if the polymeric product is intended for use as a polymer
film electrode, thin-layer sensor, in microtechnology, etc., because potential control is a prerequisite
for the production of good-quality material and the formation of the polymer film at the desired
spot in order to serve as an anode during synthesis. A chemical route is recommended if large
amounts of polymer are needed.

Electropolymerization

In the majority of cases the polymers are prepared by electrooxidation of the respective
monomer compound. The oxidation of the monomer results in the formation of a cation radical.
The chain propagation occurs via dimerization of the radicals formed and elimination of hydrogen
ions. The dimer is oxidized (more easily than the monomer) and a next coupling step takes place
with a monomeric cation radical. The radical cation—radical cation coupling (RR coupling) -due to
the strong Coulombic repulsion- is considered less likely than the radical cation—substrate coupling
(RS coupling), i.e., the coupling of a charged and a neutral species. However, in condensed phase RR
coupling can proceed in a substantial rate. The nature of the rate-determining step (rds) depends
on the conditions; since the rate of the deprotonation, the solubility of the oligomer, the stability of
the cation radical depend on the nature of the solvent (e.g., its effect on the proton elimination),
electrolyte (especially on the nature of the anion which may stabilize the cation), and temperature
[2, 25, 26]. One has to consider also the deposition step which strongly depends on the nature of
the substrate (metal, carbon etc.). Some metals can catalyze the oxidation of the monomer or a first
layer of monomers may be formed due to the chemisorption on the metal which is characteristic in
several monomers on Pt or PtO [27].

During the very first potential cycle a characteristic loop (a crossing pattern that appears in the
cyclic voltammogram on reverse scan) (Fig. 3) can be observed which is due to the energy needed
for the nucleation. According to another view in some cases the loop is due to a homogeneous
comproportionation reaction [25] which facilitates the oxidation of the monomer.
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Figure 3. The 1° cyclic voltammogram (-) and the simultaneously detected EQCN response (—) during the
electrooxidation of 6-aminoindole (1.5 x 102 mol dm) on Au in 1 mol dm H,50, solution. Scan rate: 25 mV
s, switching potential: 0.5 V [27].
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A huge anodic current appears and simultaneously the EQCN resonant frequency starts to
decrease which continues until anodic current flows. This indicates a deposition of the oxidation
product on the gold surface. The -5 Hz frequency decrease corresponds to a ca. 0.7 nm thin film,
assuming 1.2 g cm for the density of the film or a surface concentration of 6-aminoindole, I = 6.7
x 10%% mol cm™. It follows that barely a monolayer or even submonolayer film was formed, i.e., it
can be considered just a nucleation. While the nucleation process is somewhat hindered, the growth
of the film is a much faster process. In Fig. 3 the so-called nucleation loop, i.e., the crossing pattern
of the anodic current and the current after switching is not well seen, because the switching
potential was limited to 0.5 V in order to avoid the overoxidation. However, it exists, and well-seen
when a higher positive switching potential was applied during the first scan. It has been interpreted
as the start of the nucleation process.

The progress of the electropolymerization and the deposition of the polymers can be nicely seen
on the cyclic voltammograms since the peak currents (and the charge under the waves) related to
the redox responses of the conducting polymer increases. By using electrochemical quartz crystal
nanobalance the increase of the deposited mass can be monitored directly. It can be seen in the
following figures (Fig. 4 polyaniline, Figs. 5-7 polyindole and poly(4-aminoindole, respectively).
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Figure 4. The cyclic voltammograms and the simultaneously detected EQCN frequency changes during
the electropolymerization of aniline at a platinum electrode. Scan rate: 100 mV s™.
Solution composition: 0.2 mol dm™ aniline in 1 mol dm™ HCIO,4[28].

The mechanism of polyaniline formation is influenced by the deposition of oligomers, and the
highest growth rate in cyclic electropolymerization occurs during the cathodic potential scan. The
film morphology (compactness, swelling) is strongly dependent on the composition of the solution,
notably on the type of counter-ions present in the solution, and the plasticizing ability of the solvent
molecules. Due to the autocatalytic nature of the electropolymerization, the positive potential limit
of cycling can be decreased after 2-10 cycles, which is a common practice used to avoid the
degradation of the polymer due to the hydrolysis of the oxidized polyaniline (pernigraniline form).
The head-to-tail coupling that results in the formation of p-aminodiphenylamine, tail-to-tail
dimerization (benzidine) also occurs; however, the latter is considered to be a minor dimer
intermediate because the rate constant of dimerization for RR coupling that produces the former
product is about 2.5 times higher than that for the tail-to-tail dimer. Two types of nucleation
(instantaneous and progressive) and three types of growth (1-, 2-, and 3-dimensional) have been
observed in the case of different polymers and conditions. Although the region close to the
electrode surface exhibits a more or less well-defined and compact structure, in general the polymer
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layer can be considered to be an amorphous material with decreasing density as a function of the
distance of the substrate.
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Figure 5. Cyclic voltammograms and the simultaneous change of the EQCN frequency (Af) during the

oxidative electropolymerization of indole (1 mmol dm™3) in 1 mol dm™3 HCIO, on Pt during 40 consecutive
cycles. Scan rate: 10 mV s™1 [29]
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Figure 6. Cyclic voltammograms and the simultaneous change of the frequency (Af) during the
electropolymerization of 4-aminoindole (1 mmol dm™) in 1 mol dm= HCIO,0n Pt,
during 20 consecutive cycles. Scan rate: 10 mV s™ [29]

While the usual representation, i.e., the decrease of the EQCN frequency (or the increase of the
surface mass) during consecutive voltammetric cycles can be found in the majority of papers
(Figs. 5 and 6), displaying the variation of the EQCN frequency as a function of time can be more
instructive. In this case the changes in the course of each cycle are much better seen (Figs. 7). It is
well seen that while the surface mass increases from cycle to cycle (continuous decrease of the
frequency at the beginning of the subsequent cycles), there is a change during each cycle. In the
case of indole this change is getting higher and higher (Fig. 7a) since during the oxidation and
reduction counter-ions enter and leave the surface film, respectively, and as the film is getting
thicker more and more counter-ions (in this case anions) enter or leave the film in the charge-
compensating process. In the case of 4-aminoindole the Af vs. time curve resembles a staircase (Fig.
7b). This dependence reflects that the deposition occurs with the same rate from cycle to cycle and
the frequency variation is independent of the film thickness. It is only possible if there is no
movement of ions of considerable mass, i.e., the transport of H* ions should be considered instead
of anions.
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Figure 7. Comparison of the electropolymerization of indole (a) and 4-aminoindole (b) under the same
circumstances on the same type of electrode (1.37 cm? Pt) in 40 and 20 cycles, respectively. Cyclic

voltammograms and the simultaneously detected frequency curves. The frequency curves are plotted as
function of the time. Cmonomer = 1 mmol dm?, electrolyte: 1 mol dm HCIO4. Scan rate: 10 mV s™2 [30].

While electrochemical impedance spectroscopy has become a basic tool in the study of the rate
of charge transport processes, film resistances and capacitances of polymer film electrodes, it is
relatively seldom used to follow the electropolymerization process. Figures 8 and 9 show such
results and the respective electrical equivalent circuit [30].
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Figure 8. Three-dimensional representation of the (a) Bode and (b) Nyquist plots of the measured
impedance data during the electrodeposition of polyindole on Pt at 0.7 V in 0.1 mol dm™ H,S0, solution [31]
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Figure 9. Electrical equivalent circuit describing the EIS response of polyindole deposition on platinum. Zg
represents the impedance of the double layer, Rct,indole and Zw indole are the charge transfer and diffusional
impedances of indole, respectively, C,,anion is the capacitive impedance related to the counter-ion adsorption
(on Pt surface), Retanion is the charge transfer resistance associated with the counter-ion adsorption/desorp-
tion, Zw,anion is the diffusional impedance of the counter-ions, and Rs is the solution resistance. The equivalent
electric circuit has been elucidated based on a priori chemical knowledge about this system [31].

Following the variation of the characteristic parameters several conclusions could be drawn
concerning the events at the surface (adsorption of indole and ions, polymerization etc.). The charge
transfer resistance and Warburg coefficient associated with indole itself vary with time, providing
evidence that after an inductive period, the process of generation of active centers is at its maximum
contributing to noticeable diffusion limitations. The apparent rate coefficient reflects the relative
contribution of slow and fast electrochemical stages involving the interfacial charge transfer during
the film growth. In general, formation of nuclei of a new phase is considerably slower than their
growth. At higher times the surface of Pt is covered by the polymer film, so that the growth at the
Pt/polyindole boundary is suppressed. However, the diffusion coefficient of the indole molecules
in/at the relatively thick indole film is decreased. The sulfate adsorption capacitance significantly
changes during the polymer film growth. At the anodic potential selected for polymerization, it is
known that the sulfate surface coverage is ~0.2 monolayer (ML) in H,SO4, and the adsorption
capacitance is approximately a few uF cm™ as the adsorbate layer is almost “saturated”. After 5 min
of indole electropolymerization, the adsorption capacitance increases up to ~200 puF cm™. This value
roughly corresponds to 0.1 ML of sulfates adsorbing and desorbing during the low-amplitude ac
probing, i.e. ~50 % of the available adsorbed sulfates are “disturbed” during initial stages of
polymerization. However, after ~10 min, the adsorption capacitance decreases (~100 puF cm?) and
remains approximately constant. The non-zero values of the adsorption capacitance after ~10 min
indirectly suggest that redox transformations at the polymer/Pt interface still significantly disturb
the adsorbed sulfate layer.

Overoxidation

The overoxidation is a general problem in the course of the electropolymerization and also the
investigation or the use of conducting polymer modified electrodes. The choice of positive potential
limit in the case of electropolymerization or the application of proper oxidant (redox couple which
does not possess too positive equilibrium potential) in the case of chemical oxidation is essential to
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have a good quality polymer. At high anodic potentials the further oxidation of the polymer occurs,
and this oxidation product undergoes a chemical reaction, e.g., in the case of polyaniline quinone
groups appear due to hydrolysis reaction. It manifests itself in the so-called “middle peak” between
the two main voltammetric peaks (see Fig. 10).
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Figure 10. The consecutive cyclic voltammograms during the electropolymerization of aniline at a platinum
electrode. Scan rate: 100 mV s™*. Solution composition: 0.2 mol dm™ aniline in 0.5 mol dm™ H,S0,

In the case of the electropolymerization of 4-aminoindole it can be seen that during the
consecutive cyclic voltammograms (2-6™ and 7-9t") the current continuously decreases during the
cycling together with a shift of the peak potential. The rate of the frequency change shows also
decreasing characteristics from cycle to cycle (Fig. 11). By using positive potential limits above 0.6 V
an overoxidation and hydrolysis occur and the electroactivity and conductivity of the film become
negligible. Nevertheless, a bluish-purple layer, which was formed, remained on the surface. Similar
phenomenon can be observed practically for all indole derivatives as shown in Figures 12-14 in the
case of 6-aminoindole.
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Figure 11. Effects of the extended positive potential limit. The figure shows the first cycle (black), from the
2" to the 9% cycle (red), and the 19" and 20" cycles ( ) from a series of measurements.
Solution: 1 mmol-dm? 4-aminoindole in 0.5 mol-dm? H,S0,. Pt electrode, v =20 mV-s * [29].
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Figure 12. Subsequent cyclic voltammograms and the simultaneously detected EQCN responses during the
electrooxidation of 6-aminoindole (1.5 x 102 mol dm) on Au in 1 mol dm? H,50, solution.
Scan rate: 25 mV s%. After the 17 cycle the switching potential was decreased to 0.48 V [27]
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Figure 13. Subsequent cyclic voltammograms and the simultaneously detected EQCN responses during the
electrooxidation of 6-aminoindole (1.5 x 102 mol dm™) on Au in 1 mol dm™ H,50, solution. Scan
rate: 50 mV s The first 46 cycles between —0.1 V and 0.55 V without changing the switching potential [27].
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Figure 14. Cyclic voltammograms and the simultaneously detected EQCN responses during the electro-
oxidation of 6-aminoindole film on Au in contact with 1 mol dm? H,50.. The change of the color of the film
by using the original photos of the electrode is also displayed. The positive potential limit was increased
during the consecutive cycling. The responses of the clean gold electrode in the potential range between —
0.3 Vand 1.40 V (1). Positive potential limits were as follows: 0.55 V (2), 0.65 V (3),
and 1.4 V (4-6) (three subsequent cycles) [27].
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The oxidation peak of the polymer, appearing at 0.27 V in the course of the first cycles when
0.5V potential limit was kept, gradually shifts into the direction of more positive potentials. Its
height shows decreasing tendency with cycling to higher positive switching potentials (curves 2-4 of
Fig. 14). The oxidation peak of the monomer appears at 0.6 V, the frequency decrease related to
the deposition of the polymer gradually increases (curves 2 and 3 of Fig. 14). During continuous
cycling using higher and higher positive potential limits the deposited mass increases. However, the
peak height and the charge consumed during the oxidation of the monomer (together with the
oxidation of the film) decreases, and eventually both the charge and the frequency observed earlier
by applying a given switching potential gradually diminishes (for the sake of clarity not all cycles are
shown in Fig. 14). When 1.4 V switching potential was applied (curves 4-6) the effect described
above is well seen. Finally, during cycling 7 Hz frequency variation can be observed, which is
approximately equal to the magnitude of the usual double layer charging, i.e., no further deposition
takes place, and the film redox activity also diminishes. Nevertheless, a bluish-purple layer, which
was formed, remained in the surface. Because of the loss of electrochemical activity it can be
concluded that the conjugated polymer bonds break down, and an indigo or indirubin-like insoluble
but colored layer is formed.

Thermodynamical considerations

Thermodynamical considerations (the question of equilibria)

No equilibrium (adsorption equilibrium) exists between the surface phase and the solution with
respect to the polymer. In most cases no chemical bonds exist between the substrate and the
polymer, the polymer layer remains at the surface due to the van der Waals forces between the
substrate and the polymer, as well as between the polymer chains in multilayer films. The
adsorption model of de Gennes predicts a diminishing layer density which has been observed,
indeed, i.e., the polymer film is more compact close to the substrate surface.

Equilibrium situation is seldom established within the time scale of the experiments since the
relaxation process of the polymer network (gel) may be extremely long. It is true not only with
respect to the polymer morphology (conformation) but also to the membrane equilibria with
participation of ions and solvent molecules. In the first approach the surface polymer layer can be
treated as an amorphous swollen gel with a uniform structure and density in contact with a solution
containing solvent molecules and ions. In this case, both non-osmotic and osmotic membrane
equilibria, as well as the mechanical work done in swelling the polymer, must be taken into account.
In most cases the situation is even more complicated than that usually treated using membrane
equilibrium, since the charge in the polymer changes during the redox reaction; in most cases a
neutral polymer is transformed into a polyelectrolyte, and vice versa.

Membrane equilibria

Even in the case of a neutral polymer one should consider the partitioning equilibria of the
solvent molecules, the neutral salt and the ions formed by dissociation. The solvent content in the
polymer phase obviously depends on the difference between the standard chemical potentials of
the solvent molecules in the two contacting phases. lons enter the film if their van der Waals and
ion-dipole interactions with the polymer are large. lons can be solvated (hydrated) by both the
polymer and the solvent. When the polymer is hydrophobic and the solvent is hydrophilic the
interaction energies between the polymer segments and between the solvent molecules are higher
than those between the polymer segments and the solvent molecules. In this case, the polymer
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segments are not solvated by the solvent molecules, and hence there is no solvent swelling of the
polymer film. If the neutral polymer contains polar groups, water molecules will enter the polymer
and the polymer phase will eventually contain substantial amounts of water.

The situation is different when the interface is not permeable for one of the ions; i.e., the polymer
film behaves like an ion-exchange membrane. This is the case when the polymer is charged, which
is usually achieved by oxidation or reduction; however, this can also be the result of protonation.
Two cases should be considered: (i) non-osmotic membrane equilibrium; (ii) osmotic membrane
equilibrium. In the latter case, where solvent molecules can enter the surface layer or the
membrane, the situation is more complicated since mechanical equilibria are also involved. The
non-osmotic membrane equilibrium is illustrated in Fig. 15.
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Figure 15. Charged polymer in contact with an electrolyte solution. Non-osmotic membrane equilibrium [2]

In the case of osmotic membrane equilibrium incorporation of ions and solvent molecules into
the polymer phase, a swelling of the polymer layer occurs, i.e., the state of the polymer phase
depends on the potential. For the thermodynamical description of the expansion or contraction of
the polymer network a mechanical work term has to be considered. The deformation of the polymer
layer: plastic (break-in period) or elastic (reversibly coupled to the redox reaction).

Redox transformations and the accompanying processes

The electron transfer taking place at the metal | polymer interface is accompanied by ionic charge
transfer at the polymer|solution interface, in order to maintain the electroneutrality within the
polymer phase. Counter-ions usually enter the polymer phase. However, less frequently the
electroneutrality is established by the movement of co-ions present in the polymer phase, e.g., in
so-called “self-doped” polymers. Oxidation reactions are often accompanied by deprotonation
reactions, and H* ions leave the film, removing the excess positive charge from the surface layer. It
should also be mentioned that simultaneous electron and ion transfer is also typical of
electrochemical insertion reactions; however, this case is somewhat different since the ions do not
have lattice places in the conducting polymers, and both cations and anions may be present in the
polymer phase without any electrode reaction occurring. A general scheme of the charge transport
and the accompanying processes is shown in Fig. 16.
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Figure 16. The charge transport and the accompanying processes in the case of a polymer film electrode

Owing to the complexity of the system and its redox transformations to gain a deeper
understanding of the mechanism combined techniques should be applied. In many cases even the
combination of more techniques is necessary. Two examples will be presented below. The
considerable difference between the anodic and cathodic peak potentials of the cyclic
voltammograms for the poly(tetracyanoquinodimethane) (TCNQ) redox electrode has been
explained by the formation of dimeric species; i.e., the slow formation of mixed-valence dimers
during reduction (charging) and the fast re-oxidation of dimer dianions resulting in mixed-valence
dimers during the discharging process [31]. The concentrations of the anion radicals and the dimer
dianions were derived from UV-VIS spectroelectrochemical data. The concentration of the mixed-
valence dimer was calculated from the variation in the ESR intensity and the concentration of the
other paramagnetic species, TCNQ~ and TCNQ™; (Fig. 17). It is striking evidence that even UV-VIS
spectroelectrochemistry is not enough to reveal all the intermediate products since the mixed-
valence dimer, TCNQ™; is silent within the available spectral lengths.

In order to monitor the transport and equilibria of ions and solvent molecules the
electrochemical quartz crystal nanobalance (EQCN) and radiotracer techniques are relatively simple
but highly effective methods. A comparison of the behavior of polyindole and poly(4-aminoindole)
serves as an illustration (Figures 18 and 19).

The reduction peak belonging to the first oxidation peak is rather undeveloped and suppressed
by the second one. The frequency change follows the charging—discharging processes. The apparent
molar mass, that corresponds to the Af/Q quotient is 90.6 g mol™ (n = 1). Therefore, ClO4-anions
enter and leave the film during its oxidation and reduction, respectively.
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Figure 17. Distribution diagram for the species formed during the electroreduction of poly(tetracyanoquino-
dimethane). A=TCNQ, A~ =TCNQ", A;" =TVNQ;", Ai':TCNQi, and S = crnea- + Cinea,- [32]

In the case of poly(4-aminoindole) based on the frequency change vs. potential curve three
processes can be distinguished in both scan directions (Fig. 19).
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Figure 18. Cyclic voltammogram with the Figure 19. Cyclic voltammograms and the corresponding
frequency change curve of a polyindole film frequency curves of a poly(4-aminoindole) layer on Au,
in 1 mol dm™ HCIO,. Scan rate: 10 mV s™ [29] measured in (1 mol dm? HCIO,) at 10 mV s [29]

In the positive scan direction, from 0.1 V an increasing current can be detected. Simultaneously
a mass increase starts, which is attributable to anion incorporation. However, the apparent molar
mass value (M = 10 g mol™) that can be calculated from the mass vs. charge function is much lower
than the molar mass of the perchlorate ions. While the frequency decrease during the ascending
part of the cyclic voltammetry wave is evident, its value is rather small especially compared to the
relatively substantial charge consumed. This observation can be elucidated by assuming simulta-
neous anion sorption and deprotonation, and the latter process is the dominant one. Together with
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protons water molecules also leave the film, i.e., desorption of hydrated HsO* can be considered.
From 0.3 V, a strange frequency increase-decrease pattern can be detected before the next
frequency decrease section. This type of changes has been detected in the cases of other systems,
and has been assigned to a structural rearrangement which occurs simultaneously with a partial
deprotonation and dehydration of polymer layer. Further charging results in anion incorporation
and deprotonation again. The EQCN technique can resolve the events occurring under the wide
voltammetric wave, and these results reveal that the charge compensating processes are more
complicated than that are usually expected. Therefore, at least three consecutive processes can be
considered despite the single pair of peaks that appears in the current response.

A direct way to monitor the ion exchange processes can be achieved by radiotracer technique.
Using the radiotracer method, the strength of the ion—polymer interactions can also be studied,
which is certainly a special advantage of this technique. When unlabeled species are added to the
solution phase in great excess, the sorbed species are exchanged provided that there are no strong
interactions (chemical bonds) between the ions or molecules and the polymer. At a given potential
the mobility of the ions can be tested (Fig. 20).
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Figure 20. The exchange of labeled SO,* ions sorbed in polypyrrole film with unlabeled SO ions added to a
solution phase containing 10~ mol dm3 *S-labeled H,S04 and 1072 mol dm™ HCIO, at the moment indicated
by the arrow. E = 0 V. Final H:SO4 concentration: 2x1072 mol dm™ [33]

The results presented in Fig. 20 attest that ions embedded in polypyrrole (PP) film are mobile,
despite the fact that the interactions between PP and SO4% are much stronger than those between
PP and CIO4 ions, since ClO4 ions are present at a concentration that is three orders of magnitude
greater.

The periodical sorption/desorption of Cl~ ions during four consecutive potential cycles in the case
of a polypyrrole electrode can be seen in Fig. 21. As expected Cl” ions enter the PP film during
oxidation and leave it during reduction.

A comparison of the data obtained by radiotracer and piezoelectric nanogravimetric techniques
(EQCN) is especially useful, because the latter supplies information on the total surface mass change
due to the deposition or sorption of different species, while the contributions originating from the
different species can be unambiguously separated by labeling the respective molecules or ions.
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Figure 21. The change in the amount of CI” ions in a polypyrrole electrode during four consecutive oxidation-
-reduction cycles. Solution: 2x10* mol dm™3 3¢Cl-labeled HCI. Scan rate: 0.4 mV s, [33]

Recently, a new software controlled electrochemical measuring system for the simultaneous
measurements of surface mass changes and optical absorbance spectra has been developed [34].
By using an EQCN, extremely useful quantitative information about electrode processes such as
adsorption, deposition and dissolution, ion and solvent exchange between the surface film and the
solution can be obtained. However, by using EQCN only the total mass change can be measured
even in the case of ideal behavior. Therefore, one can draw reliable conclusion concerning the
mechanism, if the nature of the intermediates and products of the electrochemical reactions will be
determined by an independent technique. If the formed products or intermediates are colored
species, spectroelectrochemistry is a plausible choice. The simultaneous use of the EQCN technique
with spectroscopic UV-VIS measurements certainly helps to solve this problem (Fig. 22).

light quartz —- _H_m_lTO EQCN + UV-Vis Spectrophotometry
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Figure 22. Absorbance of the polyaniline layer during a single anodic potential scan. Bare ITO crystal was
taken as reference. Scan rate: 10 mV s, electrolyte: 0.1 mol dm™ H3S04, Caniine = 0.01 mol dm™ [34]

Polymeric (polyelectrolyte) properties

Effect of temperature. Difference between redox and conducting polymers

The increase of temperature enhances the chain and segmental motions, therefore a more
reversible, surface cyclic voltammetric behavior can be observed due to the more effective electron
transport (Fig. 23). Of course, the rate of the counter-ion’s motion also increases, however, in the
case of redox polymers the polymeric motion and consequently the rate of the electron hopping is
usually the rate-determining process.

