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Preface

According to the definition, electrochemical cells are the devices transferring electrical
energy from chemical reactions into electricity, or helping chemical processes through
the introduction of electrical energy or electrical field. A common example in this
category is battery, which has evolved into a big family and is currently used in all
kinds of applications.

As a relatively old scientific topic, the concept and application of electrochemical cells
has been invented and utilized by human society has a long history. With the advance
of modern science and technology, the research field of electrochemical cells has been
more and more involved in the emerging areas of nano-technology, bio-technology,
and novel energy storage and conversion systems, especially when serious attentions
have been paid to energy, health, and environmental issues for modern industrial
society.

It has become useful and necessary to summarize the new advances in both
fundamental and practical researches in this field when we want to review the new
development in recent years. In this book, parallel efforts have been put on both new
advances in fundamental research and recent developments for applications of
electrochemical cells, which include electrode design, electrochemical probe, liquid
electrolytes, fuel cells, electrochemical detectors for health and environment
consideration. Of course, electrochemical cells have been developed into a relatively
large research category, which also means this book can only cover a corner of these
topics.

Yan Shao,

Center for Polymers and Organic Solids,

Mitsubishi Chemical Center for Advanced Materials,
University of California, Santa Barbara,

USA
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A Review of Non-Cottrellian Diffusion
Towards Micro- and
Nano-Structured Electrodes

Katarina Gmucova
Institute of Physics, Slovak Academy of Sciences
Slovak Republic

1. Introduction

The past few decades have seen a massive and continued interest in studying
electrochemical processes at artificially structured electrodes. As is well known, the rate of
redox reactions taking place at an electrode depends on both the mass transport towards the
electrode surface and kinetics of electron transfer at the electrode surface. Three modes of
mass transport can be considered in electrochemical cells: diffusion, migration and
convection. The diffusional mass transport is the movement of molecules along a
concentration gradient, from an area of high concentration to an area of low concentration.
The migrational mass transport is observed only in the case of ions and occurs in the
presence of a potential gradient. Convectional mass transport occurs in flowing solutions at
rotating disk electrodes or at the dropping mercury electrode.

In 1902 Cottrell derived his landmark equation describing the diffusion current, I, flowing to
a planar, uniformly accessible and smooth electrode of surface area, A, large enough not to
be seriously affected by the edge effect, in contact with a semi-infinite layer of electrolyte
solution containing a uniform concentration, co, of reagent reacting reversibily and being
present as a minor component with an excess supporting electrolyte under unstirred
conditions, during the potential-step experiment (Cottrell, 1902)

I =nFAcq /2 , 1)
t

where 7 is the number of electrons entering the redox reaction, F is the Faraday constant, D
is the diffusion coefficient, and ¢ is time.

It has long been known that the geometry, surface structure and choice of substrate material
of an electrode have profound effects on the electrochemical response obtained. It is also
understood that the electrochemical response of an electrode is strongly dependent on its
size, and that the mass transport in electrochemical cell is affected by the electrode surface
roughness which is generally irregular in both the atomic and geometric scales. Moreover,
the instant rapid development in nanotechnology stimulates novel approaches in the
preparation of artificially structured electrodes. This review seeks to condense information
on the reasons giving rise or contributing to the non-Cottrellian diffusion towards micro-
and nano structured electrodes.
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2. Electrode geometry

Cottrell equation, derived for a planar electrode, can be applied to electrodes of other simple
geometries, provided that the temporal and spatial conditions are such that the semi-infinite
diffusion to the surface of the electrode is approximately planar. However, in both the
research and application spheres various electrode geometries are applied depending on the
problem or task to be solved. Most electrodes are impaired by an “edge effect”” of some sort
and therefore do not exhibit uniform accessibility towards diffusing solutes. Only the well
defined electrode geometry allows the data collected at the working electrode to be reliably
interpreted. The diffusion limited phenomena at a wide variety of different electrode
geometries have been frequently studied by several research teams. Aoki and Osteryoung
have derived the rigorous expressions for diffusion-controlled currents at a stationary finite
disk electrode through use of the Wiener-Hopf technique (Aoki & Osteryoung, 1981). The
chronoamperometric curve they have obtained varies smoothly from a curve represented by
the Cottrell equation and can be expressed as the Cottrell term multiplied by a power series
in the parameter,/Dt/r, where r is the electrode radius. Later, a theoretical basis for
understanding the microelectrodes with size comparable with the thickness of the diffusion
layer, providing a general solution for the relation between current and potential in the case
of a reversible reaction was given by the same authors (Aoki & Osteryoung, 1984). A user-
friendly version of the equations for describing diffusion-controlled current at a disk
electrode resulting from any potential perturbation was derived by Mahon and Oldham
(Mahon & Oldham, 2005). Myland and Oldahm have proposed a method that permits the
derivation of Cottrell’s equation without explicitly solving Fick’s second law (Myland &
Oldham, 2004). The procedure, based on combining two techniques - the Green’s Function
technique and the Method of Images, has been shown to successfully treat several
electrochemical situations. Being dependent on strict geometric conditions being met, it may
provide a vehicle for a novel approach to electrochemical simulation involving diffusion in
nonstandard geometries. In the same year Oldham reported an exact method used to find
the diffusion-controlled faradaic current for certain electrode geometries that incorporate
edges and vertices, which is based on Green’s equation (Oldham, 2004). Gmucova and co-
workers described the real electrochemical response of neurotransmitter dopamine on a
carbon fiber microelectrode as a power function, ie., o th (Gmucova et al., 2004). That
power function expanded to the polynomial terms can be, in conformity with (Aoki &
Osteryoung, 1981; Mahon & Oldham, 2005), regarded as a Cottrell term, multiplied by a
series of polynomial terms used to involve corrections to the Cottrell equation.

The variation of the diffusion layer thicknesses at planar, cylindrical, and spherical
electrodes of any size was quantified from explicit equations for the cases of normal pulse
voltammetry, staircase voltammetry, and linear sweep voltammetry by Molina and co-
workers (Molina et al., 2010a). Important limiting behaviours for the linear sweep
voltammetry current-potential curves were reported in all the geometries considered. These
results are of special physical relevance in the case of disk and band electrodes which
possess non-uniform current densities since general analytical solutions were derived for
the above-mentioned geometries for the first time. Explicit analytical expressions for
diffusion layer thickness of disk and band electrodes of any size under transient conditions
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were reported by Molina and co-workers (Molina et al., 2011b). Here, the evolution of the
mass transport from linear (high sizes) to radial (microelectrodes) was characterized, and
the conditions required to attain a stationary state were discussed. The use of differential
pulse voltammetry at spherical electrodes and microelectrodes for the study of the kinetic of
charge transfer processes was analyzed and an analytical solution was presented by Molina
and co-workers (Molina et al., 2010b). The repored expressions are valid for any value of the
electrode radius, the heterogeneous rate constant and the transfer coefficient. The
anomalous shape of differential pulse voltammetry curves for quasi-reversible processes
with small values of the transfer coefficient was reported, too. Moreover, general working
curves were given for the determination of kinetic parameters from the position and height
of differential pulse voltammetry peak. Sophisticated methods based on graphic
programming units have been used by Cuttress and Compton to facilitate digital
electrochemical simulation of processes at elliptical discs, square, rectangular, and
microband electrodes (Cuttress & Compton, 2010a; Cuttress & Compton, 2010b).

A general, explicit analytical solution for any multipotential waveform valid for an
electrochemically reversible system at an electrode of any geometry is continually in the
centre of interest. This problem has been solved many times (e.g., Aoki et al., 1986; Cope &
Tallman, 1991; Molina et al., 1995; Serna & Molina, 1999). A general theory for an arbitrary
potential sweep voltammetry on an arbitrary topography (fractal or nonfractal) of an
electrode operating under diffusion-limited or reversible charge-transfer conditions was
developed by Kant (Kant, 2010). This theory provides a possibility to make clear various
anomalies in measured electrochemical responses. Recently, analytical explicit expressions
applicable to the transient I-E response of a reversible charge transfer reaction when both
species are initially present in the solution at microelectrodes of different geometries
(spheres, disks, bands, and cylinders) have been deduced (Molina et al., 2011a).

3. Electrochemical cells with bulk resistance

Mathematical modeling of kinetics and mass-transfer in electrochemical events and related
electroanalytical experiments, generally consists of dealing with various physico-chemical
parameters, as well as complicated mathematical problems, even in their simplest statement.

An analysis of the transient response in potential controlled experiments is a standard
procedure which can yield information about many electrochemical processes and several
kinetic parameters. However, a resistance in series (i.e., solution resitance, electrode coating
resistance, sample resitance in solid state electrochemistry) can have a serious effect on
electrochemical measurements. Thus, the presence of migration leads to essential deviations
from the Cottrellian behaviour. Electrochemical systems that exhibit bulk ohmic resistances
cannot be characterized accurately using the Cottrell equation. Electrochemical experiments
in solution without added supporting electrolyte, i.e., without suppressed migration,
became possible with the progress of microelectrodes. The expressions for current vs. time
responses to applied voltage steps across the whole system, and corresponding
concentration profiles within the cell or membrane were derived by Nahir and Buck and
compared with experimental results (Nahir & Buck, 1992). Voltammetry in solutions of low
ionic strength has been reviewed by Ciszkowska and Stojek (Ciszkowska & Stojek, 1999). A
mathematical model of migration and diffusion coupled with a fast preceding reaction at a
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microelectrode was developed by Jaworski and co-workers (Jaworski et al., 1999). Myland
and Oldham have shown that on macroelectrodes the Cottrellian dependence can be
preserved even when supporting electrolyte is absent. The limiting current, however, was
shown to depart in magnitude from the Cottrellian prediction by a factor (greater or less
than unity) that depends on the charge numbers of the salt’s ions and that of the
electroproduct (Myland & Oldham, 1999). A generalized theory of the steady-state
voltammetric response of a microelectrode in the absence of supporting electrolyte and for
any values of diffusion coefficients of the substrate and the product of an electrode process
was presented by Hyk and Stojek (Hyk & Stojek, 2002).

The influence of supporting electrolyte on the drugs detection was studied and data
obtained using cyclic voltammetry, steady-state voltammetry and voltcoulometry on the
same analyte were compared to each other by Orlicky and co-workers. Under unsupported
conditions different detection limits of the above mentioned methods were observed. Some
species were easily observed by the Kkinetics-sensitive voltcoulometry even for
concentrations near or under the sensitivity limit of voltammetric methods (Orlicky et al.,
2003). Thus, systems obeing deviations from Cottrell behaviour should find their application
in sensorics. Later, it has been revealed that the dopamine diffusion current towards a
carbon fiber microelectrode fulfills, within experimental errors and for concentration similar
to those in a rat striatum, the behaviour theoretically predicted by the Cottrell equation.
Nevertheless, under unsupported or weakly supported conditions non-Cottrellian
responses were observed. Moreover, markedly non-Cottrellian responses were observed for
dopamine concentrations lower or higher than the physiological ones in the rat striatum. It
has been also shown, that the non-Cottrellian behaviour of diffusion current involves the
nonlinearity of the dopamine calibration curve obtained by kinetics-sensitive
voltcoulometry, while voltammetric calibration curve remains linear (Gmucova et al., 2004).
Similarly, Caban and co-workers analysed the contribution of migration to the transport of
polyoxometallates in the gels by methods of different sensitivity to migration (Caban et al.,
2006).

Mathematical models of the ion transport regarded as the superposition of diffusion and
migration in a potential field were analyzed by Hasanov and Hasanoglu (Hasanov &
Hasanoglu, 2008). Based on the Nernst-Planck equation the authors have derived explicit
analytical formulae for the concentration of the reduced species and the current response in
the case of pure diffusive as well as diffusion - migration model, for various concentrations
at initial conditions. The proposed approach can predict an influence of ionic diffusivities,
valences, and initial and boundary concentrations to the behaviour of non-Cottrellian
current response. In addition to these, the analytical formulae obtained can also be used for
numerical and digital simulation methods for Nernst-Planck equations. The mathematical
model of the nonlinear ion transport problem, which includes both the diffusion and
migration, was solved by the same authors (Hasanov & Hasanoglu, 2009). They proposed a
numerical iteration algorithm for solving the nonlocal identification problem related to
nonlinear ion transport. The presented computational results are consistent with
experimental results obtained on real systems.

The quantitative understanding of generalized Cottrellian response of moderately
supported electrolytic solution at rough electrode/electrolyte interface was enabled with the
Srivastav’s and Kant’s work (Srivastav & Kant, 2010). Here, the effect of the uncompensated
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solution resistance on the reversible charge transfer at an arbitrary rough electrode was
studied and the significant deviation from the classical Cottrellian behavior was explained
as arising from the resistivity of the solution and geometric irregularity of the interface. In
the short time domain it was found to be dependent primarily on the resistance of the
electrolytic solution and the real area of the surface. Results obtained for various electrode
roughness models were reported. In the absence of the surface roughness, the current
crossover to classical Cottrell response as the diffusion length exceeds the diffusion-ohmic
length, but in the presence of roughness, there is formation of anomalous intermediate
region followed by classical Cottrell region. Later, the theoretical results elucidating the
influence of an uncompensated solution resistance on the anomalous Warburg's impedance
in case of rough surfaces has been published by the same authors (Srivastav & Kant, 2011).

4. Modified electrodes

Modified electrodes include electrodes where the surface was deliberately altered to impart
functionality distinct from the base electrode. During last decades a large number of
different strategies for physical and chemical electrode modification have been developed,
aimed at the enhancement in the detection of species under interest. Particularly in
biosciences and environmental sciences such electrodes became of great importance. One of
the issues raised in the research of redox processes taking place at modified electrodes has
been the analysis of changes in the diffusion towards their altered surfaces.

Historically, liquid and solid electrochemistry grew apart and developed separately for a
long time. Appearance of novel materials and methods of thin films preparation lead to
massive development of chemically modified electrodes (Alkire et al., 2009). Such electrodes
represent relatively modern approach to electrode systems with thin film of a selected
chemical bonded or coated onto the electrode surface. A wide spectrum of their possible
applications turned the spotlight of electrochemical research towards the design of
electrochemical devices for applications in sensing, energy conversion and storage,
molecular electronics etc. Only several examples of possible electrode coatings are
mentioned in this chapter, all of them in close contact with the study of the electron transfer
kinetic on them.

4.1 Micro- and nanoparticle modified electrodes

Marked deviations from Cottrellian behaviour were encountered in the theoretical study
(Thompson et al., 2006) describing the diffusion of charge over the surface of a microsphere
resting on an electrode at a point, in the limit of reversible electrode kinetics. A realistic
physical problem of truncated spheres on the electrode surface was modelled in the above
mentioned work, and the effect of truncation angle on chronoamperometry and
voltammetry was explored. It has been shown that the most Cottrell-like behaviour is
observed for the case of a hemispherical particle resting on the surface, but only at short
times is the diffusion approximated well by a planar diffusion model. Concurrently,
Thompson and Compton have developed a model for the voltammetric response due to
surface charge injection at a single point on the surface of a microsphere on whose surface
the electro-active material is confined. The cyclic voltammetric response of such system was
investigated, the Fickian diffusion constrained on spherical surfaces showed strong
deviations from the responses expected for planar diffusion. The Butler-Volmer condition
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was imposed for the electron transfer kinetics. It was found that the peak-to-peak
separations differ from those expected for the planar-diffusion model, as well as the peak
currents and the asymmetry of the voltammetric wave at higher sweep rates indicate the
heterogeneous kinetics. The wave shape was explained by the competing processes of
divergent and convergent diffusion (Thompson & Compton, 2006). Later, the
electrochemical catalytic mechanism at a regularly distributed array of hemispherical
particles on a planar surface was studied using simulated cyclic voltammetry (Ward et al.,
2011). As is known, a high second-order rate constant can lead to voltammetry with a split
wave. The conditions under which anomalous ‘split-wave’ phenomenon in cyclic
voltammogram is observed were elucidated in the above-mentioned work.