20 (co) X



G. Inzelt J. Electrochem. Sci. Eng. 8(1) (2017) 3-37

In the case of intrinsically conducting polymers usually the intrachain electron transport is
dominating, and consequently the temperature has no or a minor effect on the cyclic
voltammograms (Fig. 24). Albeit in the case of polyaniline at higher pH values a strange effect can
be observed, i.e., shift of the voltammetric wave occurring at more positive potentials. It is related
to the temperature dependence of the protonation constant of the weak base, therefore similar
phenomenon appears with pH variation (Fig. 25).
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Figure 23. Cyclic voltammograms of a poly(tetracyanoquinodimethane) (TCNQ) electrode
(r=5.1x10"8 mol cm™) in contact with aqueous 10 mol / dm? LiCl. Scan rate: 6 mV s™.
Temperatures: (1) 22.5, (2) 34.2, (3) 43, (4) 50.5, (5) 61, and (6) 77 °C [35]
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Figure 24. Temperature dependence of cyclic voltammetric response of a polyaniline film at different
temperatures. Temperatures: 1.5 (1), 4 (2), 13 (3) 29 °C (4); 1 mol dm™ HCI pH = 0 v = 60 mV s-* [36]

The electrochemical responses and also the change of other properties, e.g., color changes
remain still fast at rather low temperatures. This is of practical importance because it allows using
this system in electrochromic display devices at very low temperatures where the usual displays
based on liquid crystals fail (Fig. 26).
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Figure 25. Temperature dependence of cyclic voltammetric response of a polyaniline film at different
temperatures. Temperatures: 19 (1), 29 (2), 36 (3), 46 (4), 58 (5), 66 °C (6);
0.9 mol dm™ Na;SO, mol dm™ + 0.2 NaHSO,4 pH = 2.65 (lower part). v = 60 mV s-! [36]
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Figure 26. Temperature dependence of cyclic voltammetric response of a polyaniline film in contact with
moist acetonitrile containing 0.1 mol dm™3 H,S0,4 0.1 mol dm™ tetrabutylammonium perchlorate and
0.01 mol dm™3 HCI (water content: 1.5 %) at different temperatures.

Temperatures: —42 (1), —36.5 (2), —31 (3), —26.5 (4), and —21 °C (5). v = 25 mV s-! [36]

Effect of the electrolyte concentration

The swelling and shrinking of a polyelectrolyte gel are strongly affected by the concentration of
the contacting electrolyte solution and the temperature. Thermodynamic theory, which considers
three contributions to the free energy of the gel (i.e., mixing of constituents, network deformation,
and electrostatic interactions), predicts gel shrinkage as the salt concentration is increased. The
shrinking process usually occurs smoothly, but under certain conditions the process becomes
discontinuous, and the addition of a tiny amount of salt will lead to the collapse of the gel; i.e., a
drastic decrease in the volume to a fraction of its original value. These effects have strong influence
on the cyclic voltammograms especially in the case of redox polymers (Figs. 27 and 28).

In a more compact structure the rate of electron hopping may increase since the concentration
of redox sites is high; however, deterioration in the film’s permeability to the counter-ions due to
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the decrease in the free volume is expected at the same time. The maximum observed in the peak
current versus salt concentration curve is the result of the balanced effects of the enhanced
electron-exchange process and the hindered counter-ion motion. The abrupt change in the free
volume of solvent-filled cavities causes a sharp decrease in the charge transport diffusion
coefficient. A rigorous theoretical treatment which takes into account the extension and contraction
of the polymer chain as it is electrochemically converted into a polyelectrolyte is very difficult if not
impossible due to the complexity of the polyelectrolyte systems and the lack of an appropriate set
of data. These effects were modeled in an empirical approach by scaling the concentration of
electroactive sites in the polymer film and the effective charge transport diffusion coefficient (Dct)
with ¢s¥2 [4, 37].
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Figure 27. Cyclic voltammograms of a Figure 28. Cyclic voltammograms of a poly(tetra-
poly(tetracyanoquinodimethane) electrode in cyanoquinodimethane) electrode in contact with

contact with lithium chloride solutions of different calcium chloride solutions of different concentra-
concentrations: (1) 0.625, (2) 1.25, (3) 2.5, (4) 5.0 tions: (1) 0.15, (2) 0.31 (3) 0.625, (4) 1.25, (5) 2.5,
and (5) 10.0 mol dm™. Scan rate: 60 mV s™ [37] (6) 5.0 mol / dm? CaCl. Scan rate: 25 mV s™* [37]

By employing the empirical equations:

c=Z(1+Bc?) (1)
and
D =D%(1—H'c) (2)

semi-quantitative description of the effect of concentration on peak currents and peak potentials
has been obtained. D, is the effective diffusion coefficient of charge transport through the polymer

doi:10.5599/jese.448 23



J. Electrochem. Sci. Eng. 8(1) (2018) 3-37 CONDUCTING POLYMERS

film in the absence of the addition of supporting electrolyte; Z, B, and H' are empirical parameters
characteristic of the system under study. The values of these parameters depend on the nature of
the solvent, on the counter-ions (their size and charge), and the polymer forming the film.
Combining (1) and (2) with the Randles—Sevéik equation, as well as the appropriate Nernst equation,
gives the relationships:

1=k [1-H (1+8¢2)*(1+Bc?) (3)

and
E, =K, +R—Zln{cs[1—H(1+Bc:/z)]1/2} (a)
z

where
K. =2.69x 10°D°*Av*/?Z and H = ZH'

K. = Ef’—EInK +0.0285.
ZF

The constant in the equation of the peak current (Ki) includes the quantities in the Randles—
Sevéik equation; i.e., A is the electrode area, v is the scan rate, and the charge number of the
electrode reaction is assumed to be 1. The constant in the equation of the peak potential (Kg)
contains the formal potential (E” ") and the formation constant of the salt, ion pair, or complex (K).
+0.0285 V and -0.0285 V, respectively, have to be used for the anodic and cathodic peak potentials.
Where a + or a — sign appears before the term of (RT/ zF) InK depends on the type of ions exchanged.
When counter-ions enter the polymer film it is + for reduction and - for oxidation, respectively. For
instance, for the reduction of TCNQ the sign is positive. However, when co-ions leave the film, the
opposite sign applies, i.e., during oxidation the sign is positive. The most remarkable conclusion of
these calculations is the fact that the variation in the I, and E, values with ¢s can be described with
the same set of parameters for a given system. In addition, the variation in Z, which is characteristic
of the chemical structure of the film, B, which in turn is linked to the swelling (solvent—polymer and
ion—polymer interactions) and H, which expresses how the permeability of the film depends on the
sizes of the penetrating ions and the solvent-filled cavities (the free volume in the film), exhibited
rather reasonable, systematic changes as the solvent was replaced with a better one or univalent
ions were substituted for bivalent ones.

Hysteresis and relaxation phenomena

Despite the quasi-equilibrium character of the cyclic voltammetric curves, a pronounced
hysteresis (i.e., a considerable difference between the anodic and cathodic peak potentials)
appears. Slow heterogeneous electron transfer, effects of local rearrangements of polymer chains,
slow mutual transformations of various electronic species, first-order phase transition due to an S-
shaped energy diagram (e.g., due to attractive interactions between the electronic and ionic
charges), dimerization, and insufficient conductivity of the film at the beginning of the anodic
process have been proposed as possible explanations for the hysteresis (Fig. 29).

Owing to the long relaxation times characteristic of polymeric systems, the equilibrium or steady-
state situation is often not reached within the time-scale of the experiment. Fig. 30 shows the
change in the resistance of polyaniline after potential steps. The achievement of a constant
resistance value takes a rather long time, especially during the conducting-to-insulating transition.
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Figure 29. The change in the resistance of a polyaniline film in contact with 1 M H,SO4 as a function of the
potential [7]. Arrows indicate the anodic and cathodic directions of the measurements, respectively

Consequently, even slow sweep rate cyclic voltammetry does not supply reliable thermodynamic
guantities that can otherwise be derived by analyzing the changes in the peak potentials. It is even
more striking when the mass change is followed after potential steps. Due to the limited rate of the
ion transport and especially the slower solvent transports the constant swelling is achieved often
after tens of minutes [38].
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Figure 30. The current transients and the respective resistance—time curves obtained after performing
potential steps (a) from 0.2 to 0.15 V and (b) from 0.15 to 0.2 V for a PANI electrode in contact with
2 mol dm™ H,;S0,[7]

While the effect of potential-induced relaxation phenomena has been studied extensively, less
effort has been expended in exploring the effect of temperature. One notable exception is a
temperature shock experiment on a poly(tetracyanoquinodimethane) electrode. It was found that
when the electrode returned from elevated temperature to room temperature, a relatively long
time (>30 min) was needed to restore the original room-temperature voltammetric response, as
seen in Fig. 31.

Apparently, the polymer adopts an extended, perhaps solvent-swollen conformation at elevated
temperatures that requires a long time to revert back to the room temperature structure. Such
behavior is observed in studies of polymer gels, where varying the temperature results in the
hysteresis of macroscopic polymer properties such as swelling, elasticity, turbidity, and so forth.
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0.2} Figure 31. Cyclic voltammograms obtained for a

poly(tetracyanoquinodimethane) electrode in contact

53 0 _0'_2 _0_'4 with 10 M LiCl at (1) 69 °C and (2-6) after rapid cooling
at 22 °C, recorded after delays of (2) 4, (3) 9, (4) 13.5,

E/V vs. SCE )
(5) 22.5, and (6) 38.5 min [39]

Break-in and first cycle effects

For a range of neutral polymer films freshly deposited on metal substrates by solvent evaporation
techniques several potential sweeps are required for the films to become fully electroactive. This
phenomenon has been referred as the break-in effect. The break-in effect is attributed to the
incorporation of solvent molecules and ions into the film phase during electrolysis, as well as to
potential-dependent morphological changes. The rate of the diffusive transport of solvent mole-
cules depends on the structure of the polymer and the motion of polymer segments. In crystalline
and crosslinked polymers, or below the glass transition temperature, the movement of the
incorporating species may be rather slow. On the other hand, solvent molecules act as plasticizers,
and therefore increase the rate of diffusion for both neutral and ionic species inside the film.

The first cycle or waiting time effects (where the shapes of the cyclic voltammograms and the
peak potentials depend on the delay time at potentials at which the polymer is in its neutral / dis-
charged state: see also as “secondary break-in”) have been interpreted in terms of slow morpho-
logical changes and / or the difficulty removing the remaining charges from insulating surroundings.
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Figure 32. “Break-in effect,” as observed in cyclic voltammetric and simultaneous EQCN measurements
performed with a virgin and thick poly(tetracyanoquinodimethane) electrode. I = 7x10 mol cm™.
Electrolyte: 2.5 M LiCl. Scan rate: 6 mV s™. a) Consecutive cyclic voltammograms; b) simultaneously

obtained EQCM frequency curves [40]
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Figure 33. Cyclic voltammograms (two cycles) a) and the simultaneously detected EQCN frequency changes
b) for a polyaniline film (L = 2.9 um) in contact with 1M H,50,. Scan rate: 100 mV s™* [38]

Charging/discharging (or redox switching) processes are usually fast, but are rather complex in
nature. The steady-state cyclic voltammograms in the case of polyaniline exhibit a combination of
broad anodic and cathodic peaks with a plateau in the current at higher potentials (Fig. 33). The
current is proportional to the scan rate, i.e., from an electrical point of view the film behaves like a
capacitor, however, this simple result is the consequence of a complicated phenomenon which
includes a faradaic process (the generation of charged electronic entities at the polymer chains near
the electrode surface by electron transfer to the metal), the transport of those species throughout
the film, as well as the ion exchange at the film | solution interface. A closer inspection of the curves
of Fig. 33 reveals two effects of importance. First, the so-called first-cycle effect, i.e., the first anodic
cycle after starting the investigation of a virgin film or after a long waiting time at negative potentials
where the polymer is its reduced state, differs from the subsequent ones. The main reason is the
incorporation of ions and solvent molecules, and the transformation and relaxation of the structure
of the polymer layer. Second, at pH 0 in the beginning of the oxidation the mass change is minor,
although a substantial amount of charge has already been injected. The low mass change is due to
the low molar mass of H* ion, which is the species that leaves the surface layer. The incorporation
of the anions, which have a much higher molar mass, clearly manifests itself in the observed EQCN
frequency decrease in a later phase of oxidation at higher anodic potentials. Owing to the very high
repulsion forces between the nearest-neighbor sites in the polymer chain, it is unfavorable that
protons on the nitrogen atom and the benzenoid ring filled with a hole (polaron) should exist next
to each other simultaneously. Consequently, deprotonation is a necessary process when positive
charges are injected into the polymer.

Characterization

The complete characterization of conducting polymer and composite films, layers, membranes
etc. includes the determination of all electrochemical properties (formal potential of the redox
reaction, charge storage capacity, rates of electron transfers, rates of ionic and electronic charge
transport processes, rate of solvent transport and phase equilibria, the mechanism and kinetics of
the electrochemical-chemical reactions, the film morphology and all the useful properties, e.g., the
changes of color or conductivity. In order to achieve this goal usually several experimental
techniques and their combination are needed as it had been mentioned. Furthermore, it is always
worth to apply the variation of experimental conditions because in this, relatively simple way
essential information can be obtained about the reaction mechanism, different interactions
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between the polymer and the ions and molecules present. Two examples will be shown: the effect
of the nature of electrolyte and the pH dependence.

Already the cyclic voltammograms reveal the strength of interaction between the polymer and
the counter-ions but by using combined methods e.g., EQCN, the transport and sorption of ions and
solvent molecules can be understood by the help of such easy experiments.

Poly(vinylferrocene) is more swollen in the presence of SO42 ions than in NO3™ or CIO4 - containing
electrolytes. This means that the different anions enter the film together with their hydration
spheres, since the magnitude of the mass change is as follows: sulfate > nitrate > perchlorate. This
corresponds to the order of degree of hydration of these anions. On the other hand, the ion-pair
formation constant for the oxidized sites and the ClO4 - ions is greater than that for NO3™ or SO4*
ions, which is reflected in the more positive formal potential of the ferrocene/ferricenium redox
couple in NazS04 or NaNOs3 solutions compared with NaClO4 electrolyte, as seen in Fig. 34. The more
pronounced swelling also reflects the more extensive interaction between water and the charged
ferricenium sites in the presence of SO4% - or NO3™ - compared to ClO4 -containing electrolytes.
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Figure 34. Cyclic voltammograms (a) and the simultaneously recorded EQCN curves (b) for an
electrochemically deposited poly(vinylferrocene) film in contact with (1) NaClO4; (2) NaNOs; and (3)
Na,SO4| H,S04 pH 3.4, respectively. Electrolyte concentration: 0.5 mol dm™. Scan rate: 10 mV s™. [40]

Because the polymers under study are organic compounds and/or contain groups available for
protonation the execution of the experiments at different pH values is inevitable since the electron
transfer steps are accompanied by protonation or deprotonation. As an example, the cyclic
voltammograms obtained at different pH values in sulfate electrolytes for a poly(copper
phthalocyanine) [poly(CuPc)] layer are presented (Fig. 35). It is evident that H* ions participate in
the redox processes since with increasing pH the voltammetric peaks shift into the direction of the
more negative potentials by =65 + 5 mV/pH. Therefore, we can conclude that the redox reaction of
poly(CuPc) is basicallya 1 H*/1 e  or 2 H*/2 e reaction. Albeit this reaction is much more complicated,
and the electron transfers are accompanied with dimerization and morphological changes, the pH
dependence serves as a starting point [41].
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Figure 35. Au|poly(CuPc) electrode in
contact with sulphate electrolytes (H2S04
or H:SO4 + Na,SO4 or Na,SO4+ NaOH)
pH values: 0.3 (1), 1.18 (2), 2.17 (3) 2.57,
(4), 7.8 (5), 11.1 (6) and 12.7 (7). Scan
rate: 10 mV s, The total concentration
of the sulfate ions was kept practically
EIVvs. SCE constant at 0.5 mol dm?[41]
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Applications

Material Properties of Conducting Polymers

Electronically conducting polymers can be prepared from cheap compounds such as aniline,
pyrrole, thiophene and their derivatives by relatively simple chemical or electrochemical polyme-
rization processes. Redox polymers are also applied in special cases, such as in biosensors or elec-
trochromic display devices. Redox processes combined with the intercalation of anions or cations can
therefore be used to switch the chemical, optical, electrical, magnetic, mechanic and ionic properties
of such polymers. These properties can be modified by varying the anion size and preparation
techniques; by including other chemical species for example. A qualitative summary of the
relationship between the properties of a conducting polymer and its charge state is given in Table 1.

Table 1. Qualitative properties of conducting polymers that conduct in their oxidized state, as a function of

their charge state [6]
Properties/Charging state Reduced Oxidized
Stoichiometry without anions (or: with cations)  with anions (or without cations)
Content of solvent smaller higher
Volume smaller higher
Color transparent or bright dark
Electronic conductivity insulating, semiconducting semiconducting, metallic
lonic conductivity smaller high
Diffusion of molecules dependent on structure
Surface tension hydrophobic hydrophilic

Typical areas in which conducting polymers are applied can be described using a double
logarithmic plot of ionic resistance versus electronic resistance, as shown in Fig. 36.

The positions of ideal metals, semiconductors and insulators in the diagram are shown at the top.
Constant properties exist at high ionic resistances, i.e., towards the top of the diagram. Here, ICPs
can be applied in the dry state in an inert atmosphere. Contact with an electrolyte leads to a much
wider field of applications, depending on the specific ionic and electronic resistances associated with
the charge state, such as in batteries, displays, sensors, etc.
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Gas sensors

Gas sensors made of conducting polymers have high sensitivities and short response times, and
—a great advantage compared with most commercially available sensors based on metal oxides—
work at room temperature. The sensing principles employed in gas sensors using conducting
polymers as active sensing materials vary. The principle used depends on the variables (resistance,
current, absorbance, mass, etc.) measured and the type of interaction between the gas (analyte)
and the polymer. The oxidation state (the charge or doping level) of the polymer is altered by the
transfer of electrons from the analyte to the polymer, which causes a change in the properties
(resistance, color, work function, etc.) of the polymer.

For instance, electron-donor gases such as NHs; increase the resistance of polyaniline (PANI)
because the electrons transferred neutralize the positive sites (polarons), and the polymer becomes
neutral. Interestingly this is a reversible process; after flushing the polymer with air, the conductivity
of the polymer (sensing layer) is recovered (Figs. 37-39).

Folymer film

— Hlags suhstrate — Ceramic substrate

— Auelectrode —  AgPtPd thick-film

electrode

Figure 37. Layout designs of thin-film and thick-film polymer gas sensors [42]
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Figure 38. The response of a PANI gas sensor (relative resistance vs. time curves at 20 °C). 10 ppm ammonia
was injected into the air at times indicated by the arrows. The total concentrations were: (1) 0, (2) 10, (3)
20, (4) 30, (5) 40, (6) 50 ppm; and (7) after flushing with clean air again [43]
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Figure 39. The response of a PANI ammonia sensor (log relative resistance—gas concentration plot) for
different gases and vapors: (1) ammonia; (2) methanol; (3) ethanol; (4) CO; and (5) NO; at room
temperature [43]

Other sensors and biosensors

The use of conducting polymers as amperometric sensors, where the detection signal is amplified
due to the catalytic properties of the polymer and / or built-in catalytic entities, is straightforward,
although the application of these systems as ion-selective electrodes in potentiometry is
problematic because redox state and acid—base or ionic equilibria need to be controlled
simultaneously.

Poly(methylene blue) is a very good catalyst for the oxidation of hemoglobin. This property has
been utilized in an amperometric sensor (see Figs. 40 and 41). A good correlation was found
between the results of the electrochemical method and those of the spectrophotometric
cyanidation analysis method, which is used in clinical practice as a standardized protocol [44].
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Figure 40. Chronoamperometric responses for consecutive injections into a flow cell of samples of whole
blood diluted 1:10 in phosphate buffer (pH 6.24) and 0.5 mol dm™ NaCl on a poly(methylene blue) electrode
at E=0.4 Vvs. SCE. Flow rate: 4 ml min™. The tall and short waves are the responses to 6 cm® and 4 cm?
dilute solutions, respectively [44]
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Figure 41. Comparison between electrochemical and cyanidation methods for the analysis of blood samples
provided by five donors. Blood samples 2 and 3 were from females, while 1 and 4 were from male patients.
Patients 1-4 were healthy, while patient 5 was a potentially ill donor. Experimental conditions were the
same as for Fig. 40 [44]

Electrochromic display devices

1

Figure 42. Photos of a PANI-based flexible electrochromic display device containing 25 pixels. The display
region and the connections were made by depositing gold on a plastic sheet using an appropriate mask and
an evaporation technique. Each pixel can be driven separately. Left: PANI is in its oxidized state in all pixels.

Right: PANI is reduced in two pixels (the bleached ones)
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Due to its many advantageous properties (low cost, fast color change, good contrast, stability,
etc.), PANI is also a favorite material for use in electrochromic display devices. Pictures of a PANI-
based flexible device are shown in Fig. 42. The display pattern, which consists of 25 pixels and the
connections that allow each pixel to be driven separately, was fabricated by depositing gold onto a
plastic sheet. Another plastic sheet covers the display. The electrochemical switching is executed
using a counter electrode, which also serves as a reference electrode, and an acidic gel electrolyte
is placed between the two sealed plastic sheets.

Supercapacitors

In electric and hybrid vehicles during acceleration a high power density is needed or in backup
power devices the fast response is crucial. Supercapacitors are ideal for these purposes, and that is
the very reason for the intense quest regarding electrode materials, which can meet the
requirements of reversibility, long-term stability, the high storage capacity and the fast
charging/discharging characteristics.

Among the different metal oxides, the properly prepared hydrous RuO, shows the best
properties. Its commercial use is, however, hindered due its high cost and limited availability.
Another class of materials, which in principle is suitable for supercapacitor applications are the
electrically conducting polymers. These materials are cheap, show reversible redox behavior and
high capacitance, but their long-term stability is not good enough. The combinations of RuO; with
conducting polymers seem to be a promising attempt to have a possible synergic effect, i.e.,
simultaneously improving the electron transport, stability and decreasing the cost. A simple method
resulting in a well-defined, well-dispersed RuO,—polyaniline composite on the electrode surface is
the use of the oxidation power of Ru (IV) that is the ability of RuO; crystals attached to the electrode
surface to oxidize the aniline which process resulting in the formation of PANI on the external and
internal surfaces of RuO; crystals [45]. The EQCN frequency decrease indicates the deposition of
polyaniline (Fig. 42). The reduced ruthenium sites can be regenerated by using short positive
potential pulses (Fig. 43).
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Figure 42. (a) The EQCN frequency change vs. time curve (blue) observed for an Au|RuO; electrode after the
addition of aniline into 0.5 M H,SO4solution at open-circuit potential (0.85 V). The RuO; has been oxidized
previously (current peak) [45]

The respective cyclic voltammograms and EQCN curves are displayed in Figs. 44-46. After the first
deposition step the response of the polyaniline appears, however, the response originating from
RuO; dominates. Following further deposition steps the mass change during cycling also becomes
higher, however, in the potential region of the leucoemeraldine — emeraldine transition, i.e., from
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—0.1to 0.15 V the frequency change is mostly due to processes occurring simultaneously with the
oxidation of the lower valence Ru sites. In acid media the EQCN response of the PANI is minor
because only deprotonation takes place, and H* ions leave the surface phase. On the other hand,
after the peak the incorporation of anions manifests itself in a frequency decrease. The effect of
PANI is even better seen when a more positive switching potential is applied. At more positive
potentials the second pair of waves due to the transition of the emeraldine form to pernigraniline
form is nicely seen. In this case the redox transformation is accompanied by the desorption of anions
and H* ions which causes a substantial mass loss.
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Figure 43. The continuation of the experiment presented in Fig. 42. The EQCN frequency change vs. time
curve observed for the Au| RuO;electrode after two additional reoxidation pulses [45]
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Figure 44. Cyclic voltammogram (red) and the
simultaneously obtained EQCN frequency response
(blue) for the Au| RuO; + PANI electrode prepared

Figure 45. Cyclic voltammogram (red) and the si-
multaneously obtained EQCN frequency response
(blue) for the Au| RuO; + PANI electrode after three

successive activation pulses. Scan rate: 5 mV s7,
Potential range: —0.15—-0.5 V.
Electrolyte: 0.5 M H,SO4 [45]

above. Scan rate: 5 mV s, Potential range:
—0.15-0.5 V. Electrolyte: 0.5 M H,SO, [45]

Fig. 46 shows the cyclic EQCN responses by using an extended potential range at pH 3.5.

One of the important features of the RuO2/PANI composite is that the electrochemical activity of
the polyaniline is remarkably preserved at higher pH values even at pH 7 a reasonable capacitive
response can be obtained. For the RuO; samples used in this study in contact with 0.5 M H,S04
solution the specific capacitance was found to be 540 + 40 F g* in the potential range of 0.1 and
0.85 V at a scan rate of 20 mV s1. By PANI deposition, the specific capacitance can be increased as
high as by 50 % without practical deterioration of the response time or stability. After successive
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cycling in sulfuric acid the capacitance loss is not higher than 10-15 % after 1000 cycles. Even in
some cases there is an increase of capacitance during cycling which is most likely due to the
completion of hydration and sorption of electrolyte which enhances the ionic charge transfer in the
pores of RuO; and polyaniline.
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Figure 46. Cyclic voltammogram (red) and the simultaneously obtained EQCN frequency response (blue) for
the Au| RuO; + PANI electrode after three successive activation pulses. Scan rate: 50 mV s,
Potential range: - 0.15 — 0.9 V. Electrolyte: 0.5 M H,SO4 + Na,SO4pH 3.5 [45]

New trends

In the last two decades the researchers have started to apply novel approaches. The new trend
is the fabrication of composites including nanocomposites of polymers and other materials such as
carbon nanotubes, graphene or inorganic compounds having special structure and properties. In
sensors and biosensors of different kinds (conductometric, impedimetric, potentiometric,
amperometric and voltammetric) conducting polymers are used as active, sensing or catalytic layers,
however, in the majority of applications those serve as matrices entrapping enzymes or other
biologically active compounds. The biocompatibility of several conducting polymers provides
opportunity for the application in medicine as artificial muscles and limbs, as well as artificial nerves.
The biomimetic (bionic) applications certainly will continue in the future. Microsystem technologies
have been replacing by nanosystem technologies. More sophisticated and combined techniques
have been developed, and have become widespread tools in the laboratories all around the world;
e.g., scanning microscopies, or the new versions of electrochemical quartz crystal nanobalance.

In the recent years we have reached a deeper level of understanding of the behavior of these
systems that we can use to improve the performance of the devices based or use conducting
polymers. The improvement occurs either by a fine-tuning of already promising systems or by using
more sophisticated compositions and structures. Less often a quest of entirely novel applications
has also been reported, however, most of the directions have already been set out 10-30 years ago.
The use of the derivatives of the monomers or copolymerization of different monomers may be an
option to obtain conducting polymers, which are more flexible or rigid or even crystalline for e.g.,
heterojunction solar cells, as well as which are mechanically and chemically more stable, have a
more advantageous processability etc. The functionalization of conducting polymers, which leads to
smart materials interacting and responding to their environment, is also a great opportunity. The
preparation of self-doped polymers is also a good way to overcome the problems of the ionic charge
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transport during redox switching and other limitations of the use of the polymer. The other
possibility is a combination of the arsenal of materials science with chemistry (electrochemistry) to
improve the properties for special purposes. Nanocomposites, hybrid materials based on
conducting polymers certainly become and will be important materials in the future. There is a high
expectation concerning electroconducting nanomaterials such as nanofibers, nanorods and other
nanostructures based on the supramolecular self-assembly of conducting polymers, e.g., in the
enhancement of the photoluminescence efficiency by utilization of the energy and charge transfer
effect in surface resonance coupling. Manipulation of the microstructures of polymers may improve
the performances of both the polymer-based transistors and electrochemical cells. There will be
tasks for the chemists, electrochemists in the production and characterization of new materials, for
the theoreticians to explain the phenomena observed or will be observed and to predict new
opportunities, and also engineers to give a final form of the devices. The conducting polymers are
relatively cheap materials; however, the specially improved properties can give a further boost
concerning the mass production, which makes the products much less expensive. For instance,
making ink from conducting polymers opens up new horizons for printing sensors, electronic
circuits, solar cells, light emitting displays etc. The new trends can nicely be followed by studying the
literature including papers and the topics of conferences.

Conclusions

Based on the review of the achievements during the last 40 years we can draw the conclusion
that the development in the field of conducting polymers is unbroken, and we still expect new
discoveries and novel utilizations in several areas such as energy storage and power sources,
photovoltaics, health care, and different technologies.
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Abstract

Electrodeposited Pd and PdNi coating samples were tested for ethanol oxidation reaction
(EOR) in alkaline solution using cyclic voltammetry (CV), chronoamperometric (CA) and
quasi steady-state measurements. All alloy samples showed higher current densities for
the EOR than pure Pd coating. The current density increased with increasing the amount
of Pd in the PdNi coating and the most active one was found to be Pd0.74Ni0.26. Based
on CA measurements a pseudo-steady state is achieved after 1500 s showing that
Pd0.74Ni0.26 is more efficient and poisoning more tolerant than other investigated
coatings. Upon the end of the current-time transient, the investigated catalysts were
subjected to the potential cycling showing the ability to recover activity loss implying the
surface composition stability of binary coatings.

Keywords
Palladium; Nickel; Stability

Introduction

Among the different types of fuel cells, direct alcohol fuel cells possess besides high energy
densities, low pollutant emissions and low operating temperatures (60—-100 °C) [1-3]. Alkaline direct
ethanol fuel cells (ADAFCs) is recognized as promising power source because ethanol has higher
energy density and lower toxicity compared to methanol [4]. Anode catalysts with high catalytic
activities as well as good poison resistances are of great significance to the commercialization of
ADAFCs. For alcohol oxidations, Pd-based nanocatalysts are superior to Pt-based catalysts in alkaline
media and are widely used as anode catalysts in ADAFCs [1,5].
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For the sake of commercialization, the activity and stability of pure Pd needs improvement which
could be achieved by combining Pd with other metals or metal oxides. It has been reported that
modifications of the Pd nanocatalyst by metals such as Ni [6-8], Au [9,10], Cu [10,11], Ag [10,12], Co
[10,13] effectively improve the catalytic performances of the Pd nanocatalyst toward alcohol
oxidations in alkaline media.

Nickel has been used to modify anode catalysts due to its high electrochemical stability in alkaline
media and the low cost. Nickel-modified Pd electrodes have been reported as catalysts with
excellent performances in ethanol oxidation reaction (EOR) such as the activity, the low
overpotentials and the improved poison resistances. Examined parameters of EOR such as onset
potential reaction and long-term stability show that among a series of graphene (G)-supported
NixPd100-x binary alloyed catalysts, NisoPdso/G catalyst exhibits 60 mV lower onset potential compare
to NioPd100/G catalysts and current density approximately 8, 4, and 1.7 times superior than that of
NizsPdzs, NioPd100/G, and NixsPd7s/G catalysts, respectively [6]. The mass activity of the PdgsNiiz
hollow nanospheres aerogel is 5.6-fold higher than that of the commercial Pd/C catalyst [14] while
the mass activity of porous bimetallic PdNi catalyst is 3.5 times higher compared to the commercial
Pd/C [15]. It is revealed that the onset potential is ~80 mV lower and the peak current is about
3 times higher for ethanol oxidation using multi-walled carbon nanotubes (MWCNT) catalysts with
PdiNi; s compared to those of Pd/MWCNTs due to the small particle size and high crystallinity of
binary catalyst [16] although it can be found that binary Pds ;7Ni; nanocatalyst with ultra-low loading
of metals immobilized on MWCNT exhibits anodic current density over 11 times higher than on the
Pd/MWCNT [17]. The electro-catalytic activity of the carbon nanofibers (CNF) supported Pd—Ni
nanoparticles prepared by chemical reduction with NaBH4 was examined for EOR show that the
onset potential was 200 mV lower and the peak current density 4 times higher compared to that for
Pd/C as a result of the uniform distribution of metal nanoparticles on the CNF support while the
significant increase in reaction kinetics was achieve by raising the temperature to 60 °C [7].
Negatively shifted onset potential and doubled peak current density in potentiodynamic
measurements for core-shell Ni-Pd/C compared to Pd/C was found [18], while high activity and
excellent stability during continuously cycling were found for Pd supported on Ni foam [19,20].

It was proposed that the ligand and strain effects contribute the enhanced activity of Pd in the
presence of Ni. Namely the insertion of smaller Ni atoms into the Pd crystal lattice causes a
contraction of the Pd lattice. This causes a downshift of the Pd d-band center and consequently
leads to weaker bonding with adsorbates such as poisoning intermediates in the EOR. Besides, Pd
has a higher ionization energy than Ni and because of that Ni atoms become positively charged,
facilitating the formation of oxides on Ni [21,22]. Generated OHaq species of Ni participate in the
oxidative desorption of intermediates in the EOR enhancing the activity of binary PdNi catalysts.

The electrochemical methods for the preparation of metal alloy nanoparticles are extensively
developed topic in materials science. In order to increase the activity and durability physical
properties such as composition of the alloys, structure and the size of nanoparticles are carefully
selected. Most of the synthesis methods use organic surfactants, capping agents or high tem-
peratures, consequently heating or cleaning treatment are necessary and therefore, the catalytic
activity can be affected by undesirable adsorbed species. Nevertheless, among the various methods,
electrodeposition is recognized as a simple and versatile method to prepare bimetallic surfaces.
Several methods for PdNi alloy electrodeposition can be find in the literature such as: double-
potential step electrodeposition technique from the solution containing NiSOa4, H,PdCls and Na;S04
[23]; cathodic deposition from the solution containing PdCl,, H2S04, NH4Cl and NiCl; using hydrogen
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dynamic bubble template producing three-dimensional hierarchical pores of intercomnected
dendrite walls [24]; electrodeposition in the presence of complexing agent, ethylenediamine
[25,26]; electrodeposition from a ionic liquid as electrolyte [16,27]; physical vapour deposition
which was used to obtain palladium-modified nickel foam material [19].

The aim of this work is to investigate the electrochemical behavior of electrodeposited Pd and
PdNi coatings for the EOR in 1 M NaOH at room temperature. An attempt is made to estimate the
difference in catalytic activity of binary coatings in comparison with the Pd coating toward EOR, to
test the stability of PdNi coatings and their ability to recover activity loss. In addition, kinetic and
mass transport properties of the electrodeposited coatings are examined.

Experimental

All experiments were carried out with an VoltaLab PGZ 402 (Radiometer Analytical, Lyon, France)
at room temperature in three compartment electrochemical glass cells with Pt wire as the counter
electrode and saturated calomel electrode (SCE) as the reference electrode. A mirror-like polished
gold rotating disk electrode (d = 5 mm) prepared as described elsewhere [28] served as working
electrode. All the solutions used were prepared with high purity UV water (Millipore, 18.2 MQ cm
resistivity) and p.a. grade chemicals (Merck). The electrolytes were purged with purified nitrogen
prior to each experiment.

Electrodeposition of PANi coating samples was achieved galvanostatically on the rotating Au disc
electrode from the plating bath composed of 0.01 M PdCl; + 0.6 M NiCl; + 2 M NH4Cl while pure Pd
was electrodeposited from the bath containing 0.05 M PdCl, + 2 M NH4CI. All the conditions are the
same as it was described in [29].

The electrochemically active surface area (ECSA) was estimated from the charge corresponding
to the Pd-oxide reduction peak in 1 M NaOH by dividing obtained charge with the charge of
420 uC cm? (corresponding to the monolayer of Pd-oxide), in accordance with the previous reports
[6,8,22]. The presented results are corrected for the ECSA.

Behavior of electrodeposited Pd and PdNi samples during the investigation of the EOR was
recorded in the solution containing 1 M C;HsOH + 1 M NaOH by using CV and polarization measure-
ments at 1000 rpm. For current density—time responses of EOR the potential was stepped from -
800 mV to -400 mV.

Results and discussion

Electrochemical characterization of the electrodeposited samples

The CVs of the investigated binary coatings and pure Pd coating in 1 M NaOH are displayed in
Fig. 1. Anodic linear sweep voltammetry (ALSV) analysis and the energy dispersive X-ray
spectroscopy (EDS) were used for the determination of the alloy coatings composition giving
following compositions: Pdo.7aNio.26, PdosoNioso and Pdo.2sNio.72 [29]. The CVs presented in Fig. 1
clearly indicate that the current densities for hydrogen adsorption-absorption/desorption and oxide
formation and reduction are higher for PdNi samples than those recorded on the CV for pure Pd
coating. Reduction of Pd-oxide on all catalysts creates a well-defined peak, but at different
potentials. On PdNi coatings the peak maximum is shifted towards more negative potentials
compared to pure Pd coating, which indicates a stronger adsorption of oxide species on the surface
of bimetallic coatings due to the presence of Ni [8]. It was shown that the formation of a monolayer
of the a-Ni(OH); occurred in the potential region between -1000 mV and -700 mV, while at
potentials more positive than 200 mV further oxidation of Ni(ll) species into NiOOH occurs [30].
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Hence, the formation and the reduction of Ni(OH),, as well as partial formation of the NiOOH
increase the anodic current density at potentials more positive than 100 mV as is presented in Fig. 1.
Also, these processes occurred simultaneously with the formation and reduction of Pd-oxide.
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Figure 1. CVs recorded with the scan rate 50 mV s™%, 1000 rpm on Pd and PdNi coatingsin 1 M NaOH.

The EOR

The activity of the Pdo.7aNio.26, Pdo.soNio.so, Pdo.2sNio.72 and Pd coatings for the EOR in alkaline
medium was investigated by the CV (Fig. 2). Considering electrochemical behavior of pure Pd during
the EOR it was suggests that the carbonaceous intermediates can be strongly adsorbed on the Pd
surface blocking the activity in the forward scan up to ~ -650 mV [31,32]. Since the Pd begins to
adsorb OH™ species in the region of hydrogen adsorption [23], strongly adsorbed carbonaceous
species can be oxidized, causing the increase of current density of the forward peak. Surface oxide
formation block further adsorption of reactive species leading to decrease of current density of the
forward peak. In the backward scan, the reduction of surface oxides enables ethanol adsorption at
the free Pd surface, so that EOR current densities in the backward peak ascend. The peak in the
backward scan could be assigned to the elimination of carbonaceous species that are not completely
oxidized in the forward scan [23].

Among the CVs for the EOR at PdNi coating samples presented in Fig. 2, the current density
increased with the increase of Pd content up to 74 at.%. Also, it seems that the small amount of Ni
is sufficient to shift the reaction onset potential to more negative values since EOR on Pdo.74Nio.26
starts ~50 mV earlier compared to the other binary coatings and ~100 mV compared to the Pd
coating. It was demonstrated based on the ratio of the forward and the backward peak current
density that the alloy surfaces were less poisoned than pure Pd coating [29]. Among them the
Pdo.7aNio.26 coating is the most poisoning tolerant. The role of Ni in binary coatings can be
rationalized in following way: since Ni itself is not active for the EOR at the potentials relevant for
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the practical application [33] the presence of Ni in the PdNi alloy enhance the EOR by increasing the
presence of OH species at the electrode surface [6,8,17] leading to the shift of onset potential to
more negative values and the increase of the current density, as observed in Fig. 2. Also, the
presented results reveal better utilization of Pd on the surface of Pdo74Nio2s coating due to
appropriate surface morphology since more active sites are accessible to the EOR. It can be pointed
out that improved catalytic activity of investigated binary coatings can be achieved through the
optimization of the Ni content and appropriate surface morphology.
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Figure 2. CVs recorded with the scan rate 50 mV s™%, 1000 rom on Pd and PdNi coatingsin 1 M
NaOH + 1 M C,HsOH.

Considering the literature, it can be stated that the best ratio of Pd and Ni for the EOR vary,
depending on several factors as was explained in [29] whereby excess Ni decrease the activity for
EOR due to the active surface blocking [6,35]. It can be found that carbon supported PdNi catalyst
with atomic ratio of 40:60 synthesized by the simultaneous reduction method using NaBH4 as
reductant exhibits 2 times higher activity and better stability than does the Pd/C catalyst [34]. Also
the optimized carbon supported PdNi catalyst synthesized through a modified solution phase-based
nanocapsule method, with atomic ratio of 44:56 represents the promising anode catalyst for
alkaline DEFCs giving 180 mV more negative EOR onset potential and the 33 times higher exchange
current density than Pd/C [35]. Graphene supported PdNi catalyst prepared by chemical reduction
method, with atomic ratio of 50:50 showed the lower onset potential on CV and better long-term
stability on amperometric measurements of EOR in a series of investigated binary alloyed
NixPd100-x/G catalysts [6].

Chronoamperometric technique is an effective method to evaluate the electrocatalytic activity
and stability of catalyst materials. Figure 3 shows the typical current density—time responses of
three PdNi coatings and pure Pd coating for the EOR at £ = -400 mV. The oxidation current densities
rapidly decrease in first ~100 s, likely due to the formation of intermediates and poisoning species
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during the EOR. With the time, a pseudo-steady state is achieved. After a polarization of 1500 s, the
investigated electrodes reached their steady-state current densities which are shown in the inset of
Fig. 3 with respect to Pd content (at %). It can be seen that the current density of the EOR on
Pdo.7aNio.26 electrode is higher than those on other electrodes, as found above in the CV
measurements.
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Figure 3. Current density—time responses recorded on Pd and PdNi coatings in 1 M NaOH + 1 M
C,HsOH at E = - 400 mV. 1000 rpm. Inset: current densities after 1500 s vs. at % Pd.

Upon the end of the current-time transient, the investigated catalysts were subjected to the
potential cycling. Figure 4 depicts the 1. and 10. cycles of Pdo 74Nio.26 electrode as the representative
ones. This PdNi coating shows reduced current densities at the beginning of cycling after CA with
further increase of the activity during the cycling. The ability to recover activity loss demonstrates
surface composition stability of investigated binary coatings. Hence, PdNi coatings showed
enhanced electrocatalytic activity towards EOR which nominates this type of catalyst for possible
practical application.

For the purpose of comparing the kinetic and mass transport properties of the investigated
electrodes during ethanol oxidation, Tafel polarization analysis and the relation between the peak
current density and the scan rate were provided. The Tafel plots are showed in Fig. 5. The slope of
~140 mV dec? for Pdo.74Nio.2¢ is obtained for the potentials up to =600 mV, while ~160 mV dec™ for
Pdo.s0Nio.s0, Pdo.2sNio.72 and Pd are Tafel slops also obtained at the beginning of the peak in potential
window up to ~ -550 mV. Lower Tafel slope indicate faster EOR charge-transfer kinetics. The results
of the Tafel polarization study corroborate the findings of CV. Nearly the same values of Tafel plots
were obtained on graphene supported NiPd binary catalysts [6], binary composite films of Pd and
Ni on multiwalled carbon nanotubes (MWCNT) [36], carbon supported PdNi nanoparticles [35,37]
and rather higher on PdNi nanoparticles supported on sulfonated MWCNT [38].

Figure 6 shows the CVs obtained at Pdo.74Nio.26 catalyst in 1 M NaOH +1.0 M C;HsOH solution at
different scan rates. The relation between the peak current density obtained from forward CV scan
and v%° of CV is shown in the inset. It can be seen that the oxidation potential and peak current
density for ethanol oxidation become larger with the increasing of scan rate.
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Figure 4. CVs (1. and 10. cycle) recorded on Pdy.74Nio 26 after CAin 1 M NaOH + 1 M C,HsOH.
Scan rate 50 mV s, RPM = 1000.
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Figure 5. Tafel responses recorded on Pd and PdNi coatings in 1 M NaOH + 1 M C,HsOH.
Scan rate 1 mV s™X, RPM = 1000.

The peak current densities in the forward scan are linearly proportional to the square root of
scan rates (Fig. 6a). Close inspection of Fig. 6a depict nonzero intercept of the peak current at zero
scan rate suggesting that it not is a pure diffusion controlled process. Nonzero intercept could
suggest the involvement of some type of surface interactions in examine reaction. Additionally, the
peak potential in the forward scan (Epa), increase with the increase of v, and a linear dependency
can be obtained between Epa and In v, as shown in Fig. 6b. The same dependency was obtained on
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pure Pd coating and binary coatings with higher content of Niindicating that the oxidation of ethanol
is anirreversible electrode process [6].
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Figure 6. CVs on Pdp 74Nio.26 coating in 1 M KOH+ 1 M C,HsOH at various scan rates. Insets: plots current
densities in the forward scan vs. v%° (a) and peak potentials in forward scan vs. In of scan rates (b).

Conclusions

In summary, the coating samples obtained by simultaneous electrodeposition were tested for
the EOR using CV, CA and quasi-steady state measurements and compare to pure Pd coating. The
most active one was found to be Pdo.74Nio.26 exhibiting also negatively shifted onset potential for the
EOR. Kinetic and mass transport properties reveal lower Tafel slope obtained on Pdo.74Nio.26
indicating faster EOR charge-transfer kinetics while the EOR is not a pure diffusion controlled
process. Furthermore, it was shown that EOR is an irreversible electrode process on all examined
coatings. It was pointing out that Pdg74Nio26 coating is more efficient and the more poisoning
tolerant than the other investigated coatings. Also, the ability to recover activity loss confirms the
surface composition stability of investigated binary coatings.
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Abstract

It is shown in this overview that modern composition depth profiling methods like
secondary neutral mass spectroscopy (SNMS) and glow-discharge — time-of-flight mass
spectrometry (GD-ToFMS) can be used to gain highly specific composition depth profile
information on electrodeposited alloys. In some cases, cross-sectional transmission
electron microscopy was also used for gaining complementary information; nevertheless,
the basic component distribution derived with each method exhibited the same basic
features. When applying the reverse sputtering direction to SNMS analysis, the near-
substrate composition evolution can be revealed with unprecedented precision. Results
are presented for several specific cases of electrodeposited alloys and mulitlayers. It is
shown that upon d.c. plating from an unstirred solution, the preferentially deposited
metal accumulates in the near-substrate zone, and the steady-state alloy composition sets
in at about 150-200 nm deposit thickness only. If there is more than one preferentially
deposited metal in the alloy, the accumulation zones of these metals occur in the order of
the deposition preference. This accumulation zone can be eliminated by well-controlled
hydrodynamic conditions (like the application of rotating disc electrodes) or by pulse
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plating where the systematic decrease in the duty cycle provides a gradual transition from
a graded to a uniform composition depth profile. The application of composition depth
profile measurements enabled detecting the coincidence in the occurrence of some
components in the deposits down to the impurity level. This was exemplified by the GD-
ToFMS measurements of Ni-Cu/Cu multilayers where all detected impurities accumulated
in the Cu layer. The wealth of information obtained by these methods provides a much
more detailed picture than the results normally obtained with bulk analysis through
conventional integral depth profiling and help in the elucidation of the side reactions
taking place during the plating processes.

Keywords
Alloy formation; near-substrate composition modulation; hydrodynamic conditions; component
distribution correlations

Introduction

Electrodeposited metal coatings have been widely used for the corrosion protection as well as
for the improvement of the appearance of the coated objects for more than a century. For both
above mentioned purposes, the mean composition of the coating, the even lateral component
distribution within the coating and the quality of the final surface (e.g., roughness and passivity) are
the crucial parameters.

Nowadays, electroplating is much more than a workhorse of the coating industry. Electrode-
position has found its role in the preparation of various nanostructures [1-9], whose functionality
strongly depends on, e.g., the component distribution of the electroplated material also at the
nanometer scale. Inhomogeneities can influence various physical and chemical parameters such as
adhesion of the coating, strain (that impacts hardness and yield strength), electrical resistivity,
saturation magnetization, magnetostriction and hence the coercive field, band gap (of
semiconductors), catalytic properties etc. Therefore, the compliance of the component distribution
of a coating to a predefined pattern is a prerequisite for achieving the desired functionality.

In parallel to the emergence of electrochemical nanotechnologies, local composition analysis
methods working at the nanoscale as well as the composition depth profile methods have
undergone a significant development. Concerning techniques that can be used for planar surfaces,
most of the non-destructive composition depth profiling methods (such as X-ray and neutron
reflectometry, ellipsometry and angle-resolved X-ray photoelectron spectroscopy /ARXPS/) are
sensitive to a narrow range beneath the sample surface only (typically at most a few tens of
nanometers). Rutheford backscattering spectroscopy is capable of detecting the in-depth
component distribution at a larger depth, nevertheless the depth resolution is limited. The common
disadvantages of these methods (except for ARXPS) are that they require a preliminary assumption
on the component/phase distribution that makes the model boundary conditions, a large number
of input parameters necessary for the evaluation of the measurements and the lack of direct
chemical information.