In recent years significant attention is paid to the use of nanoparticles in many areas of
electrochemistry. Underlying this endeavour is an expectation that the changed morphology
and electronic structure between the macro- and nanoscales can lead to usefully altered
electrode reactions and mechanisms. Thus, the use of nanoparticles in electroanalysis
became an area of research which is continually expanding. Within both the trend towards
the miniaturisation of electrodes and the ever-increasing progress in preparation and using
nanomaterials, a profound development in electroanalysis has been connected with the
design and characterisation of electrodes which have at least one dimension on the nano-
scale.

In a nanostructured electrode, a larger portion of atoms is located at the electrode surface as
compared to a planar electrode. Nanoparticle modified electrodes possess various
advantages over macroelectrodes when used for electroanalysis, e.g., electrocatalysis, higher
effective surface area, enhancement of mass transport and control over electrode
microenvironment. An overview of the investigations carried out in the field of
nanoparticles in electroanalytical chemistry was given in two successive papers (Welch &
Compton, 2006; Campbell & Compton, 2010). Particular attention was paid to examples of
the advantages and disadvantages nanoparticles show when compared to macroelectrodes
and the advantages of one nanoparticle modification over another. From the works detailed
in these reviews, it is clear that metallic nanoparticles have much to offer in electroanalysis
due to the unique properties of nanoparticulate materials (e.g., enhanced mass transport,
high surface area, improved signal-to-noise ratio). The unique properties of nanoparticulate
materials can be exploited to enhance the response of electroanalytical techniques. However,
according to the authors, at present, much of the work is empirical in nature. Belding and
co-workers have compared the behaviour of nanoparticle-modified electrodes with that of
conventional unmodified macroelectrodes (Belding et al., 2010). Here, a conclusion has been
made that the voltammetric response from a nanoparticle-modified electrode is
substantially different from that expected from a macroelectrode.

The first measurement of comparative electrode kinetics between the nano- and macroscales
has been recently reported by Campbell and co-workers. The electrode kinetics and
mechanism displayed by the nanoparticle arrays were found to be qualitatively and
quantitatively different from those of a silver macrodisk. As was argued by Campbell and
co-workers, the electrochemical behaviour of nanoparticles can differ from that of
macroelectrodes for a variety of reasons. The most significant among them is that the size of
the diffusion layer and the diffuse double layer at the nanoscale can be similar and hence
diffusion and migration are strongly coupled. By comparison of the extracted electrode
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kinetics the authors stated that for the nanoparticle arrays, the mechanism is likely to be a
rate-determining electron transfer followed by a chemical step. As the kinetics displayed by
the nanoparticle arrays show changed kinetics from that of a silver macrodisk, they have
inferred a change in the mechanism of the rate-determining step for the reduction of 4-
nitrophenol in acidic media between the macro- and nanoscales (Campbell et al., 2010).
Zhou and co-workers have found the shape and size of voltammograms obtained on silver
nanoparticle modified electrodes to be extremely sensitive to the nanoparticle coverage,
reflecting the transition from convergent to planar diffusion with increased coverage (Zhou
et al, 2010). A system of iron oxide nanoparticles with mixed valencies deposited on
photovoltaic amorphous hydrogenated silicon was studied by the kinetic sensitive
voltcoulometry by Gmucova and co-workers. This study was motivated by the previously
observed orientation ordering in similar system of nanoparticles involved by a laser
irradiation under the applied electric field (Gmucova et al., 2008a). A significant dependence
of the kinetic of the redox reactions, in particular oxidation reaction of ferrous ions, was
observed as a consequence of the changes in the charged deep states density in amorphous
hydrogenated silicon (Gmucova et al., 2008b).

4.2 Carbon nanotubes modified electrodes

Both the preparation and application of carbon nanotubes modified electrodes have been
reviewed by Merkogi, and by Wildgoose and co-workers (Merkogi, 2006, Wildgoose et al.,
2006). The comparative study of electrochemical behaviour of multiwalled carbon nanotubes
and carbon black (Obradovi¢ et al, 2009) has revealed that although the electrochemical
characteristics of properly activated carbon black approaches the characteristics of the carbon
nanotubes, carbon nanotubes are superior, especially regarding the -electron-transfer
properties of the nanotubes with corrugated walls. The kinetics of electron-transfer reactions
depends on the morphology of the samples and is faster on the bamboo-like structures, than
on the nanotubes with smooth walls. Different oxidation properties of coenzyme NADH on
carbon fibre microelectrode and carbon fibre microelectrode modified with branching carbon
nanotubes have been reported by Zhao and co-workers (Zhao et al., 2010).

4.3 Thin film or membrane modified electrodes

Thin-layer cells, thin films and membrane systems show theoretical I-t responses that
deviate from Cottrell behaviour. Although the diffusion was often assumed to be the only
transport mechanism of the electroactive species towards polymer coated electrodes, the
migration can contribute significantly. The bulk resistance of film corresponds to a
resistance in series with finite diffusional element(s) and leads to ohmic I-¢ curves at short
times. Subsequently, this resistance and the interacting depletion regions give rise to the
non-Cottrellian behaviour of thin systems. According to Aoki, when an electrode is coated
with a conducting polymer, the Nernst equation in a stochastic process is defined (Aoki,
1991). In such a case the electrode potential is determined by the ratio of the number of
conductive (oxidized) species to that of the insulating (reduced) species experienced at the
interface which is formed by electric percolation of the conductive domain to the substrate
electrode. Examples of evaluating the potential for the case where the film has a random
distribution of the conductive and insulating species were presented for three models: a one-
dimensional model, a seven-cube model and a cubic lattice model.
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Lange and Doblhofer solved the transport equations by digital simulation techniques with
boundary conditions appropriate for the system electrode/membrane-type polymer coating
(Lange & Doblhofer, 1987). They have concluded that the current transients follow Cottrell
equation, however, the observed “effective” diffusion coefficients are different from the
tabular ones. In the 90s an important effort has been devoted to examination of the nature of
the diffusion processes of membrane-covered Clark-type oxygen sensors by solving the
axially symmetric two-dimensional diffusion equation. Gavaghan and co-workers have
presented a numerical solution of 2D equations governing the diffusion of oxygen to a
circular disc cathode protected from poisoning by the medium to be measured by a tightly
stretched plastic membrane which is permeable to oxygen (Gavaghan et al., 1992).

The current-time behaviour of membrane-covered microdisc clinical sensors was examined
with the aim to explain their poor performance when pulsed (Sutton et al., 1996). It has been
shown by Sutton and co-workers that the Cottrellian hypothesis is not applicable to this
type of sensor and it is not possible to predict this behaviour from an analytical expression,
as might be the case for membrane-covered macrodisc sensors and unshielded microdisc
electrodes.

Gmucové and co-workers have shown that changes in kinetic of a redox reaction manifested
as a deviation from the Cottrellian behaviour can be utilized in the preparation of ion
selective electrodes. The electroactive hydrophobic end of a molecule used for the
Langmuir-Blodgett film modification of a working electrode can induce a change in the
kinetic of redox reactions. Ion selective properties of the poly(3-pentylmethoxythiophene)
Langmuir-Blodgett film modified carbon-fiber microelectrode have been proved using a
model system, mixture of copper and dopamine ions. While in case of the typical steady-
state voltammetry the electrode remains sensitive to both the copper and dopamine, the
kinetic-sensitive properties of voltcoulometry disable the observation of dopamine
(Gmucova et al., 2007).

Recently, a sensing protocol based on the anomalous non-Cottrellian diffusion towards
nanostructured surfaces was reported by Gmucova and co-workers (Gmucova et al., 2011).
The potassium ferrocyanide oxidation on a gold disc electrode covered with a system of
partially decoupled iron oxides nanoparticle membranes was investigated using the kinetic-
sensitive voltcoulometry. Kinetic changes were induced by the altered electrode surface
morphology, i.e., micro-sized superparamagnetic nanoparticle membranes were curved and
partially damaged under the influence of the applied magnetic field. Thus, the targeted
changes in the non-Cottrellian diffusion towards the working electrode surface resulted in a
marked amplification of the measured voltcoulometric signal. Moreover, the observed effect
depends on the membrane elasticity and fragility, which may, according to the authors, give
rise to the construction of sensors based on the influence of various physical, chemical or
biological external agents on the superparamagnetic nanoparticle membrane Young's
moduli.

4.4 Spatially heterogeneous electrodes

Porous electrodes, partially blocked electrodes, microelectrode arrays, electrodes made of
composite materials, some modified electrodes and electrodes with adsorbed species are
spatially heterogeneous in the electrochemical sense. The simulation of non-Cottrellian
electrode responses at such surfaces is challenging both because of the surface variation and
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because of the often random distribution of the zones of different electrode activity.
The Cottrell equation becomes invalid even if the electrode reaction causes motionof the
electrolyte/electrode boundary. Thereby it was modified by Oldham and Raleigh to take
account of this effect, as well as to the data published on the inter-diffusion of silver and
gold (Oldham & Raleigh, 1971).

Davies and co-workers have shown that by use of the concept of a “diffusion domain”
computationally expensive three-dimensional simulations may be reduced to tractable two-
dimensional equivalents which gives results in excellent agreement with experiment (Davies
et al.,, 2005). Their approach predicts the voltammetric behaviour of electrochemically
heterogeneous electrodes, e.g., composites whose different spatial zones display contrasting
electrochemical behaviour toward the same redox couple. Four categories of response on
spatially heterogeneous electrode have been defined by the authors depending on the
blocked and unblocked electrode surface zones dimensions. In the performed analysis of
partially blocked electrodes the difference between “macro” and “micro” was shown to be
critical. The question how to specify whether the dimensions of the electro-active or inert
zones of heterogeneous electrodes fall into one category or another one can be answered
using the Einstein equation, which indicates that the approximate distance, 9, diffused by a

species with a diffusion coefficient, D, in a time, £, is 6 = \/ﬁ . The work carried out in the
Compton group on methods of fabricating and characterising arrays of nanoelectrodes,
including multi-metal nanoparticle arrays for combinatorial electrochemistry, and on
numerical simulating and modelling of the electrochemical processes was reviewed in the
frontiers article written by Compton (Compton et al., 2008).

An improved sensitivity of voltammetric measurements as a consequence of either electrode
or voltammetric cell exposure to low frequency sound was reported by Mikkelsen and
Schreder (Mikkelsen & Schreder, 1999; Mikkelsen & Schreder, 2000). According to the
authors the longitudinal waves of sound applied during measurements make standing
regions with different pressures and densities, which make streaming effects in the
boundary layer at least comparable to the conventional stirring. As an alternative
explanation of the marked sensitivity enhancement the authors suggested a possible change
in the electrical double layer structure. Later, a study of the dopamine redox reactions on the
carbon fiber microelectrode by the kinetics-sensitive voltcoulometry (Gmucova et al., 2002)
revealed an impressive shift towards the ideal kinetic described by Cottrell equation,
achieved by an electrochemical pretreatment of the electrode accompanied by its
simultaneous exposure to the low frequency sound.

The diffusion equation including the delay of a concentration flux from the formation of a
concentration gradient, called diffusion with memory, was formulated by Aoki and solved
under chronoamperometric conditions (Aoki, 2006). A slower decay than predicted by the
Cottrell equation was obtained.

A theoretical study of the current-time relationship aimed at the explanation of anomalous
response in differential pulse polarography was reported by Lovri¢ and Zeli¢. The effect was
explained by the adsorption of reactant at the electrode surface (Lovri¢ & Zeli¢, 2008). The
situation connected with the formation of metal preconcentration at the electrode surface,
followed by electrodissolution was modelled by Cutters and Compton. The theory to
explore the electrochemical signals in such a case at a microelectrode or ultramicroelectrode
arrays was derived (Cutress & Compton, 2009).
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5. Fractal concepts

A possible cause of the deviation of measured signals from the ideal Cottrellian one is of
geometric origin. The irregular (rough, porous or partially active) electrode geometry can
and does cause current density inhomogeneities which in turn yield deviations from ideal
behaviour. Kinetic processes at non-idealised, irregular surfaces often show non-
conventional behaviour, and fractals offer an efficient way to handle irregularity in general
terms. Rough and partially active electrodes are frequently modelled using fractal concepts;
their surface roughness of limited length scales irregularities is often characterized as self-
affine fractal. Fractal geometry is an efficient tool for characterizing irregular surfaces in
very general terms. An introduction to the methods of fractal analysis can be found in the
work (Le Mehaute & Crepy, 1983). Electrochemistry at fractal interfaces has been reviewed
by Pajkossy (Pajkossy, 1991). Diffusion-limited processes on such interfaces show
anomalous behavior of the reaction flux.

Pajkossy and co-workers have published an interesting series of papers devoted to the
electrochemistry on fractal surfaces (Nyikos & Pajkossy, 1986; Pajkossy & Nyikos, 1989a;
Pajkossy & Nyikos, 1989b; Nyikos et al., 1990; Borosy et al.,, 1991). Diffusion to rough
surfaces plays an important role in diverse fields, e.g., in catalysis, enzyme kinetics,
fluorescence quenching and spin relaxation. Nyikos and Pajkossy have shown that, as a
Conseﬁ ?Ce of fractal electrode surface, the diffusion current is dependent on time as

, where Dris the fractal dimension (Nyikos & Pajkossy, 1986). For a smooth, two-
dimensional interface (D;=2) the Cottrell behaviour ioct 2 is obtained. In
electrochemical terms this corresponds to a generalized Cottrell equation (or Warburg
impedance) and can be used to describe the frequency dispersion caused by surface
roughness effects. Later, the verification of the predicted behaviour for fractal surfaces with
Ds> 2 (rough interface), and Dy < 2 (partially blocked surface or active islands on inactive
support) was reported (Pajkossy & Nyikos, 1989a). The fractal decay kinetics has been
shown to be valid for both contiguous and non-contiguous surfaces, rough or partially
active surfaces. Using computer simulation, a mathematical model, and direct experiments
on well defined fractal electrodes the fractal decay law has been confirmed for different
surfaces. According to the authors, this fractal diffusion model has a feature which deserves
some emphasis: this being its generality. It is based on a very general assumption, i.e., self-
similarity of the irregular interface, and nothing specific concerning the electrode material,
diffusing substance, etc. is assumed. Based on the generalized Cottrell equation, the
calculation and experimental verification of linear sweep and cyclic voltammograms on
fractal electrodes have been performed (Pajkossy & Nyikos, 1989). The generalized model
has been shown to be valid for non-linear potential sweeps as well. Its experimental
verification on an electrode with a well defined fractal geometry Dy = 1.585 was presented
for a rotating disc electrode of fractal surface (Nyikos et al., 1990). The fractal approximation
has been shown to be useful for describing the geometrical aspects of diffusion processes at
realistic rough or irregular-interfaces (Borosy et al., 1991). The authors have concluded that
diffusion towards a self-affine fractal surface with much smaller vertical irregularity than
horizontal irregularity leads to the conventional Cottrell relation between current and time
of the Euclidean object, not the generalised Cottrell relation including fractal dimension.
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The most important conclusions, as outlined in (Pajkossy, 1991), are as follows. If a
capacitive electrode is of fractal geometry, then the electrode impedance will be of the
constant phase element form (i.e., the impedance, Z, depends on the frequency, o, as
Z « (iw)’ with 0 < B < 1). However, no unique relation between fractal dimension Dy and
constant phase element exponent can be established. Assume that a real surface is irregular
from the geometrical point of view and that the diffusion-limited current can be measured
on it, the surface irregularities can be characterized by a single number, the fractal
dimension. The time dependence of the diffusion limited flux to a fractal surface is a power-
law function of time, and there is a unique relation (8 = (D - 1)/2) between fractal
dimension and the exponent £. This equation provides a possibility for the experimental
determination of the fractal dimension.

The determination of fractal dimension of a realistic surface has been reported by Ocon and
co-workers (Ocon et al., 1991). The thin columnar gold electrodeposits (surface roughness
factor 50-100) grown on gold wire cathodes by electroreducing hydrous gold oxide layers
have been used for this purpose, the fractal dimension has been determined by measuring
the diffusion controlled current of the Fe(CN)%/Fe(CN)3 reaction. Several examples of
diffusion controlled electrochemical reactions on irregular metal electrodeposits type of
electrodes were described in (Arvia & Salvarezza, 1994). Using the fractal geometry relevant
information about the degree of surface disorder and the surface growth mechanism was
obtained and the kinetic of electrochemical reactions at these surfaces was predicted.

Kant has discussed rigorously the anomalous current transient behaviour of self-affine
fractal surface in terms of power spectral density of the surface (Kant, 1997). The non-
universality and dependence of intermediate time behaviour on the strength of fractality of
the interface has been reported, the exact result for the low roughness and the asymptotic
results for the intermediate and large roughness of self-affine fractal surfaces have been
derived. The intermediate time behaviour of the reaction flux for the small roughness
interface has been shown to be proportional to f 1/2 + const t -3/2*H, however, for the large
roughness interfaces the dependence ~ t 1+H/2, where H is Hurst’s exponent, was found. For
an intermediate roughness a more complicated form has been obtained.

Shin and co-workers investigated the diffusion toward self-affine fractal interfaces by using
diffusion-limited current transient combined with morphological analysis of the electrode
surface (Shin et al., 2002). Here, the current transients from the electrodes with increasing
morphological amplitude (roughness factor) were roughly characterised by the two-stage
power dependence before temporal outer cut-off of fractality. Moreover, the authors
suggested a method to interpret the anomalous current transient from the self-affine fractal
electrodes with various amplitudes. This method, describing the anomalous current
transient behaviour of self-affine electrodes, includes the determination of the apparent self-
similar scaling properties of the self-affine fractal structure by the triangulation method.

A general transport phenomenon in the intercalation electrode with a fractal surface under
the constraint of diffusion mixed with interfacial charge transfer has been modelled by using
the kinetic Monte Carlo method based upon random walk approach (Lee & Pyun, 2005). Go
and Pyun (Go & Pyun, 2007) reviewed anomalous diffusion towards and from fractal
interface. They have explained both the diffusion-controlled and non-diffusion-controlled
transfer processes. For the diffusion coupled with facile charge-transfer reaction the
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electrochemical responses at fractal interface were treated with the help of the analytical
solutions to the generalised diffusion equation. In order to provide a guideline in analysing
anomalous diffusion coupled with sluggish charge-transfer reaction at fractal interface, i.e.,
non-diffusion-controlled transfer process across fractal interface, this review covered the
recent results concerned to the effect of surface roughness on non-diffusion-controlled
transfer process within the intercalation electrodes. It has been shown, that the numerical
analysis of diffusion towards and from fractal interface can be used as a powerful tool to
elucidate the transport phenomena of mass (ion for electrolyte and atom for intercalation
electrode) across fractal interface whatever controls the overall transfer process.

A theoretical method based on limited scale power law form of the interfacial roughness
power spectrum and the solution of diffusion equation under the diffusion-limited
boundary conditions on rough interfaces was developed by Kant and Jha (Kant & Jha, 2007).
The results were compared with experimentally obtained currents for nano- and micro-
scales of roughness and are applicable for all time scales and roughness factors. Moreover,
this work unravels the connection between the anomalous intermediate power law regime
exponent and the morphological parameters of limited scales of fractality.

Kinetic response of surfaces defined by finite fractals has been addressed in the context of
interaction of finite time independent fractals with a time-dependent diffusion field by a
novel approach of Cantor Transform that provides simple closed form solutions and smooth
transitions to asymptotic limits (Nair & Alam, 2010). In order to enable automatic simulation
of electrochemical transient experiments performed under conditions of anomalous
diffusion in the framework of the formalism of integral equations, the adaptive Huber
method has been extended onto integral transformation kernel representing fractional
diffusion (Bieniasz, 2011).

The fractal dimension can be simply estimated using the kinetics-sensitive voltcoulometry
introduced by Thurzo and co-workers (Thurzo et al., 1999). On the basis of the multipoint
analysis principles the transient charge is sampled at three different events in the interval
between subsequent excitation pulses and the sampled values are combined according the
appropriate filtering scheme. The third sampling event chosen at the end of measuring
period and slow potential scans make the observation of non-Cottrellian responses easier.
The parameter S that enters the power-law time dependence of the transient charge, as well
as the fractal dimension can be simply determined from two voltcoulograms obtained for
two distinct sets of sampling events (Gmucova et al., 2002).

6. Conclusion

The electrode surface attributes have a profound influence on the kinetic of electron transfer.
The continued progress in material research has induced the marked progress in the
preparation of electrochemical electrodes with enhanced sensitivity or selectivity. If such a
sophisticated electrode with microstructured, nanostructured or electroactive surface is used
a special attention should be paid to a careful examination of changes initiated in the
diffusion towards its surface. Newly designed types of electrochemical electrodes often
result in more or less marked deviations from the ideal Cottrell behaviour. Various
modifications of the relationship (Equation (1)) have been investigated to describe the
processes in real electrochemical cells. A raising awareness of the importance of a detailed
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knowledge on the kinetic of charge transfer during the studied redox reaction has lead to a
significant number of theoretical, computational, phenomenological and, last but not least,
experimental studies. Based on them one can conclude: nowadays, an un-usual behaviour is
the Cottrellian one.
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1. Introduction

Whether it is for the design of a new electrochemical reactor or the optimization of an existing
electrochemical process, it is of primordial importance to have the possibility to predict the
behavior of a system. For example, the process of electrogalvanization of steel on an industrial
scale would not be possible without knowing the main and side reactions taking place during
the deposition of zinc on the metallic surface. However, understanding their mechanism is
only the first point. The characteristic parameters of the reaction need to be identified and
quantified in order to obtain a correct reactor design and to achieve the optimal operating
conditions. Nowadays, part of the technological know-how still relies on best practice
guidance, most often gained from years of experience with trial and error. Condensing those
findings into empirical models may help to control some of the process parameters and make
predictions of the system behavior within a small operation window. The problem, however,
is that such a model acts as a black box and that a profound comprehension of the physical
and electrochemical phenomena will fail to come.

The aim of a kinetic study is the determination of the mechanism of the electrochemical
reaction and the quantification of its characteristic parameters: charge transfer parameters
(rate constants and transfer coefficients) and mass transfer parameters (diffusion coefficients).
Nevertheless, determining kinetic parameters accurately from the experimental results
remains complex.

Linear sweep voltammetry (LSV) in combination with a rotating disk electrode (RDE) is a
widely used technique to study electrode kinetics. Different methods exist to extract the
values of the process parameters from polarization curves. The Koutecky-Levich graphical
method is frequently used to determine the mass transfer parameters (Diard et al., 1996) : the
slope of a plot of the inverse of the limiting current versus the inverse of the square root of
the rotation speed of the rotating disk electrode is proportional to the diffusion coefficient. If
more than one diffusing species is present, this method provides the mean diffusion coefficient
of all species. The charge transfer current density is determined from the inverse of the
intercept. In practical situations, however, the experimental observation of a limiting current
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can sometimes be masked by other reactions, e.g., in (Gattrell et al., 2004), and in that case
Koutecky-Levich method cannot be used.

Also, to calculate the charge transfer parameters, a plot of the natural logarithm of the charge
transfer current density as a function of potential, known as a Tafel plot, is often constructed.
In the linear region of this curve, the transfer coefficient can be deduced from the slope and
the rate constants from the intercept. The Tafel method is well established for simple reaction
mechanisms (Bamford & Compton, 1986; Diard et al., 1996), but it becomes much more
complicated for complex mechanisms (Gattrell et al., 2004; Wang et al., 2004). When there are
significant diffusional or ohmic effects in the electrolyte, or additional electrode reactions, the
Tafel plot deviates from linearity (Yeum & Devereux, 1989) and the charge transfer parameters
cannot be determined.

Besides these well-known graphical methods, some authors suggest other methods to extract
the kinetic parameters from an LSV experiment. They usually involve the fitting of theoretical
expressions to the experimental data. In (Rocchini, 1992) the charge transfer parameters
are estimated by fitting experimental polarization curves with exponential polynomials.
Obviously, this method is only valid if the reaction rate is determined by charge transfer
alone. Caster et al. fit convolution potential sweep voltammetry experiments with equations
for a reversible charge transfer reaction with only one reactant present initially and under
conditions of planar diffusion (Caster et al., 1983). No other steps are allowed to occur either
before or after the electrode reaction. Yeum and Devereux propose an iterative method for
fitting complex electrode polarization curves (Yeum & Devereux, 1989). They split up the total
current density into contributions from the partial reactions and use simplified expressions
for the current-potential relations. With these expressions they try to find the parameters that
optimize the correlation between model and experimental data by minimizing a least squares
cost function. This optimization is done by trial-and-error. In (Rusling, 1984) tabulated
dimensionless current functions are fitted to linear sweep voltammograms. Therefore, a least
squares cost function is minimized; however, no details on the minimizing algorithm are
given.

In a series of papers, Harrison describes a hardware/software system for the complete
automation of electrode kinetic measurements (Aslam et al., 1980; Cowan & Harrison,
1980a;b; Denton et al., 1980; Harrison, 1982a;b; Harrison & Small, 1980a;b). This involves
the fitting of the data using a library of reaction schemes to determine the model parameter
values. A quasi-Newton method is used to minimize the modulus of the differences between
experiment and theory or the sum of the weighted squares of the differences. Although it is
emphasized that care has to be taken in weighting the observations, no information on the
determination of the weighting factors is given. Moreover, no criterion to decide whether the
fitting is acceptable or not is discussed.

In (Bortels et al., 1997; Van den Bossche et al., 1995; 2002; Van Parys et al., 2010) a numerical
approach is developed in order to define the underlying reaction mechanism . By using the
MITReM (Multiple Ion Transport and Reaction Model) model, mass transport by convection,
diffusion and migration but also the presence of homogeneous reactions in the electrolyte, are
accounted for. The related model parameters such as diffusion coefficients, rate constants and
transfer coefficients are adjusted in order to improve the agreement between experimental
and simulated polarization curves. Thus, the best parameter values, corresponding to the
best simulated curve, are selected by a chi-by-eye approach, without a statistical evaluation.
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Although the reaction and transport models are defined more precisely, the lack of a fitting
tool does not allow a reliable determination of the model parameters.

A quantitative, accurate and statistically founded modeling approach of electrochemical
reactions has been the focus of an extensive work in our research group (Aerts et al., 2011;
Tourwé et al., 2007; 2006; Van Parys et al., 2008). It is a generally applicable method to
model an electrochemical reaction and to determine its mass and charge transfer parameters
quantitatively. The reliability of the model parameters and the accuracy of the parameter
fitting are key-elements of the method. A plausible reaction mechanism and the characteristic
parameters of the electrochemical reaction are extracted from LSV experiments with a rotating
disk electrode. Compared to others, this method offers the advantage that it uses one
integrated expression that accounts for mass and charge transfer steps, and this without
simplifying their mathematical expressions. The whole polarization curve is considered,
rather than just some part in which only mass or charge transfer are supposed to be rate
determining.

In this paper, we explain throughly this modeling methodology for the rotating disk electrode
(RDE) and the inverted rotating disk electrode (IRDE) configurations. The modeling and
quantification of the electrochemical parameters are applied to redox reactions with one
electron transfer mechanism: the ferri/ferrocyanide system and the hexaammineruthenium
(III)/ (II) system.

2. Linear sweep voltammetry in combination with a rotating disk electrode

Linear sweep voltammetry with a rotating disk electrode (LSV/RDE) is a powerful technique
for providing information on the mechanism and kinetics of an electrochemical reaction. Since
the current density is a measure for the rate of an electrochemical reaction, LSV provides a
stationary method to measure the rate as a function of the potential. In other words, the
technique is used to distinguish between the elementary reactions taking place at the electrode
as a function of the applied potential. Different elementary steps are often coupled, however,
the overall current is determined by the slowest process (rate determining step). As a steady
state technique, linear sweep voltammetry can only give mechanistic information about rate
determining elementary reactions.

To determine a quantitative model for an electrochemical process, first a plausible reaction
model is proposed and afterwards combined with a transport model. The combination of both
models enables the formulation of the mass balances of the species and the conservation laws,
which results in a set of non-linear partial differential equations, where the electrochemical
reactions constitute a boundary condition at the electrode. While the reaction model is
proper to the reaction under study, the transport model is merely determined by the mass
transport of the species in the electrochemical reactor. As a result, it is possible to direct an
electrochemical investigation in an adapted experimental reactor (electrochemical cell) under
conditions for which the description of the transport phenomena can be simplified, without a
loss of precision.

For controlling the mass transport contribution to the overall electrochemical kinetics,
a rotating disk electrode possesses favorable features. The RDE configuration provides
analytical equations to describe the mass transport and hydrodynamics in the electrochemical
cell. It is known that a simplified transport model can be used if an RDE and diluted
solutions are used in the experimental set-up. The hydrodynamic equations and the
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convective-diffusion equation for a rotating disk electrode have been solved rigorously for the
steady state (Levich, 1962; Slichting, 1979). The axial symmetry of the configuration of the RDE
reactor and the uniform current distribution allow a one-dimensional description. Moreover,
at sufficient flow rate (when natural convection can be ignored), the hydrodynamics in diluted
solution are not influenced by changes in concentrations due to electrochemical reactions.
The mathematical problem can thus be solved more easily. Levich reduced the equation of
convection transport to an ordinary differential equation (Albery & Hitchman, 1971; Levich,
1962; Slichting, 1979).