The family of the destructive composition depth profile analysis methods is also quite complex,
as presented in Figure 1. All of the methods shown in Figure 1 yield direct composition information,
a few of them (Auger/XPS techniques) being also sensitive to the oxidation state of the elements.
Although the destructive nature of these methods leads to at least a partial consumption of the
samples, all can be used without a preliminary assumption on either the sample structure or
composition.
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Historically, the spontaneous variation of the alloy composition during d.c. plating was detected
as the change of the average composition as a function of the thickness [10-14]. Although this
procedure is well indicative of a composition change, it is an integral method, which also means that
its sensitivity to either local effects or subtle changes is very little. In contrast to integral methods,
methods based on a local analysis exhibit a much higher sensitivity. This is true regardless of
whether the information obtained either from the deposit itself (like in transmission electron
microscopy /TEM/ energy dispersive X-ray spectroscopy /EDXS/) or from the composition of the
sputtered material (with secondary neutral mass spectrometry /SNMS/ and with glow discharge —
time-of-flight mass spectrometry /GD-ToFMS/). This is particularly important or even indispensable
when a multilayer is deposited because a bulk analysis cannot reveal practically any detail of the

component distribution.
. Cross-sectionally
Methods applied for thinned sample
Destructive methods cross-sectional cut
samples

| EDXS scan in TEM |
Methods based Cross-sectionally
on sputtering polished sample
The signal

is measured between the | EDXS scan in SEM |
sputtering steps and comes
from the surface

The signal is measured
during the sputtering
for the atoms removed

Mass spectrometry

Analysis of
atoms/clusters

l Auger/XPS surface scan |

Optical
excitation

Glow discharge
optical emission

Electron spectroscopy:
XPS, Auger

Analysis of the

after post-ionization et spectrometry (GDOS)
Secondary neutral mass Glow discharge — time-of-flight Secondary ion mass
spectrometry (SNMS) mass spectrometry (GD-ToFMS) spectrometry (SIMS)

Figure 1. Organization chart of destructive composition depth profile analysis methods. Methods used in the
studies to be described later are labeled with a red square. Key to acronyms not resolved in the figure: EDXS:
energy-dispersive X-ray spectroscopy; TEM: transmission electron microscopy,; SEM: scanning electron
microscopy; XPS: X-ray photoelectron spectroscopy

The goal of this study was twofold: (i) to establish general trends that serve as guidelines
concerning the alloy composition change in the growth direction during the plating process; and
(ii) to analyze the component distribution in two-pulse-plated multilayers, including major
components and impurities. It was our intention to use the most advanced composition depth
profiling methods and also to confront their results with each other for obtaining a detailed picture
on the phenomena studied and, also, for comparing the peculiarities of some specific methods.

Experimental

Materials and chemicals

Plating baths were made of analytical grade chemicals. Purified water with 18 MQcm resistivity
(ELGA Purelab R7) was used in each case for the preparation of the solutions. When the solution to
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be used contained an oxidation-sensitive component (like Fe?*), the solution was freshly prepared
every day. A new portion of bath was used in every experiment. A sacrificial anode was typically a
sheet or a wire spiral made of the most noble metallic component to be deposited in order to avoid
a spontaneous cementation process. Since the sample studies were obtained with a large variety of
baths, the solution components will be given in the sections where a specific group of deposit is
reported.

Substrate

Samples were deposited onto Si wafers that were pre-coated by evaporation. The Si(100) wafers
with approximately 3 nm root-mean-square roughness were cleaned but the native oxide layer was
not removed. The evaporated coating consisted of a 5-nm chromium adhesion layer and a 20-nm
copper conducting layer.

Electrodeposition apparatus

The majority of the electrodeposition experiments were carried out in a 50-ml volume
Plexigrass® cell [15] which is shown in Figure 2a. The cathode was fixed in an upward-facing position
to the bottom of the cell with a recess. In this cell, the solution was stagnant, and the even current
distribution was provided by the recess and the parallel anode/cathode arrangement. The surface
area was nominally 8 mm x 20 mm that might be a bit lower due to the compression of the gasket
between the body of the cell and the cathode. The actual surface area of the deposit was measured
after the removal of the cathode.

A few experiments were also performed with a home-built rotating disc electrode (Figure 2b). In
these experiments, a 1-inch diameter pre-coated silicon wafer was fixed to a rotating PTFE cylinder
of the same diameter. The electrical connection to the metallic coating of the wafer was provided
with two clamps which also served to hold the wafer at the bottom surface of the electrode holder.
The stainless-steel clamps were electrically sealed on the sides, hence minimizing the current
passing elsewhere than through the wafer coating. The rotation rate of this electrode was less than
350 rpm. The counter electrode was a metal spiral at the bottom of the cell whose material was
chosen according to the same principle as for the other cell.

a b [
sactificial :
anode PTFE
—\ Flexible cylinders
cell, N cathode e
electrolyte holder and
vessel electrical ]
contact : Solution
o o (electrically i level
reference sealed ;
electrode sidewise) = i —
container LN
cell, bottom holder cathode  (optional) : cathode

Figure 2. a - Structure of the cell for experiments with a stagnant solution (after Ref. 15).
b - Construction of the rotating disc electrode for experiments with controlled hydrodynamics.

The majority of the d.c.-plated samples were prepared with galvanostatic control; therefore, a
reference electrode was only seldom used for checking the cathode potential variation during the
deposition. Multilayered samples were deposited in a mixed G/P deposition mode [16] where the
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less and more noble metal layers were produced during the constant-current (G) and the constant-
potential (P) pulse, respectively. The more noble metal (e.g. Cu) was deposited with the limiting-
current conditions, while the ratio of currents during the G and P pulses was used for the estimation
of the deposit composition prepared during the G pulse (e.g. NixCuy). As power source for the sample
preparation, three potentiostat/galvanostat units were used, all of them capable of operating
without a pause between the pulses even during the G/P pulse sequence (Electroflex EF453,
IviumStat, Ivium CompactStat).

Sample preparation for in-depth composition analysis

For SNMS depth profile analysis, samples were peeled off from the substrate. In order to carry
out this process and to obtain a self-supporting sample with a sufficient mechanical strength, the
deposition of the sample of interest was followed by the electrodeposition of at least one additional
layer. After the deposition of the layer of interest onto the Si/Cr/Cu substrate, the solution was
changed without disassembling the cell, and a Ni plating bath was used to obtain a Ni layer of at
least 3 micrometer thickness. In some cases, especially when the deposit of interest was rich in Ni,
azincinterlayer was also deposited before the sample was finally covered with the nickel supporting
layer. This made it possible to find the boundary of the layer of interest easily. After the coating
process, the back side of the Si wafer was scratched and then broken by bending it, the sample being
always at the concave side where it could not be torn apart. Then, the sample was gently separated
from the Si wafer. The separation took place at the weakest interface, which was the Si/Cr boundary
in the case of Si/Cr/Cu substrates. Further details of the process can be found elsewhere [17-20].
This procedure led to samples where the sputtering could be started from the substrate side of the
sample (reverse sputtering direction), and the initial roughness at the beginning of the sputtering
process was essentially the same as that of the Si wafer prior to the coating process.

For the GD-ToFMS study [21], the sample remained on the Si substrate and the deposit could be
analyzed as it was obtained after the electrodeposition procedure. In this case, the sputtering
direction was the conventional one; i.e., it started at the surface where the deposit formation
finished. As the sample is deposited onto a Si substrate and it is used for sealing the discharge
chamber, the reverse sputtering arrangement could not be applied with this method.

TEM specimens were initially prepared from a pair of delaminated electrodeposited films, which
were glued together and inserted between Si wafer dummies. Discs with 3 mm diameter were cut
from the central area of these bulk specimens, mechanically ground to a final thickness of 20 um
and ion-milled using 4-keV Ar* to achieve thin, electron-transmissive areas located in the film
regions. Then, the TEM specimens were further ion-milled at a low energy of 500 eV and an incident
angle of 6° for 30 minutes to remove all contamination.

Analysis instruments

SNMS depth profile analysis of the samples was performed with an INA-X type instrument (SPECS
GmbH, Berlin, Germany) in direct bombardment mode by using Ar* ions with a fairly low energy for
sputtering (typically with E[Ar*]= 350 eV). The erosion area was confined to a circle of 2 to 3 mm
diameter by means of Ta masks. The lateral homogeneity of the ion bombardment was checked by
profilometric analysis of the craters sputtered.

A pulsed radiofrequency GD-ToFMS instrument (Horiba Scientific, France) was also used for
depth profiling of some samples. The ion source was a copper-based 4 mm diameter anode with a
20 mm long flow tube. The sample was placed horizontally and rf power was supplied through the
back of the sample. A quadrupole filter was placed just after the extraction cone, allowing
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attenuation of the signal of up to four ion types of different masses in order to reduce the overload
of the detector. ToOFMS extraction frequency was set to 30 KHz, which made it possible to obtain
mass spectra in every 33 ps. Data acquisition periods of 0.58 s were averaged for obtaining one data
point in the depth profile. After the initial argon flush period, at 160 Pa pressure and with 30 W of
power, 1 ms pulse width and 25 % duty cycle were selected for sample analysis.

For both sputtering-based analysis methods, the transformation of the intensity vs. time function
to the mole fraction vs. depth function was carried out with a standard multi-matrix calibration
procedure. The sputtering rate of the samples was measured with the help of a profilometer.

The TEM investigation was performed by a JEOL JEM-ARM200F instrument, using the cold field
emission source, equipped with an EDXS system (Centurio 100 mm?, JEOL). The probe size for
scanning TEM (STEM) imaging was set to 0.1 nm, with a current of 20 pA and a convergence semi-
angle of 24 mrad. STEM images were acquired in a so-called bright-field (BF) and a high-angle
annular dark-field (HAADF) mode, respectively. The EDXS spectrum images were recorded with a
lateral probe size of 0.2 nm, under continuous scanning mode with a pixel dwell time of 25
microseconds and by using probe currents of 250 pA.

Results and discussion

Composition depth profile of d.c.-plated Ni-Cd alloys obtained from a stagnant solution

During the study of the formation of binary alloys, first the composition depth profile of
electroplated Ni-Cd alloys is analyzed where Cd is a minority component of the alloy. Nickel alloys
have the advantage in such investigations that Ni exhibits a relatively small exchange current
density, which makes its deposition quite hindered. This prevents nickel from developing dendrites
in a wide range of current density. As opposed to metals having a high exchange current density
(like Cu, Ag or Bi), the increment of the surface roughness of Ni with increasing deposit thickness is
slow. The limited roughening, together with the favorable mechanical properties of nickel, makes it
an ideal major component for depth profiling studies of alloy formation.

Figure 3 summarizes the composition depth profile information obtained for various Ni-Cd alloys.
Samples were obtained from a Watts-type bath (0.85 mol dm3 NiSO4, 0.15 mol dm3 NiCly,
0.4 mol dm™3 H3BO3; pH 2.5) doped with the CdSO4 (3—30 mmol dm™3) [19]. The current density that
was used for the deposition of these samples (-19.5 mA cm2) was much above the limiting current
density of the Cd deposition from a Ni-free solution for all Cd?* concentrations used. This means
that the Cd deposition can be regarded as a diffusion-limited deposition process where the Ni
deposition absorbs the current that cannot be covered by the transport of the Cd?* ions.

Figure 3(a) shows the near-substrate quantitative composition depth profile of the main
components. Cr and Cu signals come from the substrate layers that were detached from the Si
wafer. The good resolution of these layers indicates that the sample detachment from the substrate
did not cause any significant damage to the sample. The decay of the Cu mole fraction to the half of
its maximum is approximately at the depth that is the sum of the nominal thickness of the Cr and
Cu layers (5 nm + 20 nm, respectively). It can be well seen that the mole fraction of Cd is about four
times larger in the near-substrate zone than in the bulk of the sample.

The Cd accumulation is due to its preferred deposition, while the Cd concentration decay is
explained with the depletion of the solution layer near the cathode surface with respect to the fast-
reacting Cd?* ions. The decay of the mole fraction of the component with high relative deposition
preference is the consequence of the interplay of the large reaction rate and the depletion of the
bath with respect to this component in the unstirred solution.
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Figure 3. (a) Reverse SNMS composition depth profile of a Si/Cr/Cu//Ni-Cd sample; ¢(Cd**) = 10 mmol dm.
(b) Comparison of the Cd mole fractions from the reverse depth profile measurements of alloys obtained

with different Cd** concentrations. The depth scale is corrected for the substrate thickness.
(c) Raw SNMS measurement data indicating the reverse depth profile with the signal intensities of all
elements detected. In this experiments, the Cd?** ion concentration was c(Cd?**) = 30 mmol dm.

Figure 3(b) indicates that the trend of the accumulation of the metal with higher deposition
preference near the substrate is the same for a wide range of the concentration of its precursor
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cation. However, some quantitative differences of the depth profile functions can also be observed.
The relative accumulation of Cd near the substrate (calculated as the ratio of the peak mole fraction
and the mean mole fraction in the bulk) depends on the concentration. The smaller the
Cd?*concentration, the larger its relative accumulation, varying from 14 to 2.4 as ¢(Cd?*) increases
from 3 to 30 mmol dm3. At the same time, the decay depth of the concentration maximum
increases with the Cd concentration (from 35 nm to about 110 nm as ¢(Cd?*) increases by an order
of magnitude from 3 to 30 mmol dm3).

The display of the data on a logarithmic intensity scale makes it possible to present the
composition depth profile of all important components in a single plot, as shown in Figure 3(c). The
fast decay of the signal of the substrate components, Cr and Cu, to their background level is an
indication of (i) the low surface roughness of samples peeled off from the Si substrate; (ii) the lack
of the redeposition of these components; and (iii) the complete removal of the products from the
chamber after the sputtering of the corresponding layers finished. It can also be seen that Co
appears with the occurrence of the Ni-rich layer. This is because Co is a very common impurity in Ni
compounds and is deposited preferentially besides Ni. Therefore, a small concentration of Co in the
precursor materials manifests itself as a Co signal in the SNMS measurement. It is worthwhile noting
that the Co intensity increases to its steady-state value in the same depth range in the near-
substrate zone where the Ni signal grows to its plateau value.

Although it is very tempting to treat the formation of dilute alloys merely by the mass transport
effect of the precursor ions, the data for the Ni-Cd system also show that the phenomenon is by far
not that simple. For instance, it can be seen from the quantitative analysis that the Cd mole fraction
is not linearly proportional to the Cd?* concentration (see Figure 3(b)), although the mass transport-
based contemplation would rationalize this view. Besides the mass transport, various other factors
that are difficult to treat simultaneously should be taken into account; i.e., the change in the
deposition efficiency due to the alloy formation because of the impact of the alloying element on
the hydrogen evolution overvoltage, structural effects during alloy formation etc. [22-24]. An earlier
study showed that Co as a minor component beside Ni accumulates in the near-substrate zone in
the same manner as Cd does [19]. However, due to the formation of various structurally incoherent
phases (with the most likely composition of CdNi and CdsNi [23,25-27]), the Ni-Cd system is not
suitable for a depth profiling study in a wide concentration range.

Comparison of d.c. plating and pulse plating: Ni-Fe alloys obtained from a stagnant solution

The Ni-Fe system enables studying the composition change during codeposition in a wide
concentration range because the structural incoherency does not prevent the formation of a
compact deposit. Iron is codeposited with nickel with the so-called anomalous codeposition mode
[28-33], which means a high deposition preference of Fe?* ions. Therefore, the baths that can be
used for the deposition of Ni-Fe alloys are usually fairly dilute for Fe?* as compared to Ni?*. In the
present study, the following solution concentrations were applied [20]: 0.55 mol dm™ NiSO,,
0.005-0.1 moldm= FeSO4, 0.3 mol dm™3 NaSOs (supporting electrolyte), 0.1 mol dm= H3BO3
(buffering agent), 0.2 g dm saccharin (stress reliever) and 0.03 g dm? sodium dodecylsulfate
(wetting agent).

Typical reverse composition depth profile curves obtained for Ni-Fe alloys are shown in Figure 4,
for both galvanostatic and potentiostatic deposition modes. It is obvious from the measurements
presented in Figure 4 that the enrichment of the preferentially deposited metal (here, Fe) in the
near-substrate zone is not the consequence of the choice of the regulated electrical parameter, but
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it is a general feature of the Fe-Ni codeposition. This statement is well in accord with the reason of
the enrichment as described above; i.e., it is related to the solution depletion, whichever deposition
mode leads to the consumption of the precursor ions. It is also to be noted that the change in the
deposition potential during the galvanostatic deposition or the change in the current density during
the potentiostatic deposition is insignificant and cannot be related to the composition change.

1.0 ——— —_— .
1 Potentiostatic deposition: (@) 1
E=-1.15Vvs. SCE i
0.8 —ﬂ cu Vs
- |
2 06-
3}
ol ]
o 0.4+
O -
=
0.2
0.0
0 100 200 300
Sputtering depth, nm
100 —
1 Galvanostatic deposition: (b) 1
80 | |Cu  j=-20 mAcm? i
c i
Q
S 60
s 1
QL 40
o
2 4
20 —
O 1 1 1 I 1 1 1 I 1 1 1
0 100 200 300

Sputtering depth, nm
Figure 4. Reverse SNMS composition depth profile of two Si/Cr/Cu//Ni-Fe samples; c(Fe**) = 45 mmol dm™
for both specimens. (a) potentiostatic deposition, (b) galvanostatic deposition. In both graphs, the unlabeled
black line refers to Cr.

When pulse plating is applied, the composition depth profile function is nearly flat [20]. The small
near-substrate composition transient can be minimized by decreasing the duty cycle. This provides
that all circumstances, especially the electrolyte concentrations in the close vicinity of the substrate,
recover to the same value as in the bulk solution by the start of the next deposition pulse. Therefore,
the material deposited during each current pulse will be identical in composition. The lower the
concentration of the Fe?* ions in the solution, the smaller the duty cycle has to be in order to achieve
the flat composition depth profile [20]. This is well understood since the smaller the composition of
the ions of the preferentially deposited metal, the more the deposition approaches the diffusion-
limited character (where the surface concentration of the reacting ions becomes zero). For the same
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reason, the higher the on-time current density, the smaller the duty cycle has to be in order to
achieve a flat composition depth profile. Although the above trends are well established, no
guantitative description is available at the time being for anticipating the necessary duty cycle range
for suppressing the initial composition change below a particular predefined limit. Figure 5 presents
the summary of the data obtained for a number of pulse-plated samples.
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Figure 5. Reverse SNMS composition depth profile of three pulse-plated Si/Cr/Cu//Ni-Fe samples. Deposition
conditions: c(Fe**) = 45 mmol dm, ton=0.1's, torr = 0.4 s; jon = -26.7, -20 and -13.3 mA cm? for the solid
black, dashed red and dotted blue curves, respectively. Data were corrected for the substrate thickness and
Fe mole fractions are only displayed for the sake of simplicity. Inset: Dependence of the ratio of steady-state
and initial Fe mole fractions on the duty cycle for jon = -13.3 mA cm™ (other deposition conditions are the
same as for the main graph).

Composition depth profile of d.c.-plated ternary Ni-Co-Fe alloys obtained from a stagnant solution

For binary alloys, it was clear that the metal with high deposition preference accumulates near
the substrate. For a ternary alloy, an order of deposition preference can be deducted from the
composition data of d.c. deposits. For iron-group metal alloys, this deposition preference is as
follows: Fe>Co>Ni [34-36]. It is an open question how the order of the deposition preferences affects
the composition evolution in the near-substrate zone. In this study, the solution contained 0.2
mol dm= NiSO4, 0.075 mol dm CoSO4, 0.025 mol dm= FeSOs, 0.4 mol dm3 H3BOs, 0.03 g dm3
sodium dodecylsulfate and 0.2 g dm™ saccharin, while the pH was set to 2.8 with sulfuric acid. The
order of the concentration of the metal sulfates is the opposite as the deposition preference. This
provides that the mole fractions in the deposit have comparable orders of magnitude. When sodium
citrate was also added to the bath, its concentration was 0.2 mol dm3, and the pH of the bath was
5.5 (which required no adjustment). Some composition depth profile data for the near-substrate
zone of electrodeposited Ni-Co-Fe system are also available elsewhere [18,37], but these data are
in contradiction to the long-range composition vs. thickness functions published in some other
studies (e.g, Fig 5 of Ref. [38]).

Figure 6 presents the comparison of the reverse SNMS depth profile of two samples, deposited
from a bath either without (Figure 6(a)) or with (Figure 6(b)) sodium citrate as complexing agent. In
both measurements, the layer structure of the components originating from the substrate can be
well seen, so much that the Cu mole fraction during the sputtering of the Cu layer achieves 1. This
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indicates that the preparation of the samples led to undamaged specimens with intact Cr and Cu
layers remaining on the deposit upon the removal from the Si wafer. Otherwise, the signals of the
substrate layers and the deposit would smear out, strongly diminishing the apparent sharpness of
the interfaces. The successful sample preparation also means that all differences found in the

spectra are an inherent feature of the deposits and cannot be attributed to artefacts.
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Figure 6. Reverse SNMS composition depth profile of two d.c.-plated Si/Cr/Cu//Ni-Co-Fe samples with a
current density j = -12 mA cm™. (a) No sodium citrate, pH 2.8; (b) c(NasCit) = 0.2 mol dm™, pH 5.5.
(c) Same profile as for (a) at the full depth scale.

The scheme of the composition change is the same in the spectra of both d.c.-plated Ni-Co-Fe
deposits. Namely, the deposition starts with an iron-rich material with an Fe mole fraction of about
0.6, and the Fe mole fraction starts to decay immediately. The sharpness of the Fe peak at the
substrate/deposit boundary is determined by the experimental transient during the SNMS
measurement. The signal corresponding to Co also exhibits a maximum, but the rise of the Co mole
fraction is far less fast as that of the Fe, and the Co mole fraction maximum follows the Fe maximum
delayed by about 20-30 nm. Then, the Co mole fraction also decreases, and the steady-state
composition is achieved after some 150 nm deposit thickness.

The data presented above (like several others, see [18,19]) indicate that the components of the
electrodeposited alloys accumulate sequentially in the order of their deposition preference. The
deposition rate of Fe is high at the beginning, which manifests itself by a large Fe mole fraction in
the near-substrate zone of the deposit. Since the Fe?* concentration in the bath is small, the
depletion of the solution in the cathode vicinity leads to a decrease in the deposition rate, and the
Fe mole fraction declines. As the deposition rate of Fe decreases, Co starts replacing it, but the
combination of deposition preference and depletion results in a Co mole fraction maximum, too.
The achievement of the steady-state is related to a stabilization of the depletion (composition
profile of the precursor ions) in the solution that determines then the transport rate of the ions
toward the substrate.

The quantitative comparison of the samples deposited from citrate-free and citrate-containing
solutions supports the view that the spontaneous initial composition change is related to the
transport processes in the solution. The citrate ions form a complex with the majority of the metal
cations, and the reason of its application to Ni-Co-Fe baths lies in the beneficial impact on the bath
stability and the resulting phase structure and magnetic properties of the deposits [39,40]. The
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sodium citrate concentration is 2/3 of the total metal ion concentration in the present study. Even
under these conditions, the diffusion of the complexed precursor ions can be assumed to be slower
than that of the non-complexed ones. Hence, the decay rate of the mole fractions of the
preferentially deposited metals (dy/dx where x is the thickness and y is the mole fraction) is larger
if the transport rate is smaller. This can be well seen in the comparison of the profiles of the two
alloys in Figure 6. It is to be noted that the pH also differs for the two baths used in the above
comparison. It is also known [41-43] that the mole fraction of Fe and Co in Ni-Co-Fe deposits
decrases with the increase in pH if pH >2.8. However, we can exclude that the effect of the pH is
dominant in the composition change observed since the initial Fe mole fraction is nearly the same.
If the pH had a major impact on the composition, the near-substrate mole fractions should also
change significantly, which was not observed.

As Figure 6(c) indicates, the composition depth profile can be uneven also after the decay of the
initial transient. It can be easily observed that the composition variations are not a consequence of
the random experimental errors since they are well correlated with each other. The changes in the
mole fraction of Fe and Co exhibit the same direction, while the mole fraction of Ni always shows a
countermotion. Further interesting details can be revealed from the interrelation of the mole
fractions of the components of the samples if they are displayed as a function of each other. The
mole fraction of Fe was selected as the independent variable and all other mole fractions were
plotted as a function of y(Fe). This can be seen in Figure 7 for two samples deposited from the same
bath with different current densities.

If the sample is deposited with a large enough current density (-24 mA cm, see Figure 7), the Co
mole fraction is linearly proportional to the iron mole fraction: y(Co) = ky(Fe), and k ~ 1/3. The value
of the proportionality factor k can be compared to the ¢(Co?*)/c(Fe?*) ratio, which was 3. If both
components were deposited at the diffusion limited rate, the concentration ratio should be close to
the k factor since the transport coefficient of the Me?* ions with nearly the same size and weight
must be very close to each other. Therefore, we can conclude that at least the Co deposition does
not take place at the diffusion-limited rate. There must be, however, a governing factor in the
codeposition kinetics which ensures this proportionality. At -24 mA cm™, the extrapolation to zero
Fe?* concentration leads to the result that the Co mole fractions should be zero. This is clearly
impossible since, in the absence of Fe?*, the anomalous codeposition should lead to a relatively Co-
rich deposit. These data indicate indirectly that the anomalous codeposition involves the inhibition
of the deposition of some metals of lower deposition preference, as it was also indicated by the
measurements of Podlaha et al. [30,36]. As the current density decreases (see data corresponding
to -10.6 mA cm in Figure 7), the mole fraction of both Fe and Co increases. At the same time, the
relationship between the mole fractions of the components remains linear, but the functional form
is different: y(Co) = y(Co)o + k’y(Fe); i.e., the extrapolation to zero Fe?* concentration does not result
in zero Co content, and k’<k. This indicates that at a relatively low current density, the anomalous
codeposition preference between Co and Ni can also manifest itself, and the dependence of the Co
content on the Fe content becomes weaker. Since Ni is the metal of the weakest deposition
preference but with the highest precursor ion concentration, its deposition can be regarded as the
reaction that takes the “leftover” current not used by either Fe or Co deposition. Hence, the
countermotion of the Ni mole fraction with both the Fe and Co mole fractions is the consequence
of the deposition preference and the concentration ratios.
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Figure 7. Interrelation of the mole fractions of two d.c.-plated Si/Cr/Cu//Ni-Co-Fe samples obtained with
two different current densities as indicated next to the datasets. The solution composition was the same as
for Figure 5(a) and the depth profiles were taken from SNMS measurements. Dashed lines are a guide for

the eye only and show the extrapolation of the trend of the corresponding experimental data. The small

arrows next to the datasets indicate where the initial composition change decayed (data with larger Fe
mole fractions in the same dataset belong to the initial transient).