To model an electrochemical reaction and determine its mass and charge transfer parameters
quantitatively, an electrochemical data fitting tool has been developed in our research group.
From an analytical approach, it is designed to extract a quantitative reaction mechanism from
polarization curves.

3. Analytical fitting of electrochemical parameters

The proposed analytical modeling of electrochemical reactions is founded on four building
blocks. Figure 1 illustrates the structure of the modeling methodology.

The results of the experimental study These are the current-potential couples defining the
polarization curve. The mean of multiple experiments that are performed under identical
conditions is the experimental data for the modeling. The standard deviation of the
experiments is used in the fitting procedure.

The mathematical expression for the proposed model The proposed model is based on
well-considered reaction and transport models for the studied reaction. The mathematical
expression of the reaction-transport model is derived from the basic equations that describe
what happens during an electrochemical reaction. It has the following form: current
= function (potential, experimental parameters, model parameters), where the experimental
parameters describe the experimental conditions, like e.g. temperature, rotation speed of
the RDE, concentration, ..., and the model parameters are the unknown parameters that
need to be quantitatively determined, like e.g. rate constants, transfer coefficients, ....

The fitting procedure In this block the differences between experimental and theoretical data
are minimized. A weighted least squares cost function is formulated. The Gauss-Newton
and Levenberg-Marquardt method are implemented to minimize this cost function and
eventually provide the parameter values which best describe the data. Moreover, the
standard deviations of the estimated parameters are also calculated.

A statistical evaluation If a statistical evaluation of the fitting results demonstrate a good
description of the experiment by the model, a quantitative reaction mechanism is obtained.
If, on the other hand, no good agreement between experiment and model is achieved, a
new mechanism has to be proposed and the previous steps should be repeated.

3.1 The mathematical expression for the proposed reaction and transport models

Once the reaction model is defined, the transport model must be included. Using an RDE as
the working electrode for the LSV experiments, the transport equations can be simplified.
In addition, assuming that the electrolyte is a diluted solution, the migration term in the
transport model can be neglected. This section provides the basic equations for mass and
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Fig. 1. The four building blocks of the modeling methodology.

charge transfer, which can be found in numerous textbooks (Bamford & Compton, 1986; Diard
et al., 1996; Newman, 1973; Pletcher, 1991; Thirsk & Harrison, 1972; Vetter, 1967).

Consider a uniformly accessible planar electrode, immersed in an electrolyte that contains
electroactive species and an excess of inert supporting electrolyte. At the surface an
electrochemical reaction is taking place, which has P partial heterogeneous electrochemical or
chemical reactions with N, electroactive species in the electrolyte or in the electrode material
and N electroactive species present in an adsorbed phase on the electrode surface. N is the
total number of electroactive species involved in the reaction: N = Ny + Ns. The jth step of
the reaction can be written as:

Kj
N N
Z Tin,' A d Z pin,' + 1’11'6 (1)
i=1 i=1
!
K

with 7;; and p;; the stoichiometric coefficients, the index i refers to the considered species,
the index j to the partial reaction. K; and K; are the rate constants. For an electrochemical
reaction, they depend on the electrode potential. 7; is the number of electrons exchanged in
the j' partial reaction. For an electrochemical reaction n; is preceded by a plus sign if the

reaction is written in the sense of the oxidation and by a minus sign if written in the sense of
the reduction. For a chemical reaction #; equals zero.

The global reaction is described by the relations that connect the electrode potential E to the
faradaic current density if, the interfacial concentrations of the volume species X;(0) and the
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surface concentrations X; of the adsorbed species'. Under steady-state conditions and using
an RDE, the general system of equations describing this electrochemical systems is given by:

* the rate (v;) expressions for each partial reaction:

N N
vj = anxj“f - K;fo“f )
i=1 i=1
X; is the concentration of the electroactive species. In electrode kinetics, concentrations are
usually employed rather than activities and thus the rate constants include the product
of activity coefficients. K; and K]’ are the potential dependent rate constants of the partial
reaction, given by:

oy iNiFE(t)

K;or K]’ = kox,jXp (%) (3)
— 0y i1 FE(t)

K; or K} = Kkyea,j€Xp (%)

with a,y j + &g ; = 1. F is the Faraday constant (96485 C/mol), R is the ideal gas constant
(8.32]/mol K) and T is the absolute temperature (K). k, ; is the rate constant of the partial
reaction j in the sense of the oxidation and k4 j is the one in the sense of the reduction.
oy, and &y are the transfer coefficients in the sense of the oxidation and reduction
respectively. They are supposed to be independent of the electrode potential (Diard et al.,
1996). If adsorbed species are involved in the electrochemical reaction the rate constants
Kjand K]'- may depend on the coverage.

e the relations that connect the faradaic current density to the rates of the partial
electrochemical reactions:

P
if = FY 50 4)
j=1

where s,; = +£n;. The + or — sign is fixed by the following convention: an oxidation
current is counted positive, a reduction current negative.

¢ the relations expressing the transformation rate of the electroactive species at the interface
electrode/electrolyte, and the continuity relation which expresses that this transformation
rate is equal to the interfacial mass transport flux of the species X;:

vx, = Jx; ()
= —myx,[X] — X;(0)]

P
=) sijyj
j=1
i=1,...,Ny

! To simplify the notation the symbol X; is used to describe the chemical species in a reaction and its
concentration X; = [X;]
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or

ox,(t) =0 (6)
i=Ny+1,...,N

were [x, is the molecular flux (expressed in mol/ m? s) of X;, equal to the number of moles
of X; going per unit of time across a unit plane, perpendicularly oriented to the flow of the
species. X7 is the bulk concentration of species X;. my, is the mass transport rate constant
for diffusion and convection of species X;, given by:

my, = 0.620D% v~ 1601/ ?)

with Dy, the diffusion coefficient of X;, v the kinematic viscosity and w the rotation speed
of the RDE.

At the maximum diffusion rate, the concentration at the electrode is zero and the limiting
current is achieved. The Levich equation provides an expression of the limiting current as a
function of the mass transport rate constant and the bulk concentration:

Ly = 0.620nFSDY/ v~ 1601/ 2 X7 "

with S the electrode surface and n the number of electrons exchanged in the reaction. This
equation thus applies to the totally mass-transfer-limited condition at the RDE.

3.2 The fitting procedure

Many comprehensive textbooks about parameter estimation and minimization algorithms
are available. The development of the fitting procedure for the analytical modeling of
electrochemical reactions is founded on a few of them (Fletcher, 1980; Kelley, 1999; Norton,
1986; Pintelon & Schoukens, 2001; Press et al., 1988; Sorenson, 1980).

Given a set of observations, one often wants to condense and summarize the data by
fitting it to a ‘'model’ that depends on adjustable parameters. In this work the "'model’
is the current-potential relation, describing the polarization curve, which is derived from
the basic laws for mass and charge transfer (given in section 3.1). The fitting of this
mathematical expression provides the values of characteristic parameters (rate constants,
transfer coefficients, diffusion coefficients), resulting in a quantitative reaction mechanism for
the electrochemical reaction.

The basic approach is usually the same: a cost function that measures the agreement between
the data and the model with a particular choice of parameters is designed. The cost function
usually defines a distance between the experimental data and the model and is conventionally
arranged so that small values represent close agreement. The parameters of the model are then
adjusted to achieve a minimum in the cost function. This is schematically illustrated in Figure
2. It shows an imaginary experiment, modeled with the well-known Butler-Volmer equation,
which describes the rate of an electrochemical reaction under charge transport control. By
changing the values of the transfer coefficients and the rate constants, the distance between
model and experiment varies for each data point. The cost function takes all these distances
into account. The estimates or best-fit-parameters are the arguments that minimize the cost
function.
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Butler-Volmer 2

—m— Butler-Volmer 1
—m— experimental data /

current

potential

Fig. 2. The cost function as a measure of the agreement between the experiment and the
model.

In most data fitting problems the match between the model and the measurements is
quantified by a least squares cost function. Consider a multiple input, single output system
modeled by yo(I) = F(ug(l),0) with I the measurement index, y(I) € R,u(l) € R*M, and
0 € R"*! the parameter vector. The aim is to estimate the parameters from noisy observations
of the output of the system: y(I) = yo(I) + ny(I). This is done by minimizing the sum of the
squared errors, e(1) = y(I) — yo(1):

Nuy
015 = arg min Vis(0) with Vg = % Y () )
0 =1

with Ny, the number of data points. arg ming stands for: "find the argument 6 that minimizes

In this work polarization curves will be modeled. The current response (= output y) to a
linearly changing potential (= input 1) is measured in N, different points (with index /) and
the transfer coefficients, rate constants and diffusion coefficients (= ) need to be estimated.
The function F is a theoretical expression which relates the current to the potential and the
model parameters.

The Gauss-Newton algorithm is very well suited to deal with the least squares minimization
problem. The numerical solution is found by applying the following iterative process:

1. Solve ](G(k))T](g(k))(s(k) — *](Q(k))Te(GU‘))
2. Set gkt1) = g(k) 4 5(k)

with J(6) the N, x ng Jacobian matrix. This is the matrix of all first-order partial derivatives of
the error e. To improve the numerical conditioning of the expression 1 of the iterative process,
the Jacobian can be scaled by multiplying each column with the corresponding parameter
value from the previous iteration. As the Gauss-Newton method is an iterative method, it
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generates a sequence of points, noted as 0(,02),90), .., or {Q(k) }. The iteration mechanism
stops when a convergence test is satisfied, and the following criterion is used here:

k1) _ (k)
i i L\
| se Vi (10)
91‘
where ¢; is the relative error in the minimization algorithm, which is defined by the user. That
means that the fitting stops when the parameter values from one iteration to another do not
change more than a low ¢; value.

Using singular value decomposition (SVD) techniques, the Gauss-Newton algorithm can
be solved without forming the product J(6%))T](6%)) so that more complex problems can
be solved because the numerical errors are significantly reduced. By SVD the matrix ] is
transformed into the product ] = UZVT with U and V orthogonal matrices: U'U = I and
VIV = VVT = [. ¥ is a diagonal matrix with the singular values on the diagonal. This leads
to the following expression for ¢:

5 =—v=uTe (11)

Under quite general assumptions on the noise, some regularity conditions on the model
F(ug(1),0) and the excitation (choice of u(1)), consistency 2 of the least squares estimator
is proven. Asymptotically (for the number of data points going to infinity) the covariance
matrix Cp g of the estimated model parameters is given by:

Crs = (JO)TT(6W)) 1 1(6%) Ty 1(6®) (1 (6% 1(6M)) (12)
with Cy = cov{ny} the covariance matrix of the noise.

The Levenberg-Marquardt algorithm is a popular alternative to the Gauss-Newton method.
This method is often considered to be the best type of method for non-linear least squares
problems, but the rate of convergence can be slow. The iterative process is given by:

1. Solve (](9<k))T](9(k)) 4 /\21)(5(k) — ,](g(k))Te(g(k))
2. Set glk+1) — g(k) 4 5(k)

or using SVD: .
S0 0
s7+A2
s=-v| 0 i 0 |uTe (13)
0 0

with s the singular values and A is called the Levenberg-Marquardt factor. As starting value
A = 135 is chosen. If the value of the cost function decreases after performing an iteration,
a new iteration is performed with Ayey = Ay * 0.4 If the cost function increases, Ajew =
Aoid * 10 is chosen and the old value of 0 is maintained.

Some numerical aspects of these methods are also worth mentioning. ~Whether the
Gauss-Newton or the Levenberg-Marquardt algorithm is used, the expression for equation
to be solved is always written as:

2 An estimator  is strongly consistent if it converges almost surely to 6p: a.s. limy ip e 0 (Nap) = 60,
with 6 the true (unknown) value 6.
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X6 =e (14)

Consequently, a change Ae of ¢, also causes § to change by Aé. The problem is said to be
well conditioned if a small change of e results in a small change of 4. If not, the problem is
ill-conditioned. It can be shown that

180 ]]2  Smax || Ae |l2 15)
I l2 Smin || €1]2
with || || the 2-norm given by:
| x|la=Y 7 (16)
i

and ¥ = %, the ratio of the largest singular value to the smallest, is called the condition
number of X. If x is large, the problem is ill-conditioned.

In Eq. (9) all measurements are equally weighted. In many problems it is desirable to put more
emphasis on one measurement with respect to the other. This is done to make the difference
between measurement and model smaller in some regions. If the covariance matrix of the
noise is known, then it seems logical to suppress measurements with high uncertainty and
to emphasize those with low uncertainty. In practice it is not always clear what weighting
should be used. If it is, for example, known that model errors are present, then the user may
prefer to put in a dedicated weighting in order to keep the model errors small in some specific
operation regions instead of using the weighting dictated by the covariance matrix.

In general, the weighted least squares estimator B is:
o 1
Owis = arg min Viyrs(0) with Viyrg = Ee(e)TWe(e)) (17)
0

where W € RN*N is a symmetric positive definite weighting matrix. All the remarks on the
numerical aspects of the least squares estimator are also valid for the weighted least squares.
This can be easily understood by applying the following transformation: € = Se with STS =
W so that Viyrg = €Te, which is a least squares estimator in the transformed variables. This
also leads to the following Gauss-Newton algorithm to minimize the cost function:

601 = 9 1 50 with (6% Tw](0%)5®) = —1(6%))Twe(p®)) (18)
Eq. (12) is generalized to (noticing that WT = W):
Cwis = (JO®)Tw(6%)) 16" Twe,wy(e™) (je™)Twye™) " (19)
By choosing W = C, ! the expression simplifies to:
Cwis = (J(OW) T, (e®)) (20)

It can be shown that, among all possible positive definite choices for W, the best one is
W = Cy* 1 since this minimizes the covariance matrix (Pintelon & Schoukens, 2001). These
expressions depend on the covariance matrix of the noise C,. In practice this knowledge
should be obtained from measurements. In this work a sample covariance matrix obtained
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from repeated measurements is used. It can be shown that in this case the covariance matrix
of the estimates is given by (Schoukens et al., 1997):

Ciis = 37— J(69)7C; (@) el

where M is the number of polarization curves that are measured. At least 11 experiments
have to be performed to use this expression (Schoukens et al., 1997).

After SVD of Cy* L] this equation becomes:

Cwis = VZ*ZVT% (22)
In this work the Gauss-Newton and Levenberg-Marquardt methods are implemented. The
fitting starts with the Gauss-Newton method, but when the cost function is no longer
decreasing after an iteration, it switches to Levenberg-Marquardt. The reason for starting
with the Gauss-Newton method is that this method usually converges more rapidly than the
Levenberg-Marquardt algorithm.

3.3 A statistical evaluation

After the determination of the best-fit parameter values, the validity of the selected model
should be tested: does this model describe the available data properly or are there still
indications that a part of the data is not explained by the model, indicating remaining model
errors? We need the means to assess whether or not the model is appropriate, that is, we need
to test the goodness-of-fit against some useful statistical standard.

With the best-fit-parameters, the modeled data is calculated and compared with the
experimental data. Also, the difference between the experimental and calculated data is
plotted. If the model describes the experiment appropriately, this difference should lie in the
confidence band. This interval is defined by + two times the experimental standard deviation
of the current, calculated from a series of repeated experiments. When performing multiple
experiments, 95 % of the experiments are expected to fall in this interval.

If the statistical evaluation does not show a good agreement between model and experiments,
the model cannot be accepted indicating that any of the modeling steps is not well designed.
In that case, we have to go back to the previous modeling steps: the experimental study,
the proposed model (reaction or transport model) or/and the fitting procedure, and check
their performance and the assumptions and simplifications that have been made to develop
every step of the modeling methodology. Adjustments or possible alternatives must then be
proposed.

An important message is that the fitting of parameters is not the end-all of parameter
estimation. To be genuinely useful, a fitting procedure should provide (i) parameters, (ii)
error estimates on the parameters, and (iii) a statistical measure of goodness-of-fit. When the
third item suggests that the model is an unlikely match to the data, then items (i) and (ii) are
probably worthless. Unfortunately, many practitioners of parameter estimation never proceed
beyond item (i). They deem a fit acceptable if a graph of data and model "look good". This
approach is known as chi-by-eye and should definitively be avoided.
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4. Analytical modeling of LSV/RDE experiments

4.1 The experimental procedure
4.1.1 Composition of the electrolytes

The chemicals used for the study of the hexaammineruthenium (III) / (II) redox reaction are:
[Ru(NHj3)6]Cls (Sigma-Aldrich, 98%), Na, HPO, - 2H,0 and NaH, PO, -12H,0 (both ProLabo
A.R.). Solutions are made with once-distilled and deionized water. A 0.1 M phosphate buffer
pH 7 solution is used as the supporting electrolyte and the concentration of the electroactive
species hexaammineruthenium (III) is 0.001 M. The following chemicals are used for the
ferri/ferrocyanide reaction: K4[Fe(CN);] -3H,0O, K3[Fe(CN)g] and KCl1 (all Merck P.A.). The
supporting electrolyte is a 1 M KCI solution and the concentrations of the electroactive
components ferri/ferrocyanide are 0.005 M. In that way, a negligible migration flux, constant
activity and diffusion coefficients of the electroactive species, a low electrolyte resistance and
a uniform current distribution are assumed for both electrochemical systems.

4.1.2 Experimental set-up

A typical three electrode set-up is used for the LSV/RDE experiments (Bamford &
Compton, 1986; Diard et al., 1996). The electrochemical cell contains a Ag/AgCl reference
electrode (Schott-Geréte), a rotating disk working electrode and a platinum grid as counter
electrode. A platinum RDE is used for the ferri/ferrocyanide system and a gold RDE
for the hexaamineruthenium (III)/(II) system. The RDE electrodes are fabricated by
embedding a 4 mm diameter polycrystalline platinum or gold rod in an insulating mantle
of polyvinylidenefluoride.

The electrode is rotated by an RDE control system of Autolab. For the hexaammineruthenium
(III) /(II) reaction, the rotation speed is set to 500 and 1000 rpm. In the experiments with
the ferri/ferrocyanide system, the rotation speeds are 300, 1000, 1500 and 2000 rpm. The
voltammograms are measured using a high resolution galvanostat/potentiostat PGSTAT100
(Autolab Instruments) of Ecochemie, controlled by the GPES 4.8 or the Nova 1.5 softwares. In
the LSV experiments, the potential is swept from 0.3 to -0.4 V vs NHE for the Ru(NH3)23/
Ru(NH3)/ 2 reaction and from 0.8 to 0.2 V vs NHE for the Fe(CN) 5 3/ Fe(CN), 4 reaction. The
scan rate is taken constant at 1 mV/s. The step potential is set to 0.00015 V, in this way a
maximum number of data points is measured.

All measurements are performed in a 200 ml glass electrolytic cell, thermostatted at 25 +
0.5°C using a water jacket connected to a thermostat bath (Lauda RE304). Prior to the
measurements, the electrolyte is deoxygenated by bubbling with nitrogen gas (Air Liquide)
for 10 min, while during the experiment a nitrogen blanket is maintained over the cell. This
results in a substantial flattening of the reduction plateau of both the ferricyanide and the
hexaamineruthenium (III).

4.1.3 Electrode pretreatment

The reproducibility of the measurements is strongly increased by means of applying the
following pretreatment of the working electrode surface: 1) mechanical polishing of the
electrode on a rotating disk (Struers DP10, on cloth), successively using diamond paste of
7 ym and 1 ym grain size (Struers) for the Pt electrode, and 9 ym, 3 ym diamond paste and
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0.04 ym Al, O3 paste (Struers) for the Au electrode; 2) ultrasonic rinsing with deionized water
followed by degreasing with chloroform, also in an ultrasonic bath (Elma model T470/H); 3)
four cyclic voltammograms are performed before each experiment in order to remove oxide
and trace contaminants from the metallic surface (Robertson et al., 1988). During the cyclic
voltammetry measurements, the potential is swept between -0.35 V to 1.45 V vs Ag/AgCl at
a scan velocity of 50 mV /s on the Au electrode (hexaammineruthenium (III) / (IT) system) and
between +0.55 and -0.45 V vs Ag/AgCl at a scan velocity of 10 mV/s, on the Pt electrode
(ferri/ferrocyanide system).

4.2 Modeling the ferri/ferrocyanide redox reaction

The simplest electrochemical reactions, which can be found among the different kinds of
electrode processes, are those where electrons are exchanged across the interface by flipping
oxidation states of transition metal ions in the electrolyte adjacent to the electrode surface
(Bamford & Compton, 1986), i.e. an ET (electron transfer) mechanism. The electrode acts as
the source or sink of electrons for the redox reaction and is supposed to be inert. The reduction
of ferricyanide to ferrocyanide (Angell & Dickinson, 1972; Bamford & Compton, 1986; Bruce
et al., 1994; Iwasita et al., 1983) is an example of such a mechanism:

Fe(CN)g3 +e~ = Fe(CN)* (23)

4.2.1 Results of the experimental study

A set of equivalent polarization curves of the ferri/ferrocyanide reaction is used as the
experimental data, which is the input to the model methodology. As advised in (Tourwé et al.,
2006), 11 voltammograms are measured under identical conditions for every rotation speed.
The resulting voltammograms for the Fe(CN) 3 /Fe(CN) 6 3 system are shown in Figure 3.

o 10
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
E (VvsNHE)

Fig. 3. Voltammograms of the reduction/oxidation of 0.005 M ferri/ferrocyanide in 1 M KCl,
at 2000 rpm.
4.2.2 The analytical expression for the current as a function of the potential

The analytical expression is derived for the reduction/oxidation of ferri/ferrocyanide
(reaction (23)). The basic equations that describe this mechanism, when studied under
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steady-state conditions on a rotating disk electrode, are:

0= Koxcred(o) - Kredcox(o) (24)

I=iS= ifS = FSv (25)

U = Uox/red = —1mox[Coy — Cox (0)] = Myeq [C:ed — Cred(0)] (26)

i =4F Cky)or = £0.620FD2/3, = 1/64,1/2C* 27

Uim,o0x/red Myed /ox red/ox . m;l/ng w red/ox ( )
+a JnFE

Kox/rea = kox/redexp% (28)

From this set of equations an expression for the current as a function of the potential, the
experimental parameters and the model parameters can be derived. Considering aoy + &g =
1, the model parameters are D,.;, Dox, kox, kroq and ayx. The experimental parameters are
C:e qr Cjy¢, S, nand T, which are all known. v and w are eliminated in the expression for the
current, by using the limiting current density as a model parameter, rather than the diffusion
coefficient. Solving this set of equations leads to the following current-potential relation
(Tourwé et al., 2007):

nFS(koxexp <“°}{"TFE> Cr g — kreaexp (%ﬁ) Cx)

I =
KoxN. * —ly, nFE N
1+ nFS ("M-w( )G kmexp(+)cm)

(29)

ilim,nx ilim,wd

4.2.3 The fitting results and their statistical evaluation

For the ferri/ferrocyanide system, the analytical model is based on 5 parameters: the rate
constant of the reduction reaction, k,.;, the rate constant of the oxidation reaction, k,y, the
charge transfer coefficient, a,y, the reduction limiting current density, i}, .4 and the oxidation
limiting current density, i}, o,. The mathematical expression for the current as a function of
the potential (Eq. (29)) is fitted to the mean of the equivalent experimental voltammograms,
using the method described previously.

Four rotation speeds are considered for the study of the ferri/ferrocyanide redox reaction:
300, 1000, 1500 and 2000 rpm. Figure 4.a presents a comparison between the mean
experimental voltammogram at 2000 rpm and the modeled voltammogram, calculated with
the best-fit-parameters, and the 95% confidence interval +2¢, with ¢ the standard deviation
of the current in the set of experimental curves. The difference between the experimental and
the modeled curve (Figure 4.b) lies in the 95% confidence band. This means that the model is
able to describe the experiments appropiately.

In order to check the validity of the analytical modeling to estimate the model parameters,
an evaluation of the parameter values determined at different rotation speeds is carried out.
In Figure 5 the 95% confidence intervals for the best fit-parameters at four rotation speeds
are compared. It can be seen that for all parameters the 95% confidence intervals obtained
at the different rotation speeds overlap with the interval for the lowest rotation speed (300
rpm). The latter is, however, much larger than those obtained for the higher rotation speeds.
This is due to the fact that at lower rotation speeds mass transfer rapidly becomes the rate
determining step. The potential region where charge transfer influences the reaction rate
is smaller than for the other rotation speeds and, as a consequence, the charge transfer
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Fig. 4. Modeling the reduction/oxidation of ferri/ferrocyanide: (a) Comparison of the
modeled curve and the mean experimental curve, at 2000 rpm. (b) Difference between the
experiments and the model within the 95% confidence interval.

parameters are determined less accurately. This does not imply that the results at this lowest
rotation speed have to be rejected. When calculating the best estimates of the parameters, the
higher uncertainty is taken into account. The 95% confidence intervals for ko, ko7 and a,x
obtained for the intermediate rotation speeds (1000, 1500 and 2000 rpm) overlap, indicating
that the results are independent of the rotation speed.
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Fig. 5. Comparison of the 95 % confidence intervals of the charge transfer parameters
obtained at 300 rpm, 1000 rpm, 1500 rpm and 2000 rpm.
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The best-fit estimates of the charge transfer parameters are calculated as the weighted mean
of the values obtained at the four rotation speeds taken into consideration. Introducing
weighting factors helps to adjust the impact of one result on the mean with regard to their
level of uncertainty. The maximum likelihood estimate of normally distributed variables x;
with different variances ¢ and the same mean value y is given by (Sorenson, 1980):

IS
o2

(30)

‘Z,{ =

%L
This results in the following values for the charge transfer coefficient and the rate constants:
aoy = 5.14E-01 £ 1.28E-02, kox = 1.41E-08 m/s £ 4.50E-09 m/s and k,,; = 1.61E+00 m/s +
4.82E-01 m/s.

The diffusion coefficients can be calculated from the Levich equation (Eq. 8). Using the values
of iy req @and ijjy, 0r, determined for 300, 1000, 1500 and 2000 rpm, this results in D,y =
8.07E-10 m?/s =+ 2.23E-17 m?/s and D,y = 8.31E-10 m?/s & 2.75E-17 m?/s. The obtained
parameter values compare well with the values presented in literature (Angell & Dickinson,
1972; Beriet & Pletcher, 1993; Bruce et al., 1994; Jahn & Vielstich, 1962).

4.3 The analytical modeling of the hexaammineruthenium (lll)/(ll) redox reaction

The reduction of hexaammineruthenium (III) to hexaammineruthenium (II) is extensively
described in literature (Beriet & Pletcher, 1994; Deakin et al., 1985; Elson et al., 1975;
Khoshtariya et al., 2003; Marken et al., 1995; Muzikar & Fawcett, 2006) as a one electron
transfer reaction, i.e.,

Ru(NH3)$3 + e~ = Ru(NH;) 2 (31)

Due to the fact that the hexaamineruthenium (II) complex is not stable in solution, the
electrochemical reaction (31) is studied here only in the direction of the reduction, with
the hexaammineruthenium (III) being the only electroactive species initially present in the
electrolyte.

For the reduction of Ru(NHg,)g'3 to Ru(NH3)/ 2, the mathematical expression describing the
reaction mechanism is obtained, leaving out the oxidation parameters. The current-potential
relation is formulated with the following expression:

—nFSk,.qexp <%T’1HS> C,
1=

, - (32)
Yim,red — nFSkredexp(mﬁiﬁ“M)C;‘x

For the analytical modeling of the reaction, also 11 identical experimental curves are
performed, at 500 and 1000 rpm. In the reduction of Ru(NHz)/ 3, an unexpected variation
of the current values in the region of the limiting current is observed. This behavior differs
from the characteristic curve of an ET mechanism and might be due to additional reactions
in the supporting electrolyte. This contribution of the supporting electrolyte is measured and
subtracted from the experimental polarization curves.

In Figure 6 it can be seen that the difference between the experimental curve and the modeled
curve, at 500 rpm, lies in the 95% confidence band. At this point we could accept that the
model is appropiate to describe the experiments, but an evaluation of the estimated values
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Fig. 6. Difference between the mean experimental and the modeled curves, at 500 rpm,
within the 95% confidence band.

of the model parameters must be done. The model parameters are fitted for the experimental
data obtained at two different rotation speeds. The best-fit values and their standard deviation
obtained for 500 rpm and 1000 rpm are shown in Table 1. The values of the charge transfer
coefficient are slightly different. In the case of the rate constant, the best-fit values at different
rotation speeds present significant differences. Thus, the estimated values are not consistent
with the results expected for the proposed model: while the limiting current density is
proportional to the square root of w, the values of the charge transfer parameters must be
independent of the rotation speed.

The different results of the estimated parameters at the two rotation speeds could be due
to interfering reactions in the supporting electrolyte or, more likely, to the oxidation of
hexaamineruthenium (II) to hexaamineruthenium (III), occurring at the initial potentials of the
polarization curve. The oxidation half-reaction is not taken in consideration in the formulation
of the analytical current-potential expression; this could have an influence on the parameter
estimation. According to our modeling strategy, a better estimation of the model parameters
needs further investigation on the treatment of the experimental data and/or the formulation
of the reaction mechanism. Present research is devoted to this topic.

500 rpm 1000 rpm
Model parameters Estimate F Std Estimate . Std
Kyed 7.67E-01 |2.95E-03| 7.49E-01 |2.15E-03
kyeq (m/s) 6.17E-05 |3.36E-07| 7.14E-05 |3.46E-07
iim,red (A/ mz) -3.29E+00|1.51E-03|-4.54E+00|2.20E-03

Table 1. Best-fit parameters and their standard deviation for 500 rpm and 1000 rpm.

5. The inverted rotating disk electrode (IRDE) reactor

The combination of linear sweep voltammetry with an RDE is a powerful tool to study
electrochemical reactions. One limitation to the technique is the presence of gas in some
electrochemical systems. The inverted rotating disk electrode (IRDE) is designed to tackle
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this problem. It allows an investigation of gas evolving reactions, preventing the presence of
gas from being an obstacle to a quantitative modeling.