It is to be solved yet what can cause a simultaneous increase/decrease in the Fe and Co
concentrations in one particular sample in a wide range of current density. One can conclude that
this behaviour is the result of the random fluctuation in the mass transport in the solution. If the
surface concentration of the two preferentially deposited components, Fe and Co, cannot change
simultaneously, the strong correlation between their mole fractions could not occur. It also has to
be noted that this fluctuation must extend over the entire substrate surface area, otherwise the
sputtering method carried out on spots of 2-3 mm diameter would not be able to reveal it. This
problem is also worthwhile to be studied with a direct imaging method that reveals also the lateral
composition map of the samples.

TEM analysis of d.c.-plated Ni-Co-Fe alloys obtained from a stagnant solution

The difference in the SNMS composition profile of the d.c.-plated and pulse-plated alloys indicate
that the initial composition change observed for the d.c.-plated sample cannot be an instrumental
artefact. Nevertheless, it seemed to be worthwhile cross-investigating the results with a direct
imaging method. This is why TEM was applied for Ni-Co-Fe samples deposited with analogous
conditions than those studied with SNMS reverse depth profiling. In former reports describing a
TEM study of Ni-Co-Fe samples [39,41,44-46], the near-substrate composition gradient shownin the
previous chapter was not mentioned.

The composition change in the near-substrate zone was observed also with TEM and the features
of the initial transition zone proved to be identical to those detected by SNMS. As it is shown in
Figure 8, the TEM EDXS results show consecutive maxima in the signal intensities of the components
in the order of their deposition preference. The initial transition range was about 200 nm thick,
which is only a bit larger than the thickness of these zones as established from SNMS measurements.

The TEM investigation could also confirm that spontaneous long-range composition oscillation
can occur during the deposition of Ni-Co-Fe samples from stagnant solutions. The spontaneous
composition oscillation beyond the near-substrate zone ranged to a wider interval of the mole
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fraction of the components if the current density was larger. At -20 mA cm™ current density, the
spontaneous composition oscillation is obvious from the elemental maps (see Figure 9(a)).
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Figure 8. TEM EDXS study of a d.c.-plated Ni-Co-Fe sample. The dashed lines correspond to the maximum of
the signal intensity of the corresponding component in the near-substrate zone.
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Figure 9. (a) TEM EDXS elemental maps obtained for a d.c.-plated Ni-Co-Fe sample. The substrate is
on the right dark edge of the images. (b) Mutual dependence of the mole fraction of the components
of the same sample as calculated from the line scan perpendicular to the substrate.

The elemental maps exhibit a complementary nature: light parts of the image show that the Ni
intensity always corresponds to dark parts of both the Fe and Co maps and vice versa. This indicates
that there is a positive correlation between the mole fractions of Co and Fe, while the Ni mole
fraction has a negative correlation with that of the other components. By determining the mole
fractions from a line scan performed perpendicular to the substrate, the mole fractions can be
plotted in the same manner as in Figure 7 and the result can be seen in Figure 9(b). The similarity of
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the character of the two figures is striking, which eliminates all doubts concerning the occurrence
of any possible artefact in the SNMS measurements revealing spontaneous random concentration
oscillations.

However, there is a peculiar difference between the SNMS and the TEM composition depth
profiles. In both measurements, the y(Co) = ky(Fe) relationship holds, but the k parameter is very
different (1/3 as derived from the SNMS measurements while nearly 2 from the TEM measure-
ments). This is not yet understood and may rely in the difference in the quantification procedures
of the two methods.

It has to be admitted that the preparation of a sample for TEM studies is by far more cumbersome
than simply inserting the same sample to the analytical instrument that performs the sputtering and
the subsequent analysis.

Nevertheless, the TEM elemental maps have also some advantage as compared to sputtering-
based concentration depth profile measurements. Namely, if the undulation of the concentration
fluctuation fronts becomes comparable to the thickness of the zones with identical concentration,
the sputtering-based measurements will show the mean composition only. The reason of this
averaging is that the sputtering front can sample various zones at the same time due to the
undulation of the zones with varying composition. The TEM elemental maps can, however, yield
fairly complex data: on the one hand, the concentration values as a function of the location and, on
the other hand, the apparent roughness of the composition undulation fronts. Therefore, the
methods used provide information content of rather complementary nature.

Composition depth profile of Ni-Co-Fe alloys plated under controlled hydrodynamics

For controlling the convection, a rotating disc electrode system was used for the deposition of
the samples. The key features of the setup were described in the Experimental and are shown in
Figure 2b. The solution in this study contained the following components: 0.2 mol dm= NiSO4, 0.075
mol dm= CoSO4, 0.025 mol dm3 FeSO4, 0.4 mol dm3 H3BOs3, 0.28 mol dm3 NH4Cl and 0.2 g dm
saccharin, while the pH was set to 2.8 with sulfuric acid. The ratio of the metal ions was the same
as for the Ni-Co-Fe baths mentioned before. The current density was -20 mA cm™ and the electrode
rotation was 70-210 rpm.

First, a sample was deposited onto a Si/Cr/Cu wafer in order to check the lateral homogeneity of
the deposit. The analysis was performed with EDXS on 200 pum x 200 um spots along the radius of
the wafer. The result is shown in Figure 10. The composition was fairly stable along the radius and
the deviations of the mole fractions of the components from their average values were uncorrelated
with each other. This supports the view that the deviations should be attributed to random errors
and no systematic trend can be established.

The composition analysis indicates that the electrode rotation had a significant impact on the
composition. Samples prepared from a stagnant solution of nearly the same composition contained
50-70 at.% Ni, 15-10 at.% Co and 45-25 at.% Fe [18] (the molar percentages are listed above in such
an order that their sequence for a given element indicates the composition change upon increasing
current density). In contrast, the deposit obtained from a well-stirred solution was rich in cobalt.
This corresponds very well to the deposition preference and to the suppression of the role of the
transport of the precursor ions.

Several samples were prepared with various current densities and electrode rotation frequencies
for reverse depth profile analysis. A typical result of the SNMS measurements is presented in
Figure 11.
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Figure 10. Result of the EDXS analysis of a Ni-Co-Fe deposit obtained by galvanostatic deposition on a
rotating disc electrode (210 rpm).
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Figure 11. Reverse SNMS composition depth profile curves of a Ni-Co-Fe deposit obtained by galvanostatic

deposition on rotating disc electrode after removing the Si wafer substrate. The graph shows the complete

structure with the substrate layers (Cr and Cu), the Ni-Co-Fe deposit, the Zn interlayer and the Ni covering
layer (support).

An essentially even composition profile was obtained for each sample, and the composition
fluctuation often observed in samples obtained from a stagnant solution was never detected. The
apparent composition fluctuation was well within the usual error of the SNMS measurement and,
hence, it is unrelated to the features of the samples. The variation of the mean composition with
current density was an order of magnitude smaller than in a stagnant solution. The variation of the
electrode rotation rate in the 70-350 rpm range did not have a significant impact on the composition.

The composition change in the near-substrate zone was also small as compared to d.c.-plated
samples obtained from stagnant solutions. Although the mole fraction of iron was always slightly
larger in the near-substrate region than in the bulk, the change in the Fe concentration in the near-
substrate zone was at most 6 at.% (c.f. 20-35 at.% change in samples obtained from stagnant
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solutions). This mole fraction decay was compensated almost equally by a mole fraction increment
of Co and Ni. The deposit thickness range in which this composition change took place shrunk in the
stirred solution as compared to the stagnant one. While a 150-200 nm thick transition zone was
observed for stagnant solutions, the transition zone thickness was less than 40 nm for samples
deposited onto rotating discs.

Although the lack of a visible composition fluctuation in a set of samples cannot be taken as an
absolute evidence for the complete elimination of the composition fluctuations, the full analysis of
the composition profiles strongly underpins that the controlled hydrodynamics of the solution
stabilizes the deposit composition and prevents the formation of a thick initial transition zone with
large composition changes. Hence, the role of the mass transport in the occurrence of uneven
composition of the alloy deposits is strongly evidenced with the latter experiments.

Composition depth profile of Ni-Cu/Cu multilayers

[Ni-Cu/Cu]n multilayers were deposited with the so-called G/P method [16] from an acetate/ci-
trate bath [21,47]. By using this protocol, the alloy layer was obtained with a galvanostatic pulse,
whose amplitude was suitable for the regulation of the composition of the Ni-Cu layer. The Cu partial
current density (jcu) was measured and then assumed to be constant also during the high-current
pulse (Ni-Cu layer). Hence, the nominal layer composition was calculated as follows: ycu = jcu/jrotaL
and yni=1-ycu. The nickel mole fraction in the layers was set to 0.9, 0.75 and 0.4, and the
corresponding layers will be denoted henceforth as high (H), medium (M) or low (L) Ni-content
layers, respectively. The Cu layers were deposited with a potentiostatic pulse controlling the layer
thickness with the real-time current integration during deposition. The Cu deposition potential was
chosen so that Ni could neither deposit nor dissolve. Further details of the sample preparation as
well as the evaluation method of the GD-ToFMS spectra were published elsewhere [21]. Since the
low-pressure chamber of the GD device and the ambient-pressure environment is separated by the
sample itself during the measurement, the foil preparation for the reverse sputtering method could
not be used here, and hence, the analysis was performed with the conventional sputtering direction
for deposits still on their Si/Cr/Cu substrate (i.e., from the solution side toward the substrate).

Figure 12 shows a representative qualitative depth profile measurement for a multilayer with the
L-M-H order of the Ni layers (as counted in the order of their deposition). The profile well reveals
the layered structure of the sample, and the relative peak intensities of the Ni signals also indicate
the sequence of the Ni layers with various composition. The layer structure as estimated from the
signal of different isotopes of the same element is identical.

The curves shown in Figure 12 all exhibit a long decay period after the sputtering of the
corresponding layer finished. This is an inherent feature of the GD-ToFMS method. The long decay
of the signals of each isotope explains why the Ni signal cannot decrease to zero when the Cu layer
is sputtered and why the multilayer components are observed when the sputtering front reached
the substrate. Besides the features of the sputtering method itself, the long decay time of the signals
can also be explained with the sputtering direction. Since the conventional sputtering direction
could only be used here, the sputtering started at a surface which exhibits a significant roughness.
The resulting sputtering intensities are obtained as a convolution of the sputtering front to the
layered structure, which leads to a widening of the wave corresponding to a particular isotope.
Therefore, the present measurements are not suitable for the direct comparison of the accuracy of
the sputtering-based analysis methods themselves (SNMS and GD-ToFMS), but are highly influenced
by the sputtering direction, too.
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Figure 12. GD-ToFMS composition depth profile curve of a Si/Cr/Cu//[Ni-Cu/Cu]; multilayer. Thickness of the
Ni-Cu and intermediate Cu layers: 80 nm, thickness of the top Cu layer: 40 nm. The order of the Ni-Cu layers
follows the sequence of their deposition: L-M-H (from right to left in the graph). Numbers next to the
chemical symbols refer to the atomic weight of the isotope measured.

An important advantage of the mass spectrometric analysis of the samples is that the major
components and the impurities can be detected at the same time. Figure 13 shows the spectra of
the same multilayer as in Figure 12 by indicating the signal intensities of different components.
Figure 13 clearly shows that metallic impurities that are less noble than Cu are codeposited with Ni.
The signal intensity of Co and Fe shows the same variation at large scale as that of Ni. Both Co and
Fe show an anomalous codeposition beside Ni, but they cannot be deposited at the potential where
Cu is deposited. Therefore, these elements accompany nickel.

It is worthwhile drawing attention to some subtle details of Figure 13. If the variation of the Co
and Fe signals is scrutinized within one particular Ni-rich layer, it can be seen that both of them
decrease as the deposition proceeds. Since both Fe and Co are preferentially deposited with Ni and
their ions are present in a small concentration, the bath is depleted with respect to their ions as the
deposition of a particular Ni-rich layer proceeds.

Therefore, the codeposition rate of Fe and Co is expected to decrease as the Ni-rich layer grows.
Here, we can see the same phenomenon as the one discussed for Ni-Cd and Ni-Fe alloys in the
previous sections. The accumulation of the preferentially deposited metals in the early phase of the
deposition of the Ni layer is so obvious that it can be detected also in the conventional sputtering
direction, even though the resolution of the measurement in this sputtering mode is smaller than
for the reverse sputtering mode. If we compare the Co and Fe signal intensities in the subsequent
Ni layers, we can see a decrease. This is related to the current density applied during the deposition
of each Ni layer. Since the Co?* and Fe?* ions are present in the bath in small concentrations only,
their deposition beside Ni becomes diffusion limited. The larger the total current density, the larger
the ratio of Ni deposition rate as compared to that of the impurities. Hence, the Fe and Co
concentration in Ni is expected to decrease as the current density increases. This can be well seen
in the data of Figure 13.
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Figure 13. GD-ToFMS composition depth profile curve of a Si/Cr/Cu//[Ni-Cu/Cu]s multilayer by showing
major and minor metallic components. Top: linear intensity scale, bottom: logarithmic intensity scale.
The sample is identical to that depicted in Figure 12.

The GD-ToFMS method was particularly suitable to detect non-metallic minority components,
too. Figure 14 shows the component depth profile of a finer multilayer structure with 40 nm thick
layers. As the data show, the signal intensity of the minor components (C, Na and Cl) follow the
same oscillation pattern as the multilayer and their intensity maxima coincide with those of Cu.

The composition depth profile spectra shown in Figure 14 are not sufficient alone to determine
what causes the correlation between the intensity change of some components. The most likely
reasons can be (i) the preferred codeposition of the impurities with Cu rather than Ni, (ii) the
adsorption and co-adsorption of the components of the solution on Cu followed by their embedding
by the growing layer, and (iii) the formation of cavities in Cu with a higher probability than in Ni. The
codeposition theory seems to be rather unlikely since Na cannot be deposited at all at the potential
where Cu is deposited, and chloride ions do not react at the cathode either. The adsorption of the
citrate ions on copper is possible. Since the citric acid has several carboxilate groups and at the pH
of the solution the protons can be dissociated, attachment of the Na* ions by Coulombic interaction
is well possible. If the detachment of the citrate ion (or its fragment) cannot take place before it is
embedded by the growing Cu layer, all elements whose atoms are either present in the citrate ion
itself or may accompany it can appear in the depth profile spectra. However, the simultaneous
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occurrence of Cl still requires another explanation. The cavity formation in the Cu layer can explain
the occurrence of all elements of the solution. However, in this case, sulfur should also be present
in the cavities due to the relatively high sulfate ion concentration of the bath. In contrast with the
expectation, the sulfur signal was around the background level throughout the measurement and
did not exhibit a simultaneous oscillation with the rest of the solution components. This hints at the
possibility that the cavity formation theory is to be abandoned, and the preferential occurrence of
the impurities in the Cu layer is to be explained with some specific chemical interaction between
the growing Cu surface and the solution components.

10°

signal intensity, cps

0 40 80 120 160
sputtering time, s
Figure 14. GD-ToFMS composition depth profile curve of a Si/Cr/Cu//[Ni-Cu/Cu]s multilayer. Thickness of the
Ni-Cu and intermediate Cu layers: 40 nm, thickness of the top Cu layer: 20 nm. The order of the Ni-Cu layers
follows the sequence of their deposition: H-M-L-H-M-L (from right to left in the graph). Dashed lines are

drawn to the maxima of the Cu intensity and serve as a guide for the eye only. The two arrows indicate the
initial surface of the substrate (right) and the final surface of the deposit (left).

The quantitative analysis of the spectra shown in Figure 14 is shown in Figure 15. The quantitative
analysis clearly shows the difference between the Ni and total iron-group metal content of the Ni-
rich layers as a function of the Ni concentration. The lower the Ni concentration of the Ni-rich layer
(i.e., the lower the current density), the larger the contribution of Co and Fe to the total iron-group
metal content of the Ni-rich layers. The carbon concentration of the deposit is rather significant,
ranging to 2 at.% in the Cu layers. It is important to note that the carbon content of a deposit
practically always remains hidden regardless of the nature of the major metallic constituents if the
analysis is made with EDXS in an electron microscope (in both SEM and TEM) since the carbon signal
is typically attributed to surface impurities only. However, in the present measurement, the low
intensity of the carbon signal during the sputtering of the Ni layer indicates that the vacuum system
is clean. The surface impurity occurs only at the beginning of the sputtering process and it decays
fast. The oscillation of the carbon signal after the sputtering of the Ni-rich layer just beneath the top
Cu layer must be attributed to the feature of the bulk of the sample.

The bottom graph in Figure 15 shows the interrelation of the C and Cu content of the multilayer
sample. As the carbon signal decays shortly after the start of the sputtering due to the removal of
the surface impurities, the function travels nearly the same trajectory forth and back as the
sputtering front reaches a Cu and a Ni-rich layer. This indicates that the incorporation of the carbon-
containing impurity takes place in parallel with the deposition of Cu and it is likely caused by a
specific chemical interaction.
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Figure 15. GD-ToFMS composition depth profile curve of a Si/Cr/Cu//[Ni-Cu/Culs multilayer (same sample as
for Figure 14). Top: quantitative depth profile; bottom: interrelation of the C and Cu content of the deposit.
Dashed lines serve a guide for the eye only.

Conclusions

It was shown that modern composition depth profiling methods like SNMS and GD-ToFMS can
be used to gain highly specific composition depth profile information on electrodeposited alloys.
With the reverse sputtering direction, the near-substrate composition evolution can be revealed
with unprecedented precision. It was shown that upon d.c. plating from unstirred solution, the
preferentially deposited metal accumulates in the near-substrate zone, and the steady-state alloy
composition sets in at about 150-200 nm deposit thickness only. If there is more than one
preferentially deposited metal in the alloy, the accumulation zones of these metals occur in the
order of the deposition preference. This accumulation zone can be eliminated by various means.
Well-controlled hydrodynamic conditions (like the application of rotating disc electrodes) lead to a
significant reduction of both the component accumulation and the thickness of the transition
period. Pulse plating has a similar impact where the systematic decrease in the duty cycle provides
a gradual transition from a graded to a uniform composition depth profile. These observations can
be very useful where attachment of a deposit to the substrate is highly impacted by the composition
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of the adjacent deposit layer. Also, when the uniformity of the composition plays a role in the
deposit properties (like the even composition for the coercive force of a magnetic metal), the proper
choice of the deposition conditions can also be crucial.

The comparison of the sputtering-based and TEM EDXS composition depth profile data
demonstrated the complementary nature of such studies. The very systematic composition
variation as shown up in the SNMS measurements performed over several mm? surface area
provides a clear evidence for that the samples are laterally homogeneous. However, the undulation
of the concentration fluctuation fronts distorts the sputtering-based analysis, while they are visible
in the cross-sectional TEM analysis.

The application of composition depth profile measurements makes it possible to detect the
coincidence in the occurrence of some components in the deposits down to the impurity level. This
was exemplified by the GD-ToFMS measurements of Ni-Cu/Cu multilayers where all detected
impurities accumulated in the Cu layer. The wealth of information obtained by these methods
provides a much more detailed picture than the results normally obtained with bulk analysis and
help in the elucidation of the side reactions taking place during the plating processes.
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Abstract

A computational study on three related derivatives of 5-[(azulen-1-yl)methylene]-2-
thioxoimidazolidin-4-one was conducted using density functional theory by calculating a
series of molecular descriptors and properties of their optimized geometries (electrostatic
and local ionization potentials, molecular frontier orbitals, etc.). Thermodynamic
properties (zero-point energy, enthalpy, constant volume heat capacity, entropy and
Gibbs energy) for these derivatives have been calculated and related to ligands
electrochemical behavior. Reduction and oxidation potentials have been correlated to
their calculated energy levels for LUMO and HOMO orbitals. Chemically modified
electrodes based on these derivatives have been tested in view of heavy metal ions
recognition, and their detection limits have been correlated to the calculated values of
electron affinity.

Keywords

5-[(azulen-1-yl)methylene]-2-thioxoimidazolidin-4-one derivatives; quantum mechanical calculations;
electrochemical behavior; modified electrodes; heavy metal ions

Introduction

Azulenes have a push-pull structure, with a five-member cyclic moiety (electron-rich) connected
to a seven-member cyclic moiety (electron-poor). Azulene derivatives undergo irreversible
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electrooxidations and irreversible or quasi-reversible reductions when polarized at anodic or
cathodic potentials, respectively [1]. Due to their low oxidation potential, they can lead to modified
electrodes which could be used to build new electrochemical sensors. The sensors based on azulene
derivatives are the basis of most recent methods for determination of heavy metals from water
samples [2]. This method leads to comparable results to the best-known methods known to date,
such as those based on iron oxide/graphene composite [3], bismuth nanoparticle-porous carbon
paste [4], etc.

The azulenes investigated in this study are derivatives of 5-[(azulen-1-yl)methylene]-2-thioxo-
imidazolidin-4-one (L1), shown in Fig. 1, which have in their structure complexing imidazolidine
group, specific for the recognition of heavy metal ions [5]. One of these ligands, L2, has been
investigated in molecular recognition for building complexing chemically modified electrodes for
heavy metals, and lead to promising results for the heterogeneous recognition of Pb(Il) and Cu(ll)
ions [6]. Similar azulenes with the thiourea moieties as complexing monomers have led to modified
electrodes with good complexing abilities for heavy metals, with very good responses for Cd(ll) and
Pb(ll) ions [7].

The present work reports on the investigation of L1 - L3 compounds ability to coordinate heavy
metals. Chemically modified electrodes have been prepared from these ligands under similar
conditions and used for heterogeneous recognition. Their detection limits for some heavy metal
ions (Hg, Pb, Cd, Cu) have been evaluated in order to be correlated to their molecular structural
descriptors. Density functional theory (DFT) investigations on these azulenes derivatives have been
performed to reveal some global reactivity parameters derived from frontier molecular orbitals
energy diagram, to be linked with their ability to complex heavy metals, for electrochemistry
applications. Predicted structural characteristics are optimized, compared and correlated in terms
of NMR chemical shifts, aiming to determine the structure thermodynamically favored by synthesis
[5]. Then, their computed parameters are obtained and analyzed in connection with some
complexing and redox properties determined by electrochemistry. Our interest concerns the use of
L1 — L3 as ligands in heterogeneous recognition of heavy metals (Fig. 1). The main parts of their
structure are illustrated with different colors in Fig. 1. They are the seven-member azulene ring (1),
the five-member azulene ring (I1) and the imidazolidine ring (lII).

o D CH} CH3
N - 7\ T Y
l a __FI//\\VI_ [ ——_(/1“'\\‘-'--"'{. N 1 _-___T‘I/\\l_,..
..,\\\\\\ II I|I|I |. lll :NH . /_II 'IIIII | I]_I NH H]C \\\\\\\ B i ||I|II | lll ;NH
N m\ [ N\ m\\ TN
CH
5 HyC 5 T ®
L1 L2 L3

Figure 1. 2D structure of investigated compounds
Experimental

Acetonitrile (CH3CN) and tetrabutylammonium perchlorate (TBAP) from Fluka were used as
received for the solvent and supporting electrolyte. The azulene derivatives were synthesized
according to the previous described method [5].

The electrochemical characterizations were carried out using a PGSTAT 12 AUTOLAB potentiostat
connected to a three-electrode cell. The working electrode was a glassy carbon disk (3 mm
diameter). The active surface was polished before each determination with diamond paste (1 um)
and cleaned with acetonitrile. Ag/AgNO3 (10 mM) in 0.1 M TBAP, CH3CN was used as reference
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electrode and a platinum wire was used as auxiliary electrode. The electrochemical experiments
were performed by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and rotating disk
electrode (RDE). CV curves were recorded from 0.1 V/s to 1.0 V/s (for different scan rate). DPV
curves were recorded at 0.01 V/s with a pulse height of 0.025 V and a step time of 0.2 s. RDE curves
were recorded at 0.01 V/s, for various rotation rates of the disk (between 100 and 2000 rpm). The
potential was referred to the potential of the ferrocene/ferrocenium redox couple (Fc/Fc*) which in
our experimental conditions was +0.07 V. The preparation of the modified electrodes has been done
by controlled potential electrolysis in millimolar solutions of each ligand, in acetonitrile solutions
containing TBAP (0.1 M) as supporting electrolyte. All electrochemical experiments were performed
at 25 °C under argon atmosphere.

The experiments for heavy metals ions detection were carried out in a three-electrode cell (trans-
fer cell). The working electrode was a glassy carbon disk (diameter of 3 mm) electrode modified with
each ligand, the reference electrode was Ag/AgCl, 3 M KCI, and the auxiliary electrode was a plati-
num wire. 0.1 M buffer acetate (pH 5.5) was used as supporting electrolyte. The recognition experi-
ments were performed at 25 °C and under argon atmosphere. The buffer acetate solution was pre-
pared from 0.2 M acetic acid and 0.2 M sodium acetate solutions. Metal cation solutions were pur-
chased from Sigma Aldrich and Fluka: mercury (Il) acetate - Sigma Aldrich, cadmium nitrate tetra-
hydrate - Sigma Aldrich, copper (ll) acetate monohydrate - Fluka, lead (Il) nitrate - Sigma Aldrich.
Heavy metals solutions with concentrations of 107* and 107® mol/L, were prepared by successive
dilutions from 102 M stock solutions of mercury (Hg), cadmium (Cd), copper (Cu) and lead (Pb).

The procedure to modify the glassy carbon electrodes consisted in electropolymerization of each
ligand in millimolar solutions in 0.1 M TBAP, CHsCN, followed by cleaning in acetonitrile,
equilibration of the modified electrode in 0.1 M acetate buffer at pH 5.5, between -0.9 V and + 0.6
V vs. Ag/AgCl, over oxidation in 0.1 M acetate buffer at pH 5.5 between -0.2 Vto + 1.2 V.

The accumulation of heavy metal ions has been performed in the assay solutions containing
heavy metal ions in different concentrations (starting from 10° to 10#) for 20 minutes under
magnetic stirring. This step has been followed by the stripping of the accumulated metal ions, after
a reduction at -1.2 V for 120 s, in CV or DPV anodic scans with a scan rate of 0.01 V/s. The stripping
currents for Cd, Pb, Cu, and Hg currents have been evaluated for each concentration.

Computational procedure details

The calculations were carried out using Spartan 14 software Wavefunction, Inc. Irvine CA USA [8]
on Intel(R) Core i5 at 3. 2 Ghz CPU PC. First, the 3D CPK models of the studied compounds were
generated. Then, a systematic conformational search and analysis was achieved to establish the
more stable conformers of each of the three derivatives of 5-[(azulen-1-yl) methylene]-2-thioxoimi-
dazolidin-4-one, presenting the energy minima. The most stable conformer (lowest energy) was es-
tablished using MMFF (Molecular Mechanics Force Field for organic molecules developed by Merck
Pharmaceuticals) model by refining the geometry for each studied compound. For these refined
structures, a series of calculations of molecular properties and topological descriptors has been
carried out using [9], software algorithm hybrid B3LYP model (the Becke’s three parameter
hybrid exchange functional with the Lee-Yang-Parr correlation functional) [9-11] and polarization
basis set 6-31G* [8,12] in vacuum, for equilibrium geometry at ground state.
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Results and discussion

Quantum mechanical calculations

AZULENE LIGANDS FOR HEAVY METAL IONS DETECTION

The atomic numbering scheme given by the Spartan 14 software for structures under study is
shown at the beginning of the Table 1. The parameters (bond lengths and dihedral angles) of the
compounds L1-L3 have been obtained for the optimized geometries. They are listed in Tables 1-2.
The molecular structures comprise two coplanar cycles (I and 1) and the cycle Ill, which can be
rotated around C14-C13 bond, showing a small deviation from co-planarity given by the small values
of the dihedrals (H7, C14, C13, C12) and (C3, C14, C13, N2). L3 conformer configuration presents
also the torsion angles of 119.04° (C18, C15, C7, C4) and 61.03° (C16, C15, C7, C9).

Table 1. Structure labels and predicted bond lengths (A) for L1 - L3 compounds.

Cycle of 7 atoms (1)
C5-C1 1.391 1.406 1.408
C5-C8 1.399 1.410 1.409
C8-C9 1.397 1.394 1.395
C9-C7 1.398 1.404 1.398
C7-C4 1.397 1.393 1.400
C4-Co 1.392 1.411 1.391
Co-C1 1.487 1.495 1.496
Substituents (methyl and isopropyl) of cycle |
- C5-C10: 1.520 C5-C11:1.519
- C9-C15:1.518 C7-C15:1.531
- C4-C11:1.518 C15-C18: 1.540
- - C15-C16: 1.541
Cycle of 5 atoms (i)
C1-C3 1.429 1.441 1.431
C3-C6 1.424 1.416 1.426
C6-C2 1.391 1.389 1.385
C2-CO 1.411 1.409 1.424
Substituents of cycle Il

- - C101.502
Chain between cycle Il and cycle Il
C3-C14 1.434 1.444 1.441
C14-C13 1.357 1.357 1.358
Cycle Il
C13-N2 1.399 1.400 1.400
N2-C17 1.371 1.369 1.369
C17-N1 1.381 1.382 1.382
N1-C12 1.401 1.401 1.401
C12-C13 1.484 1.483 1.483
Functional groups (C=0 and C=S) of cycle Il
C12-01 1.217 1.217 1.218
C17-S1 1.657 1.658 1.659
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Table 2. Predicted dihedral angles values for L1 - L3 compounds.

L1

L2

L3

H13, C5, C1, C3): 0.28°
(H7, C14, C3, C1): 13.76°
(H7, C14, C13, C12): 2.79°
(01, C12, C13, C14): 0.69°
(01, C12, N1, H4): -0.50°
(H4, N1, C17, S1): -0.96°
(C6, C3, C14, C13): 15.25°
(H14, C6, C3, C14): 2.46°
(H5, N2, C13, C14): 9.80°
(C3, C14, C13, N2): 2.95°
(S1, C17, N1, H4): -0.96°
(H5, N2, C17, S1): -8.32°

(C10, C5, C1, C3): 2.20°
(H7, C14, C3, C1): 26.71°
(H7, C14, C13,C12): 1.82°
(01, C12, C13, C14): 1.75°
(01, C12, N1, H4): -0.61°
(01, C12, N1, H4): -0.66°
(C6, C3, C14, C13): 28.93°
(H14, C6, C3, C14): 0.86°
(H5, N2, C13, C14): 7.69°
(C3, C14, C13, N2): 5.77°
(S1, C17, N1, H4): -0.66°
(H5, N2, C17, S1): -7.77°
(C11, C4, €O, C2): -0.82°
(C11, C4, C7, H15): 0.93°
(C15, €9, C8, H16): -1.75°
(C15, €9, C7, H15): 0.74°
(C10, C5, C8, H16): -1.53°
(C10, C5, C1, C3): 2.20°

C11, C5, C1, C3): 0.85°
(H7, C14, C3, C1): 24.08°
(H7, C14, C13, C12): 2.29°
(01, C12, C13, C14): 1.51°
(01, C12, N1, H4): -0.65°
(H4, N1, C17, S1): -0.76°
(C6, C3, C14, C13): 25.79°
(H14, C6, C3, C14): 1.49°
(H5, N2, C13, C14): 8.79°
(C3, C14, C13, N2): 5.61°
(S1, C17, N1, H4): -0.76°
(H5, N2, C17, S1): -8.38°
(C10, C2, C6, H14): -3.39°
(€10, C2, €O, C4): -0.13°
(C11, C5, C1, C3): 0.85°
(C11, C5, C8, H16): 0.69°
(C15, C7, €9, H17): -0.21°
(C15, C7, C4, H12): 0.96°

In Table 3 are given the results of quantum chemical calculations for a) valuable predicted
molecular properties and b) descriptors for L1 — L3 compounds, which provide information to
conduct quantitative structure-property relationships (QSPR) for Z isomers.

From Table 3 it can be observed that area and volume for investigated compounds increase in
the order: L1< L2 < L3, as expected, correlated with the molecular weight and presence of methyl
and isopropyl substituents. The ovality index shows the same trend, suggesting the deviation of
molecules from the spherical shape, considering the minimum surface for the spherical shape. This
parameter is related to molecular surface area and van der Waals volume and increases with the
linearity of the structures in the same order as above-mentioned descriptors (area, volume). The
polarizability increases in the order: L1 < L2 < L3, showing increased induction (polarization) inter-

actions, resulting from an ion or a dipole inducing a temporary dipole in an adjacent molecule.

Table 3. Predicted molecular properties and descriptors for L1-1L3 compounds (Z isomers).

Compound L1 L2 L3

a) Molecular properties

Formula C14H10NZOS C17H16N205 C19H20Nzos
Energy, a.u. -1122.4149 -1240.3606 -1318.9892
Energy (aq), a.u. -1122.4367 -1240.3835 -1319.0106
Solvatation energy, kJ/mol -57.22 -60.24 -56.12
Dipole moment, Debye 5.86 8.24 8.26

b) QSPR descriptors from CPK model

Area, A2 262.59 315.36 354.76
Volume, A3 247.94 301.04 338.02
Polar surface area, A2 36.350 37.106 37.037
Ovality 1.38 1.45 1.51

log P 0.34 0.87 1.62
HBD Count 2 2 2

HBA Count 4 4 4
Polarizability, 1030 m? 60.80 65.11 68.15

The same tendency for the dipole moment was observed, as expected. Hydrogen bond donor
(HBD) and acceptor (HBA) counts have the same values for all structures under study, due to the
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presence of the same thioxoimidazolidine cycle lll, containing the same donors (nitrogen) and
acceptors (sulphur and oxygen). The octanol-water partition coefficient (log P) and polar surface area
(PSA) are also evaluated and listed in Table 3. Log P values are positive, showing their good affinity for
hydrophobic phases, and increase in the order: L1 < L2 < L3. L1 had also the smallest PSA (polar surface
area) value reinforcing the trend of log P; PSA values for L2 and L3 are quite similar.

HOMO — LUMO analysis

The molecular frontier orbitals (the highest occupied molecular orbital - HOMO and the lowest
unoccupied molecular orbital — LUMO) energies of the studied compounds (in Z form) have been
calculated (Table 4) and their density distributions are given in the bottom (HOMO) and in the top
(LUMO) of Fig. 2, respectively. Analysis of Fig. 2 shows the distribution of HOMO orbitals for all
studied compounds is delocalized as follows: over atoms C7 and C8 from cycle I, over bonds C1-C3
and C0-C2 from cycle Il, over C13-C14 bond (between cycle Il and cycle lll) and over heteroatoms
N2, O1 and S1 form cycle lll. For all compounds, LUMO orbitals (Fig. 2) are entirely delocalized over
cycle I and cycle Il, while for L2 structure, they are distributed supplementary over functional groups
C=0 (01), C=S (S1) and C12-C13 bond from cycle lll. The other occupied orbitals energy levels are
listed in Table 5, and they can be related with UV Vis allowed transitions.

]

Ovital Evrgy (V)

Onitat Exegy (o)

¢ AE=2.91eV

L1 L2 L3
Figure 2. HOMO (down) and LUMO (up) molecular frontier orbitals and their energy gap for L1 - L3.

Okital Entegy (V)

o

111

HOMO and LUMO energies from Table 4 have been examined in order to find the tendency of
each ligand to donate electrons (to empty molecular orbitals with low energy of convenient mole-
cules), or to accept electrons, respectively. The resulting band gap AE (Enowmo - ELumo) can be used to
provide useful information on the chemical reactivity and kinetic stability of each ligand [13,14]. The
band gap between the HOMO and LUMO orbitals energy has been found to increase in the order:
L3 < L2 < L1 (Table 4). Consequently, according the obtained values for AE, L1 presents the lowest
reactivity, followed by L2 and L3 (the most reactive). Starting from HOMO and LUMO energy
diagram (Fig. 2), other related descriptors have been calculated: ionization potential (/), electron
affinity (A), electronegativity (x), chemical hardness (n), global softness (o) [15,16], chemical
potential (u), global electrophilicity index (w), and also ionization potential (defined as
I = - Enomo) and electron affinity (defined as A = - ELumo), by applying Koopmans’ theorem [17,18].
Derived calculated quantum chemical parameters for the most stable conformer (2) of each studied
compound are listed in Table 4.
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The parameters from Table 4 are important global chemical reactivity descriptors of the studied
molecules in terms of their reactivity and site selectivity. L1 has the highest ionization potential and
electron affinity, which reflects his superior capability to interact with heavy metal cations and to
accept one electron from a donor. In terms of chemical hardness, large AE signifies hard molecules
and small AE refers to soft molecules. In this context, L1 presents the hardest structure. The values
obtained for the electrophilicity index (w) are not in the same order. It indicates an unexpected
global electrophilic nature of these molecules, as measure of energy lowering due to maximal
electron flow between donor and acceptor [19].

Table 4. Calculated quantum chemical parameters Table 5. Predicted molecular orbital values
of the studied compounds (eV)forlL1-L3
Parameter\Ligand L1 L2 L3 Orbital Ligand L1 L2 L3
Exomo/ eV -5.41 -5.19 -5.08 HOMO -54 -5.2 -5.1
Ewmo/ eV -2.50 -2.32 -2.34 HOMO({-1} -6.1 -5.9 -5.9
AE (Evomo-Erumo) / eV 291 2.87 2.74 HOMO({-2} -6.5 -6.3 -6.3
I=- Enomo/ €V 5.41 5.19 5.08 HOMO({-3} -6.9 -6.6 -6.7
A=-Euymo/ eV 2.50 2.32 2.34 HOMO({-4} -7.4 -7.2 -7.2
x=((I+A)/2)/eV 3.95 3.76 3.71 HOMO({-5} -7.6 -7.5 -7.4
n=((/-A)/2)/eV 1.45 1.44 1.37 HOMO({-6} -8.7 -8.0 -8.2
o=1/n 0.68 0.70 0.73 HOMO{-7} -9.2 -8.9 -8.9
1= (Evomo*Erumo)/2 -3.95 -3.75 3.71 HOMO{-8} 9.5 9.1 9.2
w=12/2n 5.37 491 5.02 HOMO{-9} -9.7 9.4 -9.2
LUMO -2.5 -5.2 -2.3
LUMO{+1} 2.3 -5.9 2.2

Molecular electrostatic potential and local ionization potential

Molecular electrostatic potential (MEP) is a valuable descriptor for overall molecular charge
distribution and for the way of electrophilic addition assessment [20,21]. Graphical quantities
resulted from quantum chemical calculations for MEP and local ionization potential (LIP) are given
in Fig. 3. These diagrams provide a visual representation of the chemically active site and
comparative reactivity of atoms.

LIP for L1. LIP for L2. LIP for L3.

Figure 3. Predicted molecular electrostatic potential (MEP) and local ionization potential (LIP) maps for L1-L3
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In MEP graphical representation from Fig. 3, the red surface (7 system) indicates a negative
potential, suggesting that this region is attracted to a positive charge; the blue surface (o system)
indicates a positive potential, thus, this region is attracted to negative charges. Potential increases
in the order: red < orange < yellow < green < blue. For all the studied compounds, the negative area
is mainly localized over the oxygen (red region) and less on sulphur atoms (orange region). The ma-
ximum negative values (over sulphur oxygen) have been read and they vary as follow: -203 kJ/mol
to -154 kJ/mol (for L1); -168 kJ/mol to -151 kJ/mol (for L2); -171 kJ/mol to -153 kJ/mol (for L3). The
maximum positive regions (blue) are localized on the —NH groups from cycle lll, assigned to atoms
H4 and H5, respectively, and vary between 154 and 204 kJ/mol for all studied structures. For our
further applications (complexation of heavy metals) the most interesting are orange and red regions
(negative potential), which are most likely to be involved in the complexation event.

Regarding LIP maps from Fig. 3, the red regions suggest areas where electrophilic attack could
happen, thus, atoms from which electron removal (ionization) is easy. By convention, in blue color
are illustrated the regions where ionization is relatively difficult to occur. Orange regions (the more
susceptible to ionization) present close values between 6.9 and 7.02 eV for all studied compounds,
so the results of the complexation event for similarly modified electrodes should be quite similar.

Thermodynamic properties

Thermodynamic properties such as zero-point vibrational energy, enthalpy, constant volume
heat capacity, entropy and Gibbs energy have been calculated with DFT method for equilibrium
geometry at ground state for Z and E conformers, over a temperature range between 273.15 and
373.15 K. Except for the zero-point energy (ZPE), all depend on temperature. Their calculated values
are listed in Tables 6 for 298.15 K. The values of enthalpy, constant volume heat capacity (C),
entropy (S) and Free Gibbs energy (G), increase with temperature, in agreement with the
enhancement of the molecular vibrational intensities as the temperature rises [22]. Obtained
thermodynamic functions are given in Table 7 and they are useful to estimate directions of further
chemical reactions, by computing those to other thermodynamic functions and relationships.

Table 6. Predicted thermodynamic properties at 298.15 K for Z and E isomers of L1 —L3

Parameter\Ligand L1 L2 L3
Z 554.47 775.17 924.20
1

ZPE [ k) mol 3 554.41 774.98 925.53
AH Y z 11221904  -1240.0481  -1318.6177
a.u. E 11221918  -1240.0423  -1318.6127

z 182.76 228.52 256.73

-1

¢,/ mol E 182.11 228.27 256.17

5 /3 mol z 457.89 525.36 563.88

E 459.87 525.55 563.54
y z 111222424 -1240.1078  -1318.6818
a.u. E 11122.2441  -1240.1025  -1318.6767

The dependence between calculated thermodynamic properties (enthalpy, constant volume
heat capacity, entropy and Gibbs energy) and temperature were fitted by quadratic equations and
the correlation fitting factors (R?) vary between 0.9951 and 1. The obtained values for R? show very
good correlation of thermodynamic parameters and their fitting equations (Table 7).

The observed predicted and experimental values for chemical shifts from '3C and *H NMR given
in the Supporting Information, show good correlation for Z conformer of all compounds. It leads to
the assumption that Z conformers are formed by synthesis, as assumed from the experimental
procedure [5].
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Table 7. Fitted thermodynamic parameters for L1 —L3

Function\ Ligand L1 L2 L3
107-7247-10°5-T-1122.2 9-10°%- 72410 7-1240.1 2:107-7242-105-T-1318.6
AH [ a.u. (R? = 0.9994) (R? = 0.9956) (R? = 1.0000)
. -6-104-T+0.5889-T+168.45 -5-10*72+0.6806-T+211.89 9-10°6-7240.7177-T+238.51
G /Jmol (R?=1) (R?=1) (R? = 0.9955)
. 67-10%72-3.6019-T+937.43 -10%72+0.9517-T+274.33 -10*72+0.9081-T+303.81
S/ Jmol (R? = 0.9890) (R?=1) (R?=1)
3.10%-7%-10%.7-1122.2 -9-10°%-72-2-10%-7-1240.1 -2-107-72-2-10*T-1318.7
G/au. (R? = 0.9978) (R? = 0.9988) (R? = 0.9951)

*All thermodynamic calculations were performed in gas phase.

Electrochemical characterization of compounds

The electrochemical characterization of L1 - L3 compounds has been performed and the redox
potentials were evaluated from the electrochemical curves of L1 - L3 azulene derivatives recorded
on glassy carbon electrode by: cyclic voltammetry (CV), differential pulse voltammetry (DPV), and
rotating disk electrode voltammetry (RDE) in 0.1 M TBAP, CH3sCN. Selected anodic and cathodic CV,
DPV, and RDE curves recorded in millimolar solutions (0 — 2 mM) of L1 - L3 in 0.1M TBAP in CH3CN
have been shown in Figs. 4-6.

R, L1
| 1 ff/\‘(
2004 CV S H{-\EK:H
0-
r —0.75mM
—O0mM
DPV
<< 40 - \/\\
3 a1l
= ol J
N Vg
200 -
RDE /L
04
—— 1000 rpm
-3 -2 -1 0 2

1
E/Vvs. Fc/Fct

Figure 4. CV, DPV, RDE (1000 rpm) curves for L1 (0.75 mM) in 0.1 M TBAP, CHsCN.

CH,
HC. 7~ < E
100 - 1 o N L2
° ~ " . J/ﬁ/
HiC
0 —
F —1mM
ff_/y —O0mM
< 20{ppy at bj
) 0- /{V’\»f\ et <
o] RDE N~/
-804 / —— 1000 rpm
3 2 1 0 1 2

E/Vvs. Fc/Fc*

Figure 5. CV, DPV, RDE (1000 rpm) curves for L2 (1 mM) in 0.1 M TBAP, CHsCN.
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3
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Figure 6. CV, DPV, RDE (1000 rpm) curves for L3 (1 mM) in 0.1 M TBAP, CHsCN.

When comparing the curves obtained for these compounds, the following conclusions connected
to the electrochemical behavior of L1, L2 and L3 can be drawn:

e Their oxidation potentials for the first oxidation peak (in V) are, respectively, 0.347, 0.297, and
0.266, being ranged in the order: L3 < L2 < L1, in correlation with HOMO energies (Table 4). This
factis in concordance with the presence of the electron releasing alkyl groups on azulene moiety
in case of L3 and L2. The presence of larger and bulky substituents conducts to an easier
oxidation of the ligand.

e Theirreduction potentials for the first reduction peak (in V) are, respectively, -1.598, -1.760, and
-1.772, being ranged in the order: L3 < L2 < L1, in correlation with LUMO energies (Table 4). The
small differences between the calculated LUMO values and the experimental values of the
reduction potentials could be explained by a strong interaction of the ligand with the solvent,
which is neglected in quantum calculus. These values also are also connected to the presence of
alkyl groups on the azulene structure.

e All the electrochemical processes in Figs. 4-6 are irreversible. While the vinylazulene moiety is
more prone to oxidation, the vinylhydantoin part is more likely to be reduced.

e All compounds seem to accumulate on the electrode surface (leading to polymer films) at more
positive potentials then the first anodic peak (denoted al on each DPV curve), in agreement
with the sharp decrease of the oxidation currents in RDE and DPV curves after reaching this
potential.

Electrochemical recognition using modified electrodes

The compounds L1 - L3 were used to prepare modified electrodes by electrochemical polymeri-
zation in similar conditions, as mentioned in the experimental part.

The recognition experiments performed with L1, L2, and L3 modified electrodes lead to evaluate
the detection limits for Pb(Il), Cd(ll), Cu(ll) and Hg(ll) ions. In Fig. 7a are given the stripping curves
obtained using poly L1 modified electrodes for the recognition of different concentrations of Pb(ll),
Cd(l1), Cu(Il) and Hg(ll) ions, while in Fig. 7b are given the dependences of the stripping peak currents
on concentration for the metal ions, as resulted from Fig. 7a, for the most efficient recognition
events that has been found with this modified electrode for Cd(ll) and Pb(ll).
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Figure 7. Stripping curves (a) using L1 modified electrodes for different concentrations of Cd(ll), Pb(ll), Cu(ll)
and Hg(ll) ions and the corresponding calibration curves (b) for Cd(ll) and Pb(ll) ions.

Similar curves have been obtained for the modified electrodes prepared with L2 and L3 ligands,
in similar conditions. The detection limits have been estimated for the electrodes modified with L1,
L2 and L3 (Table 8). These values show that the best ligand is L1, as by using this ligand, the lowest
limits for all tested heavy metals have been obtained.

Table 8. Estimated detection limits of investigated heavy metal ions for L1 —L3.

Heavy metal ion / Ligand L1 L2 L3
Pb(1l) 10°® 10° 10°
cd(l) 10°® 10° 10°
cu(l) 10° 10* 10*
Hg (1) 10° 10* 10*

A correlation between ligand molecular descriptors and the obtained detection limits is evident.
The best behavior of L1 can be explained by the fact that L1 presents the smallest values for HOMO
and LUMO energies, and consequently, the highest ionization potential (5.41 eV) and the highest
capability to accept electrons (electron affinity, A = 2.50 eV) among the three studied structures
(Table 4). Also, judging by the molecular electrostatic potential, L1 structure shows the most
negative potential over the oxygen atom, with the most negative value of -203 kJ/mol, so it is the
most capable to attract positive heavy metal ions charges, as previously discussed for Fig. 3.