When the RDE set-up is used for the mechanistic study of gas evolution reactions, the formed
gas bubbles tend to stick to the downward facing electrode surface and, hence, shield the
active electrode surface. In contrast to the classical RDE configuration where the rotating
disk is downward facing and positioned at the top of the electrochemical cell, in the IRDE
configuration the rotating disk is now placed at the bottom of the cell, facing upwards. As
a result, the generated bubbles rise freely and are no longer shielding the electrode surface.
The bubbles are detached from the electrode by buoyancy or swept away by the rotational
movement of the electrode.

Many industrial electrochemical systems deal with gas evolution, such as, for example, the
water electrolysis, the chlorine and chlorate production or the side reactions during the
electrowinning or electrodeposition of metals.

5.1 Design and construction of the IRDE reactor

The electrochemical cell consists of a cylindrical vessel of 74 mm diameter and 200 mm height,
with a square water jacket around it. A schematic illustration of the IRDE design is presented
in Figure 7 and a picture of the IRDE set-up is shown in Figure 8. The height of the working
electrode protruding into the electrolyte is 30 mm. The counter and the reference electrode are
located in the upper part of the cell, far away from the rotating electrode in order not to disturb
the flow field near the working electrode. Because of the positioning of the reference electrode
vs the working electrode, the current-potential data needs to be corrected for the ohmic drop.
After emptying the cell, the vessel itself can be removed permitting an easy exchange of the
working electrode. The cell is entirely made of plexiglas (polymethylmethacrylate or PMMA)
to ensure full optical access to the cell. In this way, the gas bubbles can be characterized in-situ
(e.g. bubble size, rise velocity, etc.) by means of optical imaging techniques.

reference electrode
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2 80
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outlet =]
water jacket
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Fig. 7. Schematic illustration of the IRDE cell.
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Fig. 8. Picture of the IRDE cell.

5.2 Evaluation of the IRDE reactor for kinetic studies of electrochemical reactions

Although the change in position of the working electrode from the top to the bottom of the
cell seems to be a minor modification, it has to be examined whether the characteristics of
mass transfer governing the RDE reactor are also valid for the IRDE reactor. To this purpose,
the ferri/ferrocyanide redox system is used. Since theoretically charge transfer parameters
are independent of the hydrodynamics, the same parameter values must be found in both
the RDE and IRDE configuration. The equations of mass transfer, used for kinetic studies
in an RDE configuration, are based on an analytical expression of the velocity field with the
assumption of an infinite large electrode disk and bath dimensions. In practice, however,
we deal with a finite sized rotating disk and a confined electrochemical cell. Although it is
generally accepted that the analytical solution of the flow field derived by Levich (Newman,
1973) describes the velocity field near the electrode surface well, it is nevertheless not evident
that the velocity field is described with the same accuracy for the IRDE configuration as for
the RDE configuration.

The analytical modeling utilized for the RDE configuration is applied to the IRDE reactor.
The experimental procedure described in section 4.1 is used for the LSV experiments of the
ferri/ferrocyanide redox reaction on the IRDE. Eq. 29 is fitted to the mean polarization curves,
obtained at 300, 1000 and 1500 rpm. The mean polarization curve is calculated from 11
independently recorded polarization curves. The 95 % confidence intervals of ko, k;e; and oy
obtained at 300, 1000 and 1500 rpm perfectly overlap (not shown). This means that the values
of the charge transfer parameters, kox, koy and aoy, are independent of the rotation speed,
as expected theoretically. The calculated weighted mean values of the model parameters for
charge transfer, kox, k7 and a,y, are respectively 1.03E-08 m/s £ 1.31E-09 m/s, 9.12E-01 +
1.25E-01 m/s and 5.39E-01 & 7.06E-03.
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In Figure 9, the weighted mean values of the charge transfer parameters and their 95 %
confidence interval, obtained in the IRDE and the RDE reactors, are compared. It can be
seen that the confidence intervals of k., perfectly overlap, while a small deviation between
the confidence intervals is observed for k,,; and ayy. However, the deviation between the
confidence interval is smaller than 1% for a,, and smaller than 5% for k,,;. The deviation
between the confidence intervals is determined by the difference between the maximum and
the minimum values of the respective confidence intervals obtained in the RDE and the IRDE
configurations, normalized to the mean value of the respective model parameter obtained in
the RDE configuration. The values lie sufficiently close that it is reasonable to assume that
the mass transfer characteristics of the RDE are also valid for the IRDE. The estimation of the
charge transfer parameters does not depend on the hydrodynamics and mass transport within
the electrochemical cell, which in its turn demonstrates that the IRDE is a suitable tool for the
mechanistic study of the electrochemical reactions. Moreover, the differences between the
values of the rate constants estimated for the RDE and the IRDE reactors narrow the window
of values reported in literature (Angell & Dickinson, 1972; Beriet & Pletcher, 1993; Bruce et al.,
1994; Jahn & Vielstich, 1962).

—RDE —RDE
—IRDE —IRDE

49E-01 S0E-01 5.1E-01 52E-01 53E-01 54E-01 5.5E-01 5.00E-1 LOOE+00 1.50E+00 2.00E+00 5.00E~1
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Fig. 9. Comparison of the 95 % confidence intervals of the weighted mean of the charge
transfer parameters obtained in the IRDE and the RDE configurations.

6. Towards the identification and quantification of characteristic parameters of
complex electrochemical systems

In general, an accurate and fully statistical founded solution is the aim of all kinetic and
mechanistic studies of electrochemical systems. The proposed analytical fitting model is
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applied to one electron transfer reactions. Yet the fitting can be extended to other reaction
steps, such as chemical or adsorption reactions, or to other measurement techniques, such as,
for example, electrochemical impedance spectroscopy, provided that they can be analytically
formulated.

However, in many cases the electrochemical systems present more complicated reaction
mechanisms, including multiple electrochemical or chemical reactions. The reaction model
is thus too complex to be translated into analytical equations. Besides, when gas bubbles
are involved in the electrochemical process, a new transport model describing the two-phase
mass transport is designed (Maciel et al., 2009; Nierhaus et al., 2009; Van Damme et al., 2010).
Modeling these complex systems requires a numerical approach. In our group, focus is put
on the development of numerical models for such complex systems. Nevertheless, in order to
achieve a statistical and accurate parameter estimation, it is clear that also a numerical fitting
procedure has to be introduced. This aspect is under development at present in our group.

7.Conclusions

The strength of the analytical fitting model to quantify the kinetic parameters of an
electrochemical reaction is shown. The coupling of statistically founded parameter estimation
techniques with LSV/RDE experiments is an important innovative point of the modeling
strategy.

The fitting methodology requires the proposition of an appropriate mechanism for the studied
reaction and its mathematical translation into an expression that analytically describes the
voltammogram. This expression depends on the mass and charge transfer parameters of the
reaction (rate constants, transfer coefficients and diffusion coefficients). Powerful parameter
estimation algorithms are used in the data fitting tool to adjust the values of the model
parameters in order to obtain a good agreement between experimental and modeled data.
The values of the model parameters that give rise to the best match, characterize the system
quantitatively. Moreover, this method provides error estimates of the obtained parameter
values. However, it is only after a statistical evaluation of the obtained results, that it is
decided whether the model is able to describe the experiments.

The application of the analytical modeling for the study of the ferri/ferrocyanide reaction
with LSV/RDE experiments demonstrate that the modeling methodology is valid to
extract the quantitative mechanism of an electrochemical reaction. In the case of the
hexaammineruthenium (III)/(I) reaction, however, the results of the analytical modeling
point out the importance of a correct formulation of the reaction mechanism.

The IRDE reactor is built to facilitate the study of electrochemical gas evolution reactions. It
offers the advantages of the classical RDE set-up, such as well-defined hydrodynamics and
mass transport over a wide range of rotation speeds, while the gas bubbles can rise freely and
do not shield the electrode surface. It is demonstrated that the IRDE configuration is valid for
kinetic and mechanistic investigations of electrochemical reactions.

It has to be emphasized that for the existing fitting procedure the proposed reaction model
describing the reactions taking place must be translated into an analytical equation. It is clear
that in the presence of, for example, chemical reactions or gas bubbles, an analytical solution
does not exist anymore. Therefore, for further modeling studies a fitting tool that makes use
of numerical calculation procedures needs to be developed.
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1. Introduction

Electrochemistry constitutes an important discipline that involves many phenomena as
mass transfer, migration because of the presence of electric field, and hydrodynamic
especially in reactor with large scale.

In fact, electrochemical methods and electrochemical reactors have to be developed in order
to resolve many problems in different area (mining, waste water treatment etc).

For measurement by electrochemical methods, probes have to be developed. For example,
knowledge of the magnitude of the frictional forces between the solids and the gas-liquid
mixture is very important for design of bioreactors. The growth of biomass on solid surfaces
may be sensitive to shear stress. In fluidized bed bioreactors the suspended carriers are used
for microbial immobilization or enzyme encapsulation. The knowledge of shear stress is
important because some micro-organisms and cells attached to microcarriers are sensitive to
excessive friction. The aim is to develop and verify a fast and inexpensive method for
measuring the frictional forces in multiphase reactors beds.

On the other hand the performance of a multiphase reactor - for example, a bubble column-
depends on the knowledge the bubble swarm properties as bubble shape, velocity allowing
to determine the gas liquid mass transfer and liquid solid mass transfer.

To establish direct local information and precise bubble dimensions, various probes were
used. The electrical resistivity probe was developed to measure the velocity and diameter of
a bubble in a conducting liquid medium. In a non-conducting medium, the optical probe is
more appropriate.

To ensure easy measurement of bubble sizes in a non transparent conducting medium and
to establish direct local information in a reactor, the present work shows the possible use of
electrochemical probe.
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Paragraph two develops this aspect, the electrochemical probe developed serves in the same
time as a probe able to measure the velocity gradient at the wall of a spherical sphere and to
measure the volume bubble in a bubble column.

For the process aspect as the water and waste water treatment, the need of purifying water
for human consumption is more and more required. Cleaning wastewater from industrial
effluents before discharging is also a challenging work. In fact, innovative, cheap and
effective techniques have to be developed.

Electrocoagulation (EC) is an electrochemical method for treating polluted water which has
been successfully applied for treatment of soluble or colloidal pollutants, such as
wastewater containing heavy metals, emulsions, suspensions, etc., but also drinking water
for lead or fluoride removal. A typical EC unit includes therefore an EC cell/reactor, a
separator for settling or flotation, and often a filtration step. Indeed, the benefits of EC
include simplicity, efficiency, environmental compatibility, safety, selectivity, flexibility and
cost effectiveness. In particular, the main points involve the reduction of sludge generation,
the minimization of the addition of chemicals and little space requirements due to shorter
residence time. The main deficiency is the lack of dominant reactor design and modeling
procedures. The literature reveals any systematic approach for design and scale-up purpose.
The most papers use laboratory-scale EC cells in which magnetic stirring is adjusted
experimentally and the separation step by floatation/sedimentation is not studied.

That’s why an innovative reactor is developed in order to optimize the cost of this process.
This is the object of paragraph three.

2. Electrochemical method for measurements of frictional force and bubble
size

This part involves the measurement character of electrochemical methods that lead to
measure the velocity gradient and frictional force on a particle in a bubble column and in a
fluidized bed. The possibility of measuring bubble volume is also discussed. Thus, an
electrochemical probe may be proposed to measure in the same time the frictional force and
the bubble volume. The application of such electrochemical method is very important in
biochemical engineering,.

2.1 Velocity gradient and frictional force measurement

Reiss and Hanratty (1963) developed a model to obtain the velocity gradient Sy, in the
vicinity of a wall of rectangular or cylindrical shape. By using a microelectrode mounted
flush with a tube wall, the apparent mass transfer coefficient K, could be obtained by
electrochemical technique. This model was established in the cases where the thickness of
the concentration boundary layer (3.) was less than that of the hydrodynamic boundary
layer (3y) (figure 1) and was verified in cases of high Schmidt number.

The mass balance in the vicinity of the microelectrode can be developed as follow:

o € _oC
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Fig. 1. Concentration and velocity profiles over the electrode surface.

The instantaneous rate of mass transfer is proportional to the concentration gradient at the
surface averaged over the electrode:

N:D<§> )

oy
The mass transfer coefficient defined as : K, = N/(C-Cy), Cw is the wall concentration.

The analytical solution of (1) allows to determine the local mass transfer coefficient:

o 25" 1/3
m:a[D ] 3)
Le

C : concentration, mol.m-3
D : coefficient diffusion, m2.s1,

The method can be extended to spherical walls (sphere particle). A sphere is equipped with
an inside channel, bent through 90°, in which a gold thread of 1 mm diameter was
introduced, cut flush with the surface. A rigid tube serves as support. The microelectrode
can be directed relative to the average direction of the liquid by rotating the support
(figure 2).

Gold wire
\ WA N\
V) \

Microelectrode

Flow direction

Fig. 2. The electrochemical electrode.
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The electrochemical technique adopted consisted of the determination of the apparent local
transfer coefficient (and subsequently the velocity gradient at the wall), based on
measurements of the diffusion - limiting current during the reduction of an electroactive
species.

The relationship between the apparent mass transfer coefficient and the velocity gradient is
then deduced:

e

_ 2o \1/3
Kﬂ:0.862[D 5”] 4

de : diameter of microelectrode, m

In order to test the validity of this model to predict the frictional force in sphere particles in
bubble column and fluidized bed, the experimental apparatus is then designed (figure 3).

It is composed of a plexiglass fluidization column, 157 cm height (distance between the
perforated stainless steel plate serving as liquid distributor and the point of liquid overflow)
and 9.4 cm diameter. A column filled with glass sphere was placed underneath the liquid
distributor; this serves as a homogenization section to avoid any preferential passage
phenomena. A liquid reservoir is equipped with a temperature controller and a liquid
cooling coil. Rotameters are used to meausure the flow rates of liquid and gas (nitrogen)
which are introduced via a gas injector consisting of two concentric circular tubes with 90
regularly spaced holes (0.4 mm diameter). An auxiliary electrode (nickel ring), a reference
electrode furnished with a Luggin’s capillary and a working electrode are connected to a
potentiometer which is linked to microcomputer performing the acquisition of electric
current signals and computations of the average and fluctuating current intensities.

The method depends on creating a diffusional limitation at the transfer surface studied
(working electrode) and simultaneously avoids such limitations at the counter electrode
surface (i.e the counter electrode potential remained almost constant). This is achieved by
using a counter electrode with a large surface area compared with the working electrode.

The intensity of the limiting current of the working electrode is obtained by the graph
presenting the current intensity versus potential. In order to achieve this, the reference
electrode (saturated calomel), has to be placed as closed as possible to the working
electrode, to minimize the ohmic resistance of the solution. For this purpose, a capillary of
about 1 mm diameter is introduced between the working and reference electrodes.

Several possible reactions for electrochemical determination of mass transfer coefficients are
available, but the most frequently used system is potassium ferricyanide to potassium
ferrocyanide. Normally the reaction at the working electrode is the reduction of
ferricyanide, whereas the oxidation of ferrocyanide takes place at the counter electrode:

Cathode: Fe(CN)e>- + e- > Fe(CN)e+

Anode: Fe(CN)s* > Fe(CN)s*+ + e

The ferricyanide concentration should thus in principle remain constant during the
experiment. This is verified by using a turning disc electrode, as explained later. The
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4- Rotameters 10- Working electrode
5- Pump 11- Reference electrode
6- Liquid reservoir 12- Capillary

Fig. 3. Experimental apparatus for the study of friction on a solid sphere.

potassium ferri-ferrocyanide system chosen consisted of a 0.5 mol.dm? sodium hydroxide
solution with 5 x 103 mol.dm=3 each of potassium ferricyanide and potassium ferrocyanide.
Sodium hydroxide is added as electrolyte support to minimize the migrational effects.

The physic-chemical properties of the solution are given in Table 1. The density of the
solution was determined by pycnometry and the viscosity measured by a viscosmeter
(Rheomat 15T-FC). The diffusion coefficient of the potassium ferricyanide is measured by
means of a turning disc electrode, computed from the intensity of the limiting current on the
disc using the relationship (Levart & Schumann, 1974):

J =D CoScl/3.(w/v)1/2. 1/k )

k =1.61173 + 0.480306 Sc-1/3 + 0.23393 Sc-2/3 + 0.113151 Sc-

D: coefficient diffusion, m2.s-1

J : molar flux species, mol.m=2 s-1

Cp : electroactive species concentration, mol.m-3
o : angular velocity, rd.s

v : kinematic velocityof liquid, m2.s-1

Sc : Schmidt number defined by v/D

This relationship is also used to determine the concentration of the solution once the
diffusion coefficient is known (assumed to be concentration independent).
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Temperature (°C) 103 py (kg.m3) 103 0y (Pa.s) 1010 D (m2.s71)
25 1.02 1.17 5.17

Table 1. Physico-chemical properties of the solution used in the study.
The apparent mass transfer coefficient at any microelectrode position 6, is given by:

I

= 6
n.F.Ae.CO ( )
Ii : Intensity of diffusion - limiting current (A)
F : Faraday constant (A s m-1)
n : number of electrons liberated during the course of the electrochemical reaction
A, :surface of microelectrode (m?).
From the equation (4) we can deduce the velocity gradient:
0)=(1.16K,)" L 7
Su(0)=(1.16K,) = )

As the velocity gradient at the wall is related to the local shear stress (tw) through the
relationship: tw = 1. Sw (Newtonian liquid), n; is the dynamic viscosity (Pa.s).
Eq. (7) may be used to compute the frictional drag force (Ff) exerted on the whole sphere:

Fy=22R2n,[ Su(6)sin’0d0 )
0

Method verification:

The relationship of Reiss and Hanratty was established for the case of a flat surface and
validity for a spherical surface should therefore first be verified.

Figure 4 shows the velocity gradient at the wall for five values of the Reynolds number and
with different angles between the electrode surface and the mean fluid flow direction. The
curves clearly show a maximum in velocity gradients around the 45° angle which is in
agreement with calculations based on numerical solution of the momentum balance
equation around a sphere. The figure also shows that the velocity gradient rises with the
Reynolds number at all positions on the sphere. The influence is however far more
noticeable in the front than in the rear of the sphere.
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Fig. 4. Surface velocity gradient as function of position for single-phase around a sphere.

In the case of three phase fluidization, glass spheres (2mm in diameter, ps= 2532 kgm=3) and
plastic spheres (5mm in diameter, p;= 1388 kg.m?3) are used. This choice provides very
different bubbly flows due to different balances of coalescence and break-up of bubbles.

The contribution of the frictional force is more important in “coalescent” fluidized beds than
in “break-up” fluidized beds. The effect of gas injection is depending on the fluidized
particle effect on bubble coalescence and break-up. Correlations are developed linking
frictional force to gas hold-up. The correlations recommended for frictional force in
fluidized beds for both systems, (i.e., coalescence and break-up) are as follows:

e  Glass spheres (2mm diameter, coalescence regime):
F =243 Re0052 £,04 | standard deviation = 6%.

e  Plastic spheres (bmm diameter, break-up regime):
F =0.123 Re03 g,01, standard deviation = 4%.

F is a dimensionless force defined by F = F;/P,, where P, is the effective weight of the sphere.

Re: Reynolds number defined by d,Uip/n;, dp is the particle diameter, py is the liquid density,
Ut is the superficial liquid velocity, n1 is the dynamic viscosity, g : gas holdup.

2.2 Bubble size measurement

The purpose is to demonstrate that the electrochemical probe can be used as a means of
measuring bubble sizes. First, calibrated bubbles are used by single tubes. Then, a gas
injector is used in a bubble column with homogeneous bubbling regime. In this case, the
average frequency of the fluctuations of diffusion limited current detected by the probe is
postulated as being equal to the bubble frequency leading to an estimation of bubble size.

2.2.1 Single orifice: bubble train

To test the possibility of measuring bubble size with the use of an electrochemical probe in a
bubble column, a train of calibrated bubbles is generated in a tube in which gas is injected
under closely controlled conditions. To obtain different bubble sizes, three tubes, Ty, Tz, and
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T4, with inner diameters of 1, 2, and 4 mm, respectively, are placed 5 cm below the probe.
The probe is placed 30 cm above the liquid distributor and in the column center.

At low gas volumetric flow rates, the effect of the regular passage of bubbles close to the
electrochemical probe on the diffusion limit current (or the velocity gradient) is studied.
The stability of the bubble frequency is shown on the signal by regularly spaced peaks
(fig.5). Signals similar to this are obtained for all positions of the front of the spherical probe
(active surface) exposed to bubbles (0° < 6 < 120°). The frequency spectrum clearly shows a
single peak representing the bubble frequency, f;, (fig.6).

6000)

Fig. 5. History records of the velocity gradient at the wall: Effect of the regular passage of
bubbles near the electrochemical probe.

Knowing the volumetric flow rate, Qg we can obtain the bubble volume, V}, by the relation:

g
:72 9
Vi 7, ©)

Assuming spherical bubbles, we can deduce the bubble diameter: dy, = (6Vy,/m)1/3.

A comparison at low gas flow rates is achieved by video recording when the bubble
emission frequency and volume are obtained. Excellent agreement is observed, proving that
the two methods give exactly the same frequency and the same average bubble diameter
within 3%.

Ta(do=2 mm): Ui=2.7 cm/s, Qz=0.33 cm3/s

1 1 2
f(Hz)

Fig. 6. Power spectral density function (Ps/s2): Effect of the regular passage of bubbles near
the electrochemical probe.
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2.2.2 Gas injector

In the case of a gas injector consisting of two concentric circular tubes with regularly spaced
holes, the average frequency is used (<f>) to evaluate the bubble diameter in the bubble
column for the homogeneous bubbly flow. The bubble diameter is estimated by the
following expression (Essadki et al., 1997):

Ug
(£

The possibility of measuring bubble size by electrochemical probe is possible for the
homogeneous bubbling regime in any conducting medium.

dp=15 (10)

3. Innovative electrochemical reactors

This part describes the electrocoagulation and electroflotation as electrochemical methods to
treat waste water. The conventional reactors used and the different disposition of electrodes
are pointed out. It is also explained how innovative reactors can improve the process of
waste water treatment. Thus, specific energy and electrode consumptions are even smaller
without the need for mechanical agitation, pumping requirements and air injection, which
could not be achieved in other kinds of conventional gas-liquid contacting devices.

An application is then presented to show the efficiency of electrocoagulation/
electroflotation in removing colour from synthetic and real textile wastewater by using
aluminum and iron electrodes in an external-loop airlift reactor. The defluoridation is also
showed. The time, pH, conductivity and current density are the most parameters for the
removal efficiency and energy consumption.

According to many authors, electrochemical technique such as electrocoagulation,
electroflotation, electrodecantation have a lot of advantages comparatively to other
techniques. Biological treatments are cheaper than other methods, but for example for the
decolorization of dye wastewater, dye toxicity usually inhibits bacterial growth and limits
therefore the efficiency of the decolorization. Physico-chemical methods include adsorption
(e.g. on active carbon), coagulation-flocculation (using inorganic salts or polymers),
chemical oxidation (chlorination, ozonisation, etc.) and photodegradation (UV/HyO,,
UV/TiO,, etc.). However, these technologies usually need additional chemicals which
sometimes produce a secondary pollution and a huge volume of sludge. Water treatments
based on the electrocoagulation technique have been recently proved to circumvent most of
these problems, while being also economically attractive.

3.1 Electrocoagulation-electroflotation theories

This technique is based on the in situ formation of coagulant as the sacrificial anode (usually
aluminum or iron) corrodes due to an applied current (figure 7). Aluminum and iron
materials are usually used as anodes, the dissolution of which produces hydroxides,
oxyhydroxides and polymeric hydroxides. In EC, settling is the most common option, while
flotation may be achieved by H, (electroflotation) or assisted by air injection.
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Fig. 7. Schematic diagram of two-electrode electrocoagulation (EC) cell.

Three successive stages occur during EC:

i.  Formation of coagulants by electrolytic oxidation of sacrificial anode
ii. Destabilization of the pollutants, particulate suspension and breaking of emulsions
iii. Aggregation of the destabilized phases to form flocs.

The pollutants can be in form of:

- Large particles easy to separate them from water by settling.
- Colloids.
- Dissolved mineral salt and organic molecules.

It is impossible to use the decantation as a technique to eliminate the maximum of particles.
This remark is especially valid for colloids. Thus, colloids are organic or mineral particles in
which the size is between some nanometers and approximately 1 p responsible for color and
turbidity.

The destabilization mechanism of the pollutants can be summarized as follows:

- Compression of the diffusion double layer around the charged species by the
interactions of ions generated by oxidation of the sacrificial anode.

- Charge neutralization of the ionic species present in wastewater by counter ions
produced by the electrochemical dissolution of the sacrificial anode. These counter ions
reduce the electrostatic inter-particle repulsion to the extent that the Van Der Walls
attraction predominates, thus causing coagulation. A zero net charge results in the
process.

- Floc formation; the floc formed as a result of coagulation creates a sludge blanket that
entraps and bridges colloidal particles still remaining in the aqueous medium.

3.2 Reactions at electrodes and different modes of electrodes connection

In the case of aluminum electrodes, the reactions taking place at the electrodes are as follow:
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At the anode, takes place oxidation:

Al > AB* + 3e-

For higher current density:

40H-22H,0+ 0Oy +2e

At the cathode, takes place reduction:

2HO +2e 22 Hy +20H-

Although the sacrificial anodes deliver Al cation, their dissolution produces hydroxides,
oxyhydroxides or polymeric hydroxides as a function of pH (Chen et al., 2004). These can
adsorb or precipitate.

A+ jons may generate Al(HO)s3*, Al(H20)s0H2*, Al(H>0)4(OH)2*. Many monomeric and
polymeric species will be formed by hydrolysis such as, AI(OH)2*, Al(OH)2+, Al,(OH)»*+,
AI(OH)4‘, Ale(OH)153+, A17(OH)174+, Alg(OH)zo‘“’, Al13O4(OH)247+, Ah3(C)I‘I)345Jr over a wide pH
range.

In the case of iron electrodes, Fe(OH), with n = 2 or 3 is formed at the anode. The
production of Fe(OH), follow two mechanisms.

a. Mechanism 1:

Anode : Fe >Fe2+ + 2¢-

Fe2* + 20H- - Fe(OH)»
Cathode : 2H,O +2e -2 H; +20H-
Overall : Fe + 2H,O >Fe(OH). + H

b. Mechanism 2:
Anode : 4Fe >4Fe2t + 8e-
4Fe2+ + 10H,O + O, > 4Fe(OH); + 8H*

Cathode: 8H* + 8e- > 4H,
Overall: 4Fe + 10HO + O, > 4Fe(OH); + 4H»

Polymeric hydroxy complexes are also generated namely : Fe(H.O)s**, Fe(H2O)s(OH)?+,
Fex(H20)s(OH)24* and Fex(H20)s(OH)4**, depending on the pH of aqueous medium.

Because of the workable rate of metal dissolution, a two-electrode EC is not always suitable.
That's why large surface area is needed for a good performance. The electrodes
configuration can be divided into three modes:

- Monopolar electrodes in parallel connections :

As observed in figure 8, the parallel arrangement consists of pairs of conductive metals
plates placed between two parallel electrodes and DC power source. All cathodes are
connected to each other and to negative pole of DC; in the same manner, all sacrificial
anodes are connected to each other and to positive pole of DC. The electric current is
divided between all the electrodes in relation to the resistance of the individual cells.
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<«—Power source

<«4— Parallel Cathode

Parallel Anode —»
\ 4

Fig. 8. Monopolar electrodes in parallel connections.

- Monopolar electrodes in series connections :

Each pair of sacrificial electrodes is internally connected with each other, and has no inter-
connections with the outer electrodes (figure 9). The same current would flow through all
the electrodes.

<«—Power source

+ -
Monopolar Anode __p| I_ ......
whd kb R %
Sacrificial Anodes > < Sacrificial Anodes

Fig. 9. Monopolar electrodes in series connections.

- Bipolar electrodes

The cells are in series. The sacrificial electrodes are placed between the two parallel
electrodes without any electrical connection. Only the two monopolar electrodes are
connected to the electric power source with no interconnections between the sacrificial
electrodes.
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Fig. 10. Bipolar electrodes in series connections.

3.3 Parameters affecting electrocoagulation/electrofiotation

Several parameters can affect the efficiency of removal by electrocoagulation/
electroflotation. The most important parameters are described bellow.

3.3.1 Current density or charge loading

The current density (j) is expected to exhibit a strong effect on EC: higher the current, shorter
the treatment. This is ascribed to the fact that at high current density, the extent of anodic
dissolution of aluminum (iron) increases, resulting in a greater amount of precipitate for the
removal of pollutants. Moreover, bubble generation rate increases and the bubble size
decreases with increasing current density. These effects are both beneficial for high pollutant
removal by Hb flotation. As a first approximation, the amount of Al released is proportional
to the product @alt. The values of the Faradic yield @aj are between 100% and 160%; they
decrease with increasing time in the first minutes of the run, but also with higher current
density. These trends have already been reported in the literature (Essadki et al., 2009). This
mass overconsumption of aluminum electrodes may be due to the chemical hydrolysis of
the cathode but it also often explained by the “corrosion pitting” phenomenon which causes
holes on the electrode surface. The mechanism suggested for “corrosion pitting” involves
chloride anions and can be summarized as follows:

2Al + 6HCI — 2AICl; +3H>

AlCl; +3H,0 — AI(OH); +3HCI

This mechanism can therefore produce more aluminum hydroxide flocs and H» bubbles
than the equivalent current supplied should. Conversely, high current density allows the
passivation of the cathode to be reduced but an increase in energy consumption that
induces heating by Joule effect. As a result, too high current densities have generally to be
avoided.

The specific electrode consumption per kg pollutant (u4;) is determined by the following
expression:
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4 a(kgAl / kg pollutant) = (11)

using initial pollutant concentration Cy (kg/m?3), current intensity I (A), cell voltage U (V),
electrolysis time t (h), liquid volume V (m3), molar weight of aluminum Ma; = 0.02698
constant F (96,487 C/mole-) and the faradic yield ¢a; of Al dissolution, Y is the removal
efficiency. ¢a; is estimated as the ratio of the weight loss of the aluminum electrodes during
the experiments Am.,, and the amount of aluminum consumed theoretically at the anode
Amm:
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bu 3600.M 411t

Mexp (12)

This parameter depends upon the pH and the amount of other species present in solution,
for example co-existing anions.