The close values of detection limits for L2 and L3 are explained by the similar effect of
substituents in L2 and L3, seen in their close values of electron affinity (Table 4). Consequently, their
complexing capacity is similar, fact which is in a good agreement with the detection limits obtained
for heavy metal ions using these ligands.

Conclusions

Chemical reactivity descriptors were predicted from the DFT calculations. From molecular
frontier orbitals energy level diagrams and gaps, it can be concluded that among all studied
structures, L1 is the most stable compound. The oxidation potentials were found to be ranged in
accordance with calculated HOMO energies trend, while the variation of reduction potentials versus
LUMO energies were perturbed by the occurrence of steric effects.

Thermodynamic analysis reveals that all thermodynamic calculated parameters, except the zero-
point energy (ZPE), are increasing with temperature. The chosen fitting equations for thermo-
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dynamic properties are in a good agreement with calculated data. The NMR experimental and
theoretical results supporting each other, being consistently supplemented by computed molecular
descriptors and thermodynamic properties. The obtained characteristics are in a good agreement
with the detection limits obtained for heavy metals using modified electrodes obtained from these
ligands. The corresponding detection limits evaluated for Pb, Cd, Cu and Hg are of about 102 for Pb
and Cd with L1 and of about 107 for Cu and Hg. These limits are larger for L2 and L3, which are very
close due to the similarity of their structures. They are of about 10°® M for Pb and Cd, and 10 M for
Cu and Hg.

This study contributes to the prediction of specific structures able to coordinate heavy metal ions
in view of recognition.
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Abstract

Pt alloy nanoparticles present the most probable candidate to be used as the cathode
cathodic oxygen reduction reaction electrocatalyst for achieving commercialization
targets of the low-temperature fuel cells. It is therefore very important to understand its
activation and degradation processes. Besides the ones known from the pure Pt
electrocatalysts, the dealloying phenomena possess a great threat since the leached less-
noble metal can interact with the polymer membrane or even poison the electrocatalyst.
In this study, we present a solution, supported by in-depth advance electrochemical
characterization, on how to suppress the removal of Cu from the Pt alloy nanoparticles.

Keywords
Electrocatalysis; EFC-ICP-MS; IL-TEM; Pt alloy; ORR

Introduction

The motivation of scientist, in general, is to improve the life quality of people. Still our
development and ability to live without a shortage of food, clean water, energy, etc. are dependent
on raw materials resources and economics. However, on the other hand, it is limited by the pollution
and negative climate changes. Since it has been already recognized that the pollution caused by
humankind indeed affects the environment, it is now time to shift the balance towards the
sustainable technologies and renewable energy. In the energy sector, this means replacement of
fossil fuels by electricity coming from the sun and wind. Since this energy sources are intermittent,
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the current grand challenge is to store this clean energy to match the consumption demand. This is
achieved by energy conversion like batteries, flow batteries, pump hydro, compressed air,
flywheels, etc. or conversion to hydrogen via electrolyzers. Hydrogen can then be elegantly
converted back to electricity via proton exchange membrane fuel cells (PEM FC) with only by-
products being water and heat [1-3]. This is very useful in the transportation and stationary sector.

In order to increase the PEM FC efficiency, Pt, as cathodic oxygen reduction reaction (ORR), is
alloyed with less noble 3D metals like Co, Ni and Cu [1,4-12]. Initial performances of Pt-alloys are
already surpassing the US Department of Energy targets [1]. However, their stability is still under
debate and is the topic of many current and future studies [13-20]. Three issues are foreseen for Pt-
alloys: (i) loss of initially superior ORR activity [13], (ii) formation of unstable porous nanoparticles
[9,15] and (iii) poisoning of the PEM FC by the leached less noble metal cations [12,21-23]. It is
known that leached metals can cause the increase of the resistance of the polymer membrane and
the lowering of the performance of the anode electrocatalysts due to the poisoning of the Pt surface
[12,23].

In this study, we have examined the effect of Au doping on dealloying of Cu out of highly active
PtCus alloy nanoparticles supported on high surface area carbon (hereinafter referred to as Au-
doped PtCus/C). Although this effect is already known in the literature [6,14,24-26], we provide
additional insight into this very effective less noble metal removal suppression tactic. We utilize
state-of-the-art advanced electrochemical techniques like thin film rotating disc electrode (TF-RDE),
electrochemical flow cell coupled to inductively coupled plasma to mass spectroscopy (EFC-ICP-MS)
and identical location (scanning) transmission electron microscopy (IL-(S)TEM).

Experimental

Synthesis:

The starting material PtCus/C — intermetallic partially ordered (ordered shell, disordered core)
PtCus nanoparticles that are tightly embedded (anchored) into modified carbon support were pre-
pared via a modified sol-gel synthesis using a gelatin precursor [5,14,17,27,28]. Briefly, the synthesis
consists of two vital steps, the first being annealing of a non-noble metal precursor (e.g., a Cu
precursor) together with gelatine and carbon black to obtain embedded nanoparticles in a porous
carbon matrix. In the second part, the Cu from the composite is partly galvanically replaced by a Pt
precursor and annealed for the second time. The starting material was prepared in a 5 g batch.

From the starting material, we have then prepared two completely comparable materials which
differ only in the small amount of noble metal addition (Au or Pt). In both cases, 100 mg of the
starting material was dispersed in 500 mL of 5 mM KCl and purged with Ar for 1 hour while stirring
in order to remove the oxygen from the suspension. Afterwards, while continuously purging the
starting material suspension with Ar, 500 mL of 40 uM solution of Au or Pt metal salt solution
(HAuUCl4 or K,PtCls. Approximately 4 mg of Au or Pt) was added drop-wise in a timeframe of 2 hours
in order to galvanically displace superficial Cu atoms found at selected spots of the nanoparticles
surface. Both noble metal decorated materials were then filtrated, re-dispersed in 0.1 M KOH,
filtrated again and re-dispersed 3 additional times in hot Mili-Q water followed by filtration. After
the last filtration, the materials were dried overnight at 50 °C.

Both noble metal decorated materials were then placed together in the same furnace and
subjected to an additional thermal annealing step at 500 °C for 3 hours in a CO-containing
atmosphere (two separate batches of annealing). Prior to thermal annealing in CO, the samples
were first purged with Ar overnight to ensure an oxygen-free atmosphere. Furthermore, the
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samples were first heated to only 120 °C for 1 hour in order to remove any residual moisture from
both samples before moving to 500 °C. Two materials were obtained — (i) Au-doped PtCus/C and (ii)
Pt-doped PtCus/C.

XRD

The powder X-ray diffraction (XRD) measurements of all samples were carried out on a Siemens
D5000 diffractometer with Cu Kal radiation (A = 1.5406 A) in the 26 range from 10° to 60° with the
0.04° step per 1 s. Samples were prepared on zero-background Si holder.

Electrochemical evaluation via Thin Film Rotating Disc Electrode (TF-RDE):

Electrochemical measurements were conducted in a two-compartment electrochemical cell in a
0.1 M HCIO4 (Merck, Suprapur, 70 %) electrolyte with a conventional three-electrode system
controlled by a potentiostat (Compact stat, lvium technologies). Ag/AgCl was used as a reference
and a Pt wire as a counter electrode. The working electrode was a glassy carbon disk embedded in
Teflon (Pine Instruments) with a geometric surface area of 0.196 cm?. Prior to any experiment, the
two-compartment electrochemical cell was boiled in 18 MQ cm™ Mili-Q water for 1 hour, and the
electrode was polished to mirror finish with Al,O03 paste (particle size 0.05 um, Buehler) on a
polishing cloth (Buehler). After polishing, the electrodes were rinsed and sonicated in 18 MQ cm™*
Mili-Q water for 5 minutes. 20 L of 1 mg mL! water-based well-dispersed catalysts ink was pipetted
on the glassy carbon electrode completely covering it and dried under ambient conditions. Such
preparation resulted in the loading of approximately 25 pgp: cm? and was found to be optimal for
obtaining high specific activities at 0.9 Vrue. After drying, the electrode was mounted on the rotator
(Pine Instruments). The electrode was placed in Ar saturated electrolyte under potential control at
0.05 Vgue. All electrocatalysts were electrochemically activated for 200 cycles between 0.05 and
1.35 Verue with a scan rate of 300 mV s. Degradation measurements were performed after
electrochemical activation, each time with a fresh thin film of the electrocatalyst material. The
materials were degraded for 10 000 cycles between 0.4 and 1.x Vgue (x =0, 2, 4) and for 50 000 cycles
between 0.4 — 1.0 Vgue. After electrochemical activation and after degradation we exchanged the
electrolyte and measured both CO stripping and ORR polarization curve. ORR polarization curves
were measured in an oxygen saturated electrolyte with rotation at 1600 RPM in the same potential
window with a scan rate of 20 mV s, After subtraction of background current due to capacitive
currents, kinetic parameters were calculated at 0.9 Vgue. Ohmic resistance of the electrolyte was
determined and compensated for as reported in [29] Electrochemical surface area (ESA) was
determined by integrating the charge in CO stripping experiments as described in [30]. All potentials
are given against the reversible hydrogen electrode (RHE), which was measured before the start of
the experiment and at the end. At the end of each experiment, the thin film on the RDE was
dispersed in 0.5 mL of isopropanol with the help of an ultrasound bath and later deposited on a TEM
grid for ex-situ TEM analysis or wiped from the RDE with a carbon conductive adhesive tapes for
SEM-EDX analysis.

Scanning Electron Microscopy: Energy Dispersion X-ray spectrometry (SEM-EDX):

Ex-situ SEM-EDX analysis was carried out with SUPRA 35 VP (Carl Zeiss) that is equipped with
Energy Dispersion X-ray Spectrometer Inca 400 (Oxford Instruments). The operational voltage was
set to 20 kV, the distance between the gun and the sample was set to 8.5 mm for optimal signal
acquisition and areas for SEM-EDX analysis were selected under magnification of 20 000. For
statistical relevance, 3 different areas were measured for each sample.
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Transmission Electron Microscopy (TEM):

Transmission Electron Microscopy was carried out in a probe Cs-corrected scanning transmission
electron microscope Jeol ARM 200 CF equipped with an SDD Jeol Centurio Energy-dispersive X-ray
(EDX) spectrometer. The operation voltage was set to 200 kV. High Angle Annular Dark Field
(HAADF) images were taken with 68 and 180 mrad for inner and outer semiangles. Convergence
angle was set to 25 mrads.

Identical Location Transmission Electron Microscopy (IL-TEM)):

The electrocatalyst suspension (1 mg mL) was ultrasonicated for 15 minutes and diluted 10
times (100 ulL of the suspension, 900 uL of Mili-Q water). After additional 5 minutes of
ultrasonication (diluted suspension), 5 uL of the suspension was deposited on Au-grid (Plano Au
finder grid (NH7) coated with a Lacey carbon film). Once dried, the grid was inspected under TEM.
Several spots were registered in the finder grid under TEM and STEM. Locations of the spots were
recorded at different magnifications to facilitate the afterward tracking. EDX maps and line scans
were performed spending the minimum time to avoid any possible beam damage. The grid was
afterward removed from the microscope to perform the electrochemical tests as following. After
the inspection, the grid was mounted on a glassy carbon disc, embedded in Teflon (Pine
Instruments) with a geometric surface area of 0.196 cm?. Electrochemical activation was conducted
in a two-compartment electrochemical cell in a 0.1 M HCIO4 (Merck, Suprapur, 70 %) electrolyte
with a conventional three-electrode system controlled by a potentiostat (Compact stat, Ivium
technologies). The electrode was mounted on the rotator (Pine Instruments). The electrode was
placed in Ar saturated electrolyte under potential control at 0.05 V (vs. RHE). The electrocatalyst on
the Au-grid was electrochemically activated for 200 cycles between 0.05 and 1.35 Vrue With a scan
rate of 300 mV s. All potentials are given against the reversible hydrogen electrode (RHE). After
electrochemical activation, the Au-grid was dipped into fresh Mili-Q water and left to dry at room
temperature. Once dried, the gird was once again inspected under TEM and STEM. IL was identified
by the low magnification images which hold marked locations of previously analyzed areas on the
TEM grid labeled with letters. The images and the EDX spectra are then taken under the same
conditions as previously.

Electrochemical flow cell coupled to ICP-MS (EFC ICP-MS)

A replica of BASi electrochemical flow cell (Cross-Flow Cell Kit MW-5052) made of TECAPEEK
material was coupled with an Agilent 7500ce ICP-MS instrument (Agilent Technologies,Palo Alto,
USA) equipped with a MicroMist glass concentric nebulizer and a Peltier-cooled Scott-type double-
pass quartz spray chamber. A forward radio frequency power of 1500 W was used with the following
Ar gas flows: carrier 0.85 L min't, makeup 0.28 L min%, plasma 1 L min’, and cooling 15 L min™.
HCIO4 (0.1 mol L%, Merck, Suprapur, 70 %) carrier solution for the electrochemical experiments was
pumped at 263 L min? by using a peristaltic pump into the BASi EC flow cell and then directly into
the nebulizer of the ICP-MS. The carrier solution and electrochemical cell were electrically grounded
with respect to the ICP-MS to minimize the possibility of ICP-MS response spikes from static charging
at the peristaltic pump rollers. The ICP-MS was tuned for high sensitivity to obtain the best possible
signal-to-noise ratio for the measurements. The concentration of catalyst suspension was set to
1 mg mLL. The suspension was drop-casted by micropipette over one of the GC electrodes and
stabilized by a 5 pL of Nafion® (5 wt.% water suspension) diluted by isopropanol (1/50). Second GC
electrode was used as a counter electrode. The orientation of the working electrode (WE) and
counter electrode (CE) was adjusted so that WE was placed after CE in direction of the electrolyte
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flow. An electrochemical protocol performed consisted of 200 cycles (300 mV s!) between 0.05 and
1.35 V.

Monte Carlo simulations

Kinetic Monte Carlo (KMC) modeling was performed by simply applying Arrhenius equation for
the overall bond energy of the atom (first: activation energy is depended on bond type; second: the
overall bond energy of the atom is rising with number of neighbors). In the iterative loop atom was
randomly chosen to perform specific process (dissolution or diffusion) which corresponds to
updated crystal mesh. The loop was running until the specific dealloying time was achieved (for
more details look in ref. “Atomically resolved dealloying of structurally ordered Pt nanoalloy as
oxygen reduction reaction electrocatalyst”). By varying initial chemical compositions, atoms
distribution and shape/size of the nanoparticles, obtained by TEM and EDX observations, KMC
simulations resulted in different morphological changes.

Results and discussion

We prepared three PtCus/C analogs: (i) the starting or as-prepared PtCus/C, (ii) Pt-doped PtCus/C
and (iii) Au-doped PtCus/C. For the preparation of the last two samples, the first one was used as a
precursor. This means that all samples have the same particle size distribution. Since Pt and Au are
more noble than Cu [31] the galvanic displacement can occur. Therefore, some surface superficial
Cuisreplaced by Pt and in the last sample by Au cations form the solution. This results in the removal
of less than 1 % of Cu. The additional annealing step is needed for the formation of the Pt or PtAu
skin [14]. For this reason, we can also consider that the composition of the three samples is very
similar. The idea behind doping of PtCus/C nanoparticles skin was to study the effects caused by
very small additions of Au, and also Pt as a reference point.

First cyclic voltammograms (Fig. 1a), which is a part of the electrochemical activation (EA)
protocol of 200 cycles, 300 mV s, 0.05 — 1.35 Vgye, performed with TF-RDE shows comparison of
Cu dealloying in the first cycle of the EA. By measuring the charge obtained in the first cycle of EA
(Fig. 1a), we notice that in the case of both Au and Pt decoration, the total amount of dealloyed Cu
is smaller compared to the as-prepared PtCus/C. This is a direct proof of successful galvanic
displacement of superficial Cu. The success of galvanic displacement is further confirmed by the
presence of an additional Au peak at approximately 38.5 ° 24 (Fig. 1c, dash blue), while we cannot
observe any additional peaks in the case of Pt decoration which points towards too small size of the
Pt clusters (Fig. 1b, dash red). Surprisingly, there is a visible difference in the intensity of both pm3m
peaks (PtCus ordered phase) upon decorating with both Pt and Au. After annealing, Au doping is
shown to have an effect on the bulk structure of the PtCus nanoparticles by further decreases the
intensity of the peaks corresponding to the pm3m phase, while also slightly broadening the peaks
corresponding to the fm3m phase (Fig 1c, blue). The phenomena could be directly correlated to the
doping process itself, as it could point towards Au acting as an impurity in the crystal lattice of the
PtCus nanoparticles and consequently decreasing the average size of a domain. One can also notice
that the peak for pure Au disappeared, while there is an appearance of weak new peaks that most
likely correspond to the small number of small-ternary nanoparticles. The same phenomena cannot
be noticed in the case of Pt doping, where we don’t observe any major changes to the crystal lattice
upon annealing (Fig. 1c, red). Although we are dealing with very similar size distribution, we observe
a huge difference in the case of the electrochemically active surface area (ESA) (Fig. 1d). This is due
to the decreased degree of porosity in the case of the Au-doped PtCus/C analog [25].
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Figure 1. (a) first cyclic voltammogram of EA of (i) as-prepared PtCus/C, (ii) decorated PtCus/C and doped
PtCus/C analogs, (b) and (c) powder XRD comparison (colors and patterns match the legend in figure a) and
(d) ESA measurement (from CO stripping) after EA of (i) Au-doped PtCus/C and (ii) Pt-doped PtCus/C.

Formation of porous nanoparticles in the case of Pt-doped PtCus/C analog results in the increase
in the ESA. This surface area is, however, not stable due to the coarsening of the porous structure
even at mild degradation simulations till 1 Vgue [15]. This is nicely seen from the Fig. 2 where ESA of
both analogs after degradation is limiting towards a similar value. Fig. 3a shows the drop of the
specific activity of both doped analogs. Au-doped PtCus/C analog exhibits about 25 % lower initial
specific activity. We presume that this is due to the increased activity of the porous nanoparticles
on account of the confinement effect [32]. However, as can be seen in the same figure, the specific
activity is decreasing faster for the Pt-doped sample. This is because of the increased loss of Cu and
the fact that porous particles are not stable [15]. The trend indicates that further degradation would
result in the faster loss of specific activity, as well as ESA of the Pt-doped PtCus/C analog.

Removal of the Cu from the two doped PtCus electrocatalysts was measured by energy-dispersive
X-ray spectroscopy detector in the SEM (SEM-EDX). In Fig. 4 it is clearly seen that Au-doped PtCus/C
analog losses much less Cu upon EA and also upon all follow-up degradation protocols. EFC-ICP-MS
measurements (Fig. 5a) directly prove the enhanced retention of Cu from the Au-doped PtCus/C
analog. Leached Cu cations present a serious threat to the real application of PEM FC. It can increase
the internal resistance of polymer membrane and can also poison the electrocatalyst active Pt
surface [1-4]. And on the other hand, retention of Cu is essential to sustain enhanced ORR activity
via ligand and/or strain effects [13]. The negative effect of Cu dealloying under long-term PEM FC
operating conditions (e.g., simulated via degradation protocol of 50 000 cycles, 0.4 — 1.0 Vgueg, 1V s
1) can be visible in the change of the slope of ORR polarization curve (Fig. 5b) in the case of Pt-doped
PtCus/C analog.
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Figure 2. The absolute decrease of ESA of the two doped PtCus analogs: Au-doped PtCus/C and Pt-doped
PtCus/C upon different degradation protocols. (a) Comparison of ESA for both analogs when varying the
upper potential limit of the degradation protocol (0.05 — 1.X Vrug, X = 0, 2, 4), while keeping number of
cycles constant and (b) comparison of both analogs when varying the number of cycles (10 000 and 50 000),
while keeping the upper potential limit of the degradation protocol constant. Both analogs were
electrochemically activated prior to each degradation protocol.

Such a change in slope can be explained by the redeposition of dealloyed and subsequently
underpotentially deposited Cu (Cuypp) [21]. Furthermore, when comparing CO stripping of Pt-doped
PtCus/C, a slight but clear decrease in ESA is observed (Fig. 5c,d). That further proves the sintering
of the pores even under mild degradation conditions. On the other hand, the slope of ORR
polarization curve in the case of Au-doped PtCus/C analog hasn’t changed (Fig 5b). This further
proves the benefit of higher Cu retention. Additionally, full ESA has been retained (Fig. 5d) in
comparison to the CO stripping experiment after EA (Fig. 5c).
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Figure 3. Loss of specific activity of the two doped PtCus analogs Au-doped PtCus/C and Pt-doped PtCus/C
upon different degradation protocols. (a) Shows comparison of specific activity for both analogs when
varying the upper potential limit of the degradation protocol (0.05 — 1.X Vrue, X = 0, 2, 4), while keeping
number of cycles constant and (b) shows comparison of both analogs when varying the number of cycles
(10 000 and 50 000), while keeping the upper potential limit of the degradation protocol constant. Both
analogs were electrochemically activated prior to each degradation protocol.
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Figure 4. SEM-EDX measurements of Cu loss, % of the two doped PtCus analogs: Au-doped PtCus/C and Pt-
doped PtCus/C upon different degradation protocols. (a) Shows comparison of Cu loss, % for both analogs
when varying the upper potential limit of the degradation protocol (0.05 — 1.X Vrug, X = 0, 2, 4), while
keeping number of cycles constant and (b) shows comparison of both analogs when varying the number of
cycles (10 000 and 50 000), while keeping the upper potential limit of the degradation protocol constant.
Both analogs were electrochemically activated prior to each degradation protocol.
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Figure 5. (a) Shows EFC-ICP-MS measurement of Cu dealloying from the two doped PtCus/C analogs during
200 cycles of EA (300 mV/s, 0.05 — 1.35 Vryue). (b) Shows polarization ORR curves after both the activation
and degradation experiment in O; saturated electrolyte (0.1 M HCIO,). CO stripping of Pt & Au-doped
PtCus/C electrocatalysts after (c) 200 cycles of EA (0.05 — 1.35 Vrug, 300 mV s™?) and after (d) 50 000 cycles of
degradation (0.4 — 1.0 Vrue, 1V s2).

Transmission electron microscopy investigation confirms the results above on the sub-nano-
scale. Pt-doped PtCus/C analog exhibits extensive porosity formation and shrinkage in diameter as
a result of Cu dealloying. In Fig. 6 IL-STEM HAADF images of the same Pt-doped nanoparticle before
and after activation dealloying is shown. Line scan EDX profiles clearly confirm the formation of
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pores. Careful observation of the Pt line profile (red curve in Fig. 6) reveals the formation of the Pt
surface enrichment. Kinetic Monte-Carlo simulations of dealloying process of the same size PtCus
nanoparticle are in fascinating accordance with the IL-STEM images. As an input parameter, the
PtCus nanoparticle already had two monolayers of Pt on the surface. If either none, one or three
monolayers were chosen, results did not resemble the ones observed in the IL-STEM images [25].
For this reason, we presume that as-synthesized Pt-doped sample has, on average, already 2
monolayers of Pt on the surface. This atomistic insight into PtCus dealloying was only possible due
to the coupling of the advanced characterization techniques with computer simulations.
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Figure 6. IL-STEM EDX line scan (top), HAADF image (middle) and Kinetic Monte Carlo simulations (bottom)
of the same Pt-doped PtCus electrocatalyst before and after EA. An increase in the thickness of the Pt skin is
observed after EA, additionally, faceting and pore formation are observed.

For the Au-doped PtCus/C analog no porosity is observed (Fig. 7). This is in complete accordance
with the previous results showing much lower Cu removal. Careful inspection of the IL-STEM HAADF
(yellow dot circle around the particle in Fig. 7) also reveals small shrinkage and the formation of
facets [13]. EDX Cu line profile indicates that negligible amount of Cu was removed at the activation
protocol, unlike in the case of the Pt-doped sample. Again, the formation of Pt or probably PtAu skin
is evident. Monte-Carlo simulation indicates that 4 monolayers of noble atoms (Pt and Au) are
present on the surface. As an approximation, here the surface diffusivity of Au and Pt were chosen
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to be the same. However, it is known from the literature that Au surface mobility is faster compared
to Pt and has, therefore, better ability to “heal” the surface [33]. Therefore it is less probable that
the porosity formation takes place even with the same thickness of pure Pt layer [17]. The formation
of the facets is also seen in the Monte Carlo simulation.
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Figure 7. IL-STEM EDX line scan (top), HAADF image (middle) and Kinetic Monte Carlo simulations (bottom)
of the same Au-doped PtCus electrocatalyst before and after electrochemical activation. An increase in the
thickness of the Pt skin is observed after EA, but only faceting and no pore formation is observed.

The formation of the PtAu skin is also observed in the IL-STEM and IL-EDX elemental map images
of the same Au-doped PtCus nanoparticles before and after electrochemical activation protocol in
Fig. 8. In the IL-STEM images, the formation of more defined edges and also facets is seen (i.e.,
faceting) [13,16]. This is in accordance with Fig. 7. In IL-STEM HAADF the intensity of the edges is
brighter, which indicates the presence of the metal with higher Z like Pt and Au. This is confirmed
by the IL-EDX elemental map. Careful observation also reveals the enrichment of the Pt on the
surface even before the dealloying. This is in accordance with the Monte Carlo simulation results in
Fig. 7.
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Figure 8. IL-STEM Bright Field (top), IL-STEM High Angle Annular Dark Field (middle) and EDX
elemental mapping (bottom) of the same Au-doped PtCus electrocatalyst before and after EA.
Notice the etching of the surface in the particles and the increase of Pt skin thickness after EA.

In the Fig. 9 the exact atomic composition of the representative activated Au-doped PtCus
nanoparticle is measured with longer EDX elemental mapping and EDX line scan exposure. This was,
however, avoided in the IL-EDX experiments to prevent alteration or damage of the nanoparticles
structure by the electron beam. This is also the reason why Au signal could not be distinguished
from the dominant Pt signal. Au is distributed over the entire crystal lattice of the nanoparticle.
However, it can be presumed from the flat shape [34] of the Au line scan (Fig. 9c) that the
concentration of Au lowers when moving from the surface towards the core. If Au was uniformly
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distributed, Au line scan would resemble the shape of the Cu scan. We can also distinguish that the
surface is formed from at least 5 monolayers of PtAu skin (Fig. 9b).
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Figure 9. (a) EDX elemental mapping, (b) HAADF intensity line profile across particle and (c)
line elemental scans of the Au-doped PtCus dealloyed nanoparticle.

Conclusions

Two completely comparable materials which differ only in the small amount of noble metal
addition (Au or Pt) have been prepared from the initial 5 g bath of highly active intermetallic ordered
PtCus/C electrocatalyst. In contrast to Pt doping (specific activity = 2 mA cm2p), Au doping of the
PtCus/C electrocatalyst results in approximately 25 % lower initial specific activity, as well as lower
ESA due to inhibition of porosity formation during 200 cycles of EA (0.05 — 1.35 Vgrug, 300 mV s?).
However, upon the degradation till 1.2 Vrue or higher, the difference between both Pt and Au-doped
PtCus/C analogs becomes negligible because Au-doped PtCus/C analog exhibits much better
stability, or in other words much lower stability of Pt-doped PtCus/C analog. The increased stability
of Au-doped PtCus/C analog is due to the prevention of the porosity formation and due to higher
Cu retention. The most impressive result of the current study is the much-improved retention of Cu
that presents potentially serious issues in the real PEM FC applications.
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Abstract

A method for thermal ramp experiments on cylindrical 18650 Li-ion cells has been
established. The method was applied on pristine cells as well as on devices aged by
cyclisation or by storage at elevated temperature respectively. The tested cells comprise
three types of LiNio.sCoo.15Al0.050; cells for either high power or high energy applications.
The heat flux to and from the cell was investigated. Degradation and exothermic
breakdown released large amounts of heat and gas. The total gas and heat emission from
cycled cells was significantly larger than emission from cells aged by storage. After aging,
the low energy cell ICR18650HE4 did not transgress into thermal runaway. Gas
composition changed mainly in the early stage of the experiment. The composition of the
initial gas release changed from predominantly CO, towards hydrocarbons. A comparable
mixture of H,, CO and CO, were emitted in all tests during thermal runaway.

Keywords
Battery characterisation; thermal runaway; gas analysis; heat quantification

Introduction

Recent events like burning phone batteries, notebook computers and battery fires on planes and
electric car incidents have shown the intrinsic hazard potential connected to lithium ion battery
systems [1-5]. The high energy density of these devices also implies the risk of catastrophic failure
in case of malfunction. Safety and risk related issues thus are not only of concern for end users, but
also for producers of cells and battery packs and for transportation policy makers [6]. In Li-ion cells
the two highly reactive electrodes are separated by a thin polymer separator to prevent direct
contact. lonic conductivity is achieved by an organic aprotic solvent containing the conducting salt.
Electrolyte flammability further increases the volatility of this particular electrochemical system.
Accumulation of heat within the cell, i.e. either excessive external heat influx or heat generation
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surpassing the ability of dissipation, poses a serious threat to the integrity of the device [7,8].
Thermally induced degradation processes comprise the evolution of gas from evaporation and
degradation of the electrolyte, melting of the separator leading to internal short circuits, changes
of the electrodes’ structure releasing oxygen and lithium respectively and other fast self-
accelerating exothermic reactions leading to thermal runaway [9-14]. Lithium ion cells not only
offer a higher energy density but also more resistance towards aging than other types of
electrochemical secondary cells like Pb-acid batteries and NiMH systems [15—-17]. Aging affects the
overall capacity by loss of active material and decay in conductivity and reactivity. After reaching
their end of usability, Li-ion cells are still reactive and potentially dangerous devices though.

Due to their importance and intrinsic risks, lithium ion cells and battery systems are subjected to
rigorous testing. Most of these tests provoke thermal issues by short circuiting, heating, decay of
components or combinations of these damaging effects. Widely applied mechanical testing
methods involve dropping cells from defined altitudes (drop tests), crushing or piercing cells with
conductive (nail tests) and non-conductive (wedge/crush tests) tools [6,18—20]. Electrical testing is
performed by overcharging, deep discharging and externally short circuiting the cells [6,20-22].
Most thermal stress tests are conducted by heating the cells continuously (thermal ramp tests),
step-by-step (heat-wait-seek tests) or subjecting the devices to thermal shock [6,9,10,23,24].
Investigation of thermal characteristics, especially heat flux, is typically performed using calori-
metric methods like cone calorimetry or accelerated rate calorimetry (ARC) [8,24—28]. Most com-
monly, tests are conducted on a single cell level [29—-31], but fire tests on battery packs and full size
electric vehicles are also reported in the literature [32]. In these tests, cone calorimetry is usually
employed to gain insight into the burning and fire evolution under air atmosphere [33]. Thermal
degradation of battery components and single cells is performed using adiabatic calorimetry. The
complex nature and high reactivity of lithium ion cells, especially during the fast gas release by rapid
degradation reactions, raises the need for specialised equipment and specific operating procedu-
res [33—-35].

Investigations into the behaviour of aged cells under thermal stress in comparison to pristine
ones are part of this work. Our group compared the heat and gas emissions of commercial cells of
the cylindrical 18650 format in previous studies [9,10,36]. In this work, the tested cells comprise
pristine devices as well as cells artificially fast-aged by cycling and cells aged by storing them at 60 °C.
80 % of remaining capacity was set as termination criterion for aging. This limit corresponds to the
drop-out criterion for automotive application of Li-ion cells. The fully charged cells (state of charge,
SoC = 100 %) are heated continuously by an external heat source in order to trigger thermally
induced failure. The quantification of heat consumed and released from the device under test is
performed at points of rapid temperature change. A time resolved acquisition of the venting
behaviour enhanced the understanding of gas evolution. Due to the quasi-adiabatic conditions at
the points of interest, reproducible data has been collected. Characteristic events like initial sudden
gas release, the onset temperature of exothermic behaviour, the transgression into thermal
runaway and the rapid cell deflagration have been identified. These events are subsequently used
for accurate gas sampling to gain additional insight into the degradation of lithium ion cells at
elevated temperature.

Experimental

A custom made test rig for thermal ramp tests on cylindrical lithium ion cells of the 18650 format
was used for all of the experiments. Detailed information on the test rig has been published in RSC
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Advances in 2017 [9].The test rig consists of a tube furnace equipped with a stainless steel tubular
reactor for heating the cell. Inert gas (N) is used for purging the system and as a carrier gas stream
for transporting the gaseous emissions towards the gas sampling device. Characterisation of the
emission profile and gas sampling are performed by separate experiments on the same cell type.
No carrier gas is used for determining the emission profile. The test rig is flushed with inert gas and
left at ambient pressure. By switching to a set of communicating vessels, gas emissions directly
displace fluid from the tubes. The mass of the displaced water is directly quantified by weighing and
directly corresponds to the volume of released gas. A time-resolved characterisation of the gas
emission is achieved by this setup.

Gas sampling is achieved by a syringe pump withdrawing a sample from the off-gas stream and
transferring it into a sample vial via a multi-port valve. After the sampling operation, the valve is
automatically switched and a new vial becomes available for sampling. The previously filled vial is
taken to the ex-situ gas analysis by micro-GC (Agilent micro-GC 3000, USA). This method is used to
collect gas samples at defined points of interest during the experiment. The first, sudden gas
emission (first venting), the consecutive exothermic phase and the terminal venting after thermal
runaway are considered points of interest in this work. Figure 1 shows the generic profile of a
thermal ramp test.
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Figure 1. Generic overview containing the characteristic events on the temperature curve and
the corresponding gas emission profile

The cells tested within this work were NCR18650BF, INR18650-35E and ICR18650HE4. All these
cells consist of LiNipgCoo.15Alp0s02 cathodes and graphite anodes. Although NCR18650BF and
INR18650-35E are similar in regards of energy density, the cells are working quite differently, as the
three types of 18650 cells show different application profiles (Table 1). Cells were used in pristine
or artificially aged condition. Aging was carried out either by cyclisation or storing cells at 60 °C until
a remaining capacity of 80 % was reached. The cells were cycled four times for determination of the
capacity during storage. All cells were prepared by charging to 100 % of state of charge according
to the manufacturer’s data sheet applying a constant current/constant voltage charging routine. A
BaSyTec Battery Test System (BaSyTec GmbH, Germany) was used for conditioning the cells. After
charging, the plastic cover was removed, and the cell’s mass was recorded. Three type-K
thermocouples were fixed to the can by a sheet of glass fibre cloth. This sheet also acted as
insulation material preventing short circuiting of the cell within the stainless steel sample holder.
The sample holder both allowed reproducible positioning of the cell under test within the tubular
reactor and leaving enough space for unhindered gas and particle emission.
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Table 1. Cells tested within the study; the application profile was established on base of the maximum
discharge current and energy content calculated from manufacturer datasheets.

Cell Mass, g Capacity, Ah Energy,)  Application profile

NCR18650BF 44.87 3.35 43404 Long runtime at low power consumption
INR18650-35E 47.70 3.35 45386 High power and high energy applications
ICR18650HE4 45.50 2.50 32416 Short runtime at high power consumption

Flushing the reactor and piping with inert gas (N2; 1 | mint, 20 min) purged the system of air. The
furnace was preheated to 80°C. Then a heating ramp of 70 W (corresponding to approx.
0.5 °C min'!) was applied until the terminal venting of the thermal runaway and cell deflagration
occurred. Continuous heating led to electrolyte degradation and evaporation, initiating pressure
build-up within the can. To prevent uncontrolled cell rupture caused by the pressurisation of the
cell by gaseous degradation products, cells of the cylindrical 18650 format are equipped with a
safety rupture disk. Breaking of this disk relieved critical pressure. This event of first gas release is
denominated first venting within this work. Further application of external heat influx induced a
degradative condition where the cell itself became a heat source — the exothermic phase was
reached. From the exothermic phase a rapid transgression into the thermal runaway was
observable. As there are no specifications on thermal runaway of electrochemical devices found in
literature, a self-heating rate of >2 °C min™! had been chosen in this work to define the beginning of
thermal runaway. This very fast, self-accelerating exothermic breakdown of cell components was
characterised by a final release of large amounts of gas and heat, consuming the reactive
components of the cell. After this deflagration event, the cell under test cooled down to reactor
temperature, as indicated in Figure 1.

Basic information on a cell type was gained by a test at ambient pressure under nitrogen
atmosphere with no set gas flow. Any gas release increased the pressure within the system,
displacing water from the communicating tubes. This type of experiment yielded the gas emission
profile as well as the thermal features of the cell, i.e. the critical temperatures of the first venting,
onset of exothermic behaviour, transgression into thermal runaway and the maximum temperature
during cell deflagration. Previous studies of our group have shown that the characteristic events are
reproducible at the temperatures found for each type of cell [9]. Thus, the follow-up test was
conducted using a nitrogen carrier gas stream of 70 cm? min! to transfer the gaseous degradation
products from the site of emission to the sampling device. An automated syringe pump was
actuated at the characteristic temperatures to withdraw a gas sample at this point. The sample was
fed into sealed and argon purged vials by means of a motorised multiport valve. This method
combined the timed accuracy with the reproducibility of automatized gas sampling from the vent
gas stream. Once the individual vials were filled with vent gas, they were collected, and the ex-situ
analysis was carried out on a micro-GC system set up for the quantification of H,, CO, CO3, CH4, C2H,,
C;H4 and CyHe. Designed as a two-column system, argon and helium were used as carrier gases
within the gas chromatograph. This setup made argon a viable filling gas for the “empty” sample
vials, as it did not interfere with the analysis.

Results and discussion

Thermal characterisation and characteristic events

The characteristic events were determined by interpretation of the cell’s (self-)heating rate. The
first venting was related to the appearance of a negative heating rate, as the Joule-Thomson effect
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cooled the cell. The point of inflexion in the rate vs temperature plot indicated the transgression
into exothermic behaviour. A (self-)heating rate of 22 °C min was defined to be the initiation of
thermal runaway. An exemplary rate vs temperature plot is shown in Figure 2.
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Figure 2. Rate plot of INR18650-35E (pristine), indicating the characteristic events and the
corresponding phases of exothermic behaviour and thermal runaway (TR).

Calculation of the heat consumption and emission during the first venting incident and the
thermal runaway was calculated from the temperature of the cell in relation to the thermal ramp at
the respective points due to the quasi-adiabatic nature of these events. An overview of the cell
temperature at the characteristic events is given in Table 2. Table 3 offers detailed information on
the heat consumption and release as well as the gas emission at the respective events. Figure 3
shows the comparison of the cells under test at different states of aging. Aging effects are clearly
visible in the trends of decreasing heat transfer during venting and thermal runaway respectively.
The volumetric gas release does not show any clear trend. Heat calculations were performed in
reproducible manner in three distinct experiments for each cell.

Table 2. Temperature of the tested Cells at the characteristic events; Status indicates whether a cell is
pristine (a) or aged by either cyclisation (b) or storage at 60 °C (c); Tvent relates to the cell temperature upon
the first venting, Tonser is the temperature during the exothermic onset, Trr is the temperature, at which
thermal runaway was imminent and Tyax is the maximum temperature recorded during thermal runaway.

Cell Status Tvent / °C Tonser / °C T/ °C Twmax / °C
NCR18650BF a 134 124 172 771
INR18650-35E a 135 115 171 695
ICR18650HE4 a 118 113 204 690
NCR18650BF b 139 125 177 681
INR18650-35E b 136 135 175 702
ICR18650HE4 b 116 182 203 373
NCR18650BF o 138 119 174 618
INR18650-35E o 136 135 172 687
ICR18650HE4 o 121 112 n.a. n.a.

Gas release during the first venting is roughly dependent on the capacity of the cell, though the
venting characteristic of NCR18650BF (new) does not fit into the scheme. The heat consumption of
the first venting (Quent) is highly consistent. Though NCR18650BF and INR18650-35E have
comparable energy content, INR18650-35E consumed considerably less energy for venting. The
significantly lower energy content — indicating the lowest reactivity — of ICR18650HE4 was directly
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reflected by the lowest gas emission and heat consumption. The progress of the thermal runaway
was consistent in regards of gas and heat release. INR18650-35E also showed lower emissions than
the comparable NCR18650BF.

Table 3. Heat and gas characteristics of the tested cells; Status indicates whether a cell is pristine (a) or
aged by either cyclisation (b) or storage at 60 °C (c); Vvenr and V1z give the amount of gas at the first venting
and the thermal runaway respectively; Quent and Qzr show the relevant heat transfer; Quent re and Qrr get
indicate the amounts of heat for the venting and thermal runaway relative to pristine cells; Vrora. gives the
total gaseous emission for the duration of the test

Cell Status Vvent/cm?® Quent/J  Quentrer/ % Vi /cm® Qr/J  Qumwrer/ % Viora/ cm?
NCR18650BF a 61 -212 - 5261 25541 - 5637
INR18650-35E a 167 -136 - 5491 23682 - 5680
ICR18650HE4 a 83 -103 - 2899 21126 - 3381
NCR18650BF b 212 -148 70 4967 22192 87 5246
INR18650-35E b 151 -134 99 5493 17165 72 5795
ICR18650HE4 b 31 -79 77 172 7876 37 378
NCR18650BF C 212 -135 64 5242 20624 81 5610
INR18650-35E C 67 -78 58 5816 14482 61 5879
ICR18650HE4 C 68 -60 58 n.a. n.a. n.a. 69
250 30000
a b ¢ a b ¢ a b ¢ a b ¢ a b« a b ¢
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Figure 3. Volume of released gas and heat transfer for pristine devices (a), cells aged by cyclisation (b) and
cells aged by storage at 60 °C (c). The left diagram compares the first venting incident; the right diagram
compares the thermal runaway. Note that heat transfer during venting is heat consumption; heat transfer
during thermal runaway is heat release.

This indicates an overall reduced reactivity of this type of cell. The low energy ICR18650HE4
degraded most severely during aging. It showed significantly lower gas and heat emissions and did
not transgress into thermal runaway after aging by storage at 60 °C. Though the tested cells have
the same electrode chemistry, the respective behaviour under thermal strain is different. Non-only
does the electrochemically active material influence this behaviour, but also other components like
the separator material and thickness, the susceptibility of the rupture disk, etc. Separators with
higher thermal stability prevent internal short circuits until higher temperatures are reached,
making the cell itself more resistant towards thermally induced failure. Venting at lower internal
pressure eases the mechanical strain on the cell components. These factors have an influence on
battery safety in addition to reactions within cells of similar chemical composition. In regard of
reactivity loss, aging by storage at 60 °C appeared to have a more degrading effect than cyclisation.
This is indicated by the lower heat consumption and emission of cells aged this way, as shown in
Table 3. Total emission of gas over the duration of the experiment consisted of gas release from the
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first venting after the safety rupture disk had opened, the slight gas release during the exothermic
phase and the violent venting marking the terminal phase of thermal runaway. The total emission
of gas is thus larger than the sum of Vyent and Vrg.

Gas analysis at characteristic events

Gas samples were collected at the characteristic events of first venting, during the exothermic
phase and after the thermal runaway. Figure 4 depicts the vent gas composition for the character-
ristic stages of sampling (vertical separation) and different conditions (horizontal separation).

mH2 Cco mCO2 CH4 m C2H6 = C2H4 C2H2

First venting Exothermic phase Thermal runaway

Figure 4. Vent gas compositions at first venting, exothermic phase and thermal runaway, given for pristine
specimens, cells aged by cyclisation and cells aged by storage at 60 °C. Note that ICR18650HE4 did not go
into thermal runaway after aging by storage.

Main component of the vent gas after the first release of gas was CO»; ICR18650HE4 also released
other gases like Hp, CO and CH4 in larger concentrations than 10 %. Aging by storage drastically
changed the vent gas composition at this stage, as most of the detected gas was C;H, for all the
cells. The exothermic phase was characterised by large quantities of CO,. Most aged cells also
emitted 10 % or more of H, and CO. The cycled NCR18650BF did not exhibit any CO but C,-
hydrocarbons like ethane and ethene. Gas emissions during the final stage of thermal runaway were
roughly similar for all the tested cells. ICR18650HE4 showed deviations here, as the cell released
larger quantities of CO; after aging by cyclisation and did not go into thermal runaway after aging
by storage at 60 °C. This means that no gas sampling was carried out.

Gas evolution is determined by numerous factors. Decay and regeneration of the SEl layer at
various states of health, reaction temperature as well as pressure within the cells influence the gas
evolution and composition. Degradation of components like the organic electrolyte and consecutive
gas formation within the cell during aging is not observable by the test setup, until the rupture disk
gives in. A gas mixture formed during aging as well as degradation by elevated temperature is
collected by the system. CO; is mainly deriving from decarboxylation of the organic carbonate
electrolyte; CO is attributed to oxidation of carbonaceous species by oxygen released from the oxide
electrode. The H, emission appears to be a product of the reduction of H,O deriving from the
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combustion of carbohydrates. Detailed mechanisms on the gas formation within the complex
system of a Li-ion cell under thermal stress were not in the direct focus of this work and will be the
aim of future investigations.

Safety considerations

In regard to safety, cells of large heat consumption during venting are considered as safer due to
the possibility of cool-down below a critical level. Low emissions of heat during the thermal runaway
also mark safer cells, as less heat is then spread through a battery pack or system. The evolution of
gas also has to be considered, as large quantities may both exert mechanical strain on components
and pose a danger due to toxic effects, fire and explosion. Large quantities of gas containing high
concentrations of flammable gases, e.g. H,, CO and hydrocarbons, which are in part highly toxic
(e.g. CO), were detected in the vent gas of all cells. Thermal runaway is thus considered a highly
dangerous condition also in regards of gas emission. Even cells which have reached the drop-out
criterion of 80 % remaining capacity are still potentially hazardous. Safety is not determined by a
universal feature — critical conditions transform devices regarded as safe into critically unsafe pieces
of technology.

Conclusions

Lithium ion cells are highly susceptible to thermal stress. Inducing thermal stress by means of a
tubular furnace allowed studying the associated effects in a detailed and reproducible way.
Operation of the test rig under ambient pressure prevented pressure induced side reactions and
created a safe and easy way to determine a gas emission profile. An estimation of the characteristic
events was achieved based on these data. These events comprise the first venting, i.e. the release
of gas from the previously sealed cell, the exothermic phase when the cell itself becomes a heat
source and the thermal runaway. Thermal runaway of electrochemical devices is not defined in
literature, thus a self-heating rate of >2 °C min is used in this study. Three types of 18650 format
cells were conditioned for operation — NCR18650BF, INR18650-35E and ICR18650HE4. Tests were
conducted on pristine cells, devices aged by cyclisation and devices aged by storing them at 60 °C.
All tests were carried out on fully charged cells.

The characteristic events were verified by investigating the (self-)heating rate of the cell. A
sudden drop to negative rates was directly related to Joule-Thomson cooling initiated by gas
expansion form the pressurised can. The inflexion in the heating rate signified the transgression into
self-heating and thus the onset of the exothermic phase. Thermal runaway started at a self-heating
rate of 2 °C mintand progressed towards total breakdown of the cell and its components, releasing
large quantities of gas and heat. The heat consumed for venting and emitted in the thermal runaway
had been calculated from the respective temperatures relative to the thermal ramp. Aging by
storage at 60 °C showed the largest influence on the reactivity in regards of the heat and gas
emissions. Cells aged this way showed the lowest emission of heat in comparison to new cells —81 %
for NCR18650BF, 61 % for INR18650-35E and no thermal runaway in case of ICR18650HE4. Gas
release was only affected in the low energy cell ICR18650HE4. This device degraded the most and
after aging by cyclisation it released 6 % of the volume compared to the pristine specimen. As for
ICR18650HE4 aged by storage no thermal runaway was observable, no gas emission took place. We
suppose that cells of similar chemistry and energy density react differently because of non-
electrochemically active components like the separator setup and also because of the early venting
behaviour. Thermally resistant separators shift the initiation of catastrophic internal short circuit to
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higher temperature; venting releases mechanical strain on the cell components and also cools the
cell. Investigation on these components is going to be conducted in the future.

Gas samples were taken at the characteristic events and analysed ex-situ. Analysis showed fairly
similar behaviour for all of the cells within the same condition. Aging by storage at 60 °C led to the
emission of a large proportion of CoH; during the first venting. CoH» is a gas observed only in traces
in all other tests and situations. The evolution of C,-hydrocarbons appears to be tightly connected
to the degradation of electrolyte. The quantity of hydrocarbon emission is larger in cells aged by
storage. As these cells exhibit comparable temperature at the first venting incident, it is assumed
that the formation is favoured by degradation before the event, i.e. during the aging process. The
main component of the vent gas during thermal runaway was CO, making the vent gas a flammable
and toxic mixture. It poses a high risk of fire and explosion in regard to the high temperature
associated with the event of thermal runaway.

Battery safety cannot be attributed to single features. In respect to cool-down capability during
venting, heat emission during thermal runaway and gas evolution during the thermal breakdown,
cells can be defined as safe. As not all types of cell show all safety criteria, e.g. a large cool-down as
well as low heat emission and the release of low quantities of mainly CO,, cells are not universally
safe. Two methods for aging Li-ion cells to reach the automotive drop-out criterion of 80 %
remaining capacity were applied. Aging did decrease the heat release from the cells, but still they
posed a threat in case of thermally induced failure. The low capacity ICR18650HE4 cells exhibited
the least reactivity after aging by storage, making them somewhat safer under these conditions.
This of course comes at the price of low energy density in the first place.
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