3.3.2 Conductivity

The increase of the conductivity () by the addition of sodium chloride is known to reduce
the cell voltage U at constant current density due to the decrease of the ohmic resistance of
wastewater. Energy consumption, which is proportional to U.I, will therefore decrease.
Chloride ions could significantly reduce the adverse effects of other anions, such as HCO; -
and SO4 27, for instance by avoiding the precipitation of calcium carbonate in hard water
that could form an insulating layer on the surface of the electrodes and increase the ohmic
resistance of the electrochemical cell (Chen et al., 2004). Chloride anions can also be oxidized
and give active chlorine forms, such as hypochlorite anions, that can oxidize pollutants. The
main mechanism is as follows:

Cly +2e~— 2CI-

Cl, +H,O — CI- +ClO- +2H~

However, an excessive amount of NaCl (higher than 3 g/L) induces overconsumption of the
aluminum electrodes due to “corrosion pitting” described above; Al dissolution may
become irregular.

3.3.3 pH effect

pH is known to play a key role on the performance of EC. An optimum has to be found for the
initial pH, in order to optimize the EC process. However, the pH changed during batch EC. Its
evolution depended on the initial pH. EC process exhibits some buffering capacity because of
the balance between the production and the consumption of OH- (Chen et al., 2004), which
prevents high change in pH. The buffering pH seems just above 7: when the initial pH is above
this value, pH decreases during EC; otherwise, the opposite behavior is observed.

The effect of pH can be explained as follows. The main reactions during EC are:
Anode: AlO(s)— Al + 3e—
Cathode: 2H>O + 2e- — H(g) +20H-
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At low pH, such as 2-3, cationic monomeric species Al3* and Al(OH)2?* predominate. When
pH is between 4-9, the Al3* and OH- ions generated by the electrodes react to form various
monomeric species such as AI(OH)2?*, Al,(OH)»?*, and polymeric species such as Al(OH)15%*,
Al7(OH)174*, Ali3(OH)ss5* that finally transform into insoluble amorphous Al(OH)s(s)
through complex polymerization/precipitation kinetics. When pH is higher than 10, the
monomeric Al(OH)*- anion concentration increases at the expense of AI(OH)s(s). In
addition, the cathode may be chemically attacked by OH- ions generated together with H»
at high pH values:

2Al + 6H,0 + 20H-— 2AI(OH)+ +3H, (10)

Two main mechanisms are generally considered: precipitation for pH lower than 4 and
adsorption for higher pH. Adsorption may proceed on AI(OH); or on the monomeric
Al(OH)+-

3.3.4 Power supply

From an energetic point of view, energy consumption during EC is known to vary as the
product Ult. Energy requirements per kg of pollutant removed (Eponutant) to achieve a certain
percentage of efficiency (Y) shows a continuous increase of Eponutant With j.

The specific electrical energy consumption per kg pollutant removed (Epolutant) is calculated
as follows:

U.lt.

KW / kg pollutant) = —
E (AR /g pollutant) =050 v (oY)

(13)

3.3.5 Temperature

Few papers were investigated to show the effect of temperature on EC efficiency. The
current efficiency of aluminum was found to be increased with temperature until about
60°C (Chen, 2004) where a maximum was found. Further increase in temperature results in
a decrease of EC efficiency. The increase of temperature allows to a destruction of the
aluminum oxide film on the electrode surface.

3.4 Design of electrocoagulation cell

The position of the electrodes in the reactor can be optimized as a function of hydrodynamic
parameters and current density (j). Complementary rules should include the influences of
electrode gap (e) and operating conditions on voltage U (and consequently on energy
consumption). The measured potential is the sum of three contributions, namely the kinetic
overpotential, the mass transfer overpotential and the overpotential caused by solution
ohmic resistance. Kinetic and mass transfer overpotentials increase with current density, but
mass transfer is mainly related to mixing conditions: if mixing is rapid enough, mass
transfer overpotential should be negligible. In this case, the model described by Chen et al.,
(2004) is often recommended for non-passivated electrodes:

U:—0.76+£ i+0201n (j) (14)
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Different typical reactors applied for electrochemical technologies are explained by Chen
(2004).

3.5 Airlift reactors as innovative electrocoagulation cells

Airlift reactors constitute a particular class of bubble columns in which the difference in gas
hold-up between two sections (namely, the riser and the downcomer) induces an overall
liquid circulation without mechanical agitation (Chisti, 1989). They have been extensively
applied in the process industry to carry out chemical and biochemical slow reactions, such
as chemical oxidation using O,, Cl> or aerobic fermentation, but never as EC cells, as far as
we know. Airlift reactors present two main designs: external-loop and internal-loop
configurations (figure 11 a -b).

Dreftnde Ailit

(b)

Fig. 11. Airlift reactors, (a) : internal loop airlift reactor, (b) : external loop airlift reactor.

External-loop airlift reactors offer the advantage to allow various designs of the separator
section, which favors gas disengagement at the top of the reactor and maximizes
consequently the overall recirculation velocity at the expense of more complex reactor
geometries. Their hydrodynamics has also been extensively studied in two-phase gas-liquid
and three-phase gas-liquid-solid flows. In airlift reactors, the driving force of the overall
liquid circulation results from the gas hold-up difference between the riser (&) and the
downcomer (), and also from the dispersion height. Gas hold-up is defined as the ratio of
volume occupied by the gas phase over the total volume of the corresponding section.
Dispersion height (hp) corresponds to the distance from the surface in which a gas phase can
be observed in the riser.

The overall liquid circulation velocity in the riser Ui, can therefore be predicted from an
energy balance using Equation 15 (Chisti, 1989):

29-hp (g, — ¢
qu: & p ( 5 d) (15)
_Kr L [A ) _Ks
(1-5) (A) (1-&)

Kr coefficient taking into account the effects of pressure drop in the riser and the separator
section and K accounts for pressure drop in the downcomer and the junction.
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Ag: cross-sectional area of the downcomer (m?) and A,: cross-sectional area of the riser (m?2)

The superficial liquid velocity in the riser (UL,) is deduced from a mass balance on the liquid
phase:

A
u, = A7d U, (16)

7

In order to transform this reactor to an electrochemical one, the gas phase is not injected, but
electrochemically-generated. This means that both /ip and & depend on the axial position of
the electrodes in the riser. At constant current density, & should vary approximately as
dispersion height iip when electrode position is modified, provided & <<1. One can deduce
from Equations (15) and (16) that Urs~hp.

The objective of complete flotation may be achieved only if hydrodynamic shear forces
remain weak in the riser to avoid floc break-up and in the separator to limit break-up and
erosion, which means low U, values.

3.5.1 Reactor design

An external-loop airlift made of transparent plexiglas is used for this study. The reactor
geometry is illustrated by figure 12. By definition, the riser is the section in which the gas
phase is sparged and flows upwards. The diameters of the riser and the downcomer are
respectively 94mm and 50 mm. Consequently, the riser-to-downcomer cross-sectional ratio
(Ar/Aq) is about 3.5. This is a typical value when reaction takes place only in the riser
section. Both are 147 cm height (Hz +Hs) and are connected at the bottom by a junction of 50
mm diameter and at the top by a gas separator (also denoted gas disengagement section) of
Hs = 20 cm height. The distance between the vertical axes of the riser and the downcomer is
675 mm, which limits the recirculation of bubbles/particles from the riser into the
downcomer. At the bottom, the curvature radius of the two elbows is 12.5 cm in order to
minimize friction and avoid any dead zone. The liquid volume depends on the clear liquid
height (1) and can be varied between 14 L and 20 L, which corresponds to a clear liquid level
between 2 cm and 14 cm in the separator section. All the experiments are conducted at room
temperature (20£1 °C) and atmospheric pressure in the semi-batch mode (reactor open to the
gas, closed to the liquid phase). Contrary to conventional operation in airlift reactors, no gas
phase is sparged at the bottom in the riser. Only electrolytic gases induce the overall gas
recirculation resulting from the density difference between the fluids in the riser and the
downcomer. Two readily available aluminum flat electrodes of rectangular shape
(250mmx*70mmx1 mm) are used as the anode and the cathode, which corresponds to S =
175 cm? electrode surface area (Fig. 12). The distance between electrodes is e = 20mm, which
is a typical value in EC cells. They are treated with a HCI aqueous solution for cleaning prior
use to avoid passivation. The electrodes are placed in the riser, parallel to the main flow
direction to minimize pressure drop in the riser and maximize the recirculation velocity. The
axial position of the electrode can also be varied in the column. The distance (H;) between
the bottom of the electrodes and the bottom of the riser ranged between 7 cm and 77 cm. EC
is conducted in the intensiostat mode, using a digital DC power supply (Didalab, France)
and recording potential during the experiments. The width of the electrodes is maximized
by taking into account riser diameter and electrode inter-distance. Current density values (j)
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between 5.1 and 51 mA/cm? are investigated, which corresponds to current (I = jS) in the
range 1.0-10 A.

DC supply
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Fig. 12. External-loop airlift reactor (1: downcomer section; 2: riser section; 3: conductivity
probes; 4: junction column; 5: separator 6: conductimeter; 7: analog output/input terminal
panel (acquisition system); 8: 50-way ribbon cable kit; 9: data acquisition system; 10:
electrodes).

3.5.2 Chemicals and methods

The average liquid velocity in the downcomer (Urg) is measured using the conductivity
tracer technique. Two conductivity probes placed in the downcomer section were used to
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record the tracer concentration resulting from the injection of 5mL of a saturated NaCl
solution at the top of the downcomer using a data acquisition system based on a PC
computer equipped with UEI-815 A/D converter. The distance between the probes is 90 cm.
Liquid velocity is estimated using the ratio of the mean transit time between the tracer peaks
detected successively by the two electrodes and the distance between the probes. The
superficial liquid velocity in the riser (Ur;) is deduced from a mass balance on the liquid
phase: Ui = Aq /A Urg.

An example of experimental data provided by the conductivity tracer technique is reported
in figure 13.

300

—— Bottem of downcomer
250+ — Top of downcomer
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=
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Fig. 13. Example of experimental data from conductivity tracer experiments in the
downcomer section when current density j=21.4 mA/cm?.

Experiments are carried out using a red dye solution consisting of a mixture of 2-naphthoic
acid and 2-naphtol with a total concentration Cp = 20 mg/L. Synthetic solutions were
prepared by dissolving the dye in tap water. Solution conductivity and pH are measured
using a CD810 conductimeter (Radiometer Analytical, France) and a Profil Line pH197i
pHmeter (WTW, Germany).

Dye concentration is estimated from its absorbance characteristics in the UV-Vis range at
maximum wavelength Ao (4nx=450 nm) using a UV-Vis spectrophotometer (Pye Unicam,
SP8-400, UK).

The objective of complete flotation may be achieved only if hydrodynamic shear forces
remain weak in the riser to avoid floc break-up and in the separator to limit break-up and
erosion, which means low U4 values.

At constant electrode geometry, the solution consists of an adequate selection of Urg
resulting from a compromise between mixing and floc stability. This can be obtained first by
optimizing the axial position of the electrodes using both the conductivity tracer technique
for Urg estimation and turbidity measurements to estimate the amount of dispersed Al
particles in the downcomer. Experimental results show that no liquid overall circulation can
be detected when the electrodes were placed in the upper part of riser, for H; approximately
higher than 60 cm. For 7 cm <H; <60 cm, Urq decreases when H;j increases. Overall liquid
velocities in the downcomer for two axial positions are reported in figure 14 at various
current densities.
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Fig. 14. Influence of the axial position of the electrodes (H;) and current density (j) on the
overall liquid recirculation Urq (h=14 cm; initial pH: 8.3; initial conductivity: k=2.4 mS/cm).

Two-parameter model is used to fit the data. The results are given in equation (17):

hp

U, = 5.8-( } %% (em/s) 17)

Dmax

in which hpya is the maximum dispersion height corresponding to H;=7cm. This equation
confirms the key role of the axial position of the electrodes on reactor hydrodynamics and
mixing properties, and the weaker influence of current.

The corresponding turbidity data based on Assp without filtration is reported in figure 15 for
an electrolysis time of 10 min and two axial positions of the electrodes. In all cases, flocs
occupy nearly 1 cm thickness at the free surface of the disengagement section and no
settling is reported in the junction and in the separator. Figure 15 shows however that
turbidity rose when H; =7cm for current density higher than 15 mA /cm?. This corresponds
to Urq values in the range 9-10 cm/s in figure 15. Conversely, complete flotation is always
observed for Hy = 47 cm, as Ass0 remains low, about 0.06. As a result, electrode position
must be chosen in order to maintain Urq always lower than 9 cm/s, regardless of current
density in the range of j studied (Fig. 15). Such a condition is achieved for H; = 47 cm, as
shown in figure 15, which corresponds nearly to mid-height in the riser. However, H; = 47
cm is only a coarse approximation of the optimum electrode height, but the simple way to
optimize mixing conditions does not consist in adjusting precisely H; because it is easier
from a practical point of view to adjust the clear liquid height h. Indeed, & affects
simultaneously hp and hpmax in Eq. (17), but its range (2 cm < h < 14 cm in this work) is
usually far smaller than H; (between 7 and 77 cm).
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Fig. 15. Evolution of absorbance A4 of non-filtered samples after 10 min operation with 1
cm of floc thickness already formed as a function of superficial liquid velocity Urq in the
downcomer (initial pH: 8.3, conductivity: <=2.4 mS/cm).

3.5.3 Some results

The efficiency of electrocoagulation/electroflotation in removing colour from synthetic
textile wastewater by using aluminum and iron electrodes in an external-loop airlift reactor
is presented. Disperse, reactive and the mixture are used to determine the optimized
parameters.

The real textile wastewater is then used using the optimized parameters. Three effluents
were also used: disperse, reactive and the mixture. Energy is determined for each kind of
dye.

3.5.3.1 Synthetic dye

For this synthetic dye, chemical oxygen demand (COD) is measured using the standard
closed reflux colorimetric method. Initial COD was about 2500 mg O,/L. Initial pH is
varied between 5 and 10 using minute addition of 0.1 M H>SO4 or NaOH solutions. The
conductivity « (i.e. the ionic strength) of dye solutions is adjusted by sodium chloride
addition in the range 1.0-29 mS/cm, which covers the range usually explored in the
literature.

COD, color removal and turbidity efficiencies (Ycop, Ycor and Yaps) are expressed as
percentage and defined as:

_COD(t=0)-COD(t)

Yeon = COD(t=0) (182)
_ Ays (t = 0)_ Ayso (t)
Yoo = ST (18b)

Ycor and Yaps are obtained using the same equation (Eq.18b), but Ycor was based on
absorbance measurements at 450 nm after filtration, while Yaps is measured without
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filtration/decantation. Yags is used to analyze qualitatively the evolution of turbidity over
time. This parameter shows whether the flocs flotate or are destroyed and driven by the
liquid flow. The influence of the initial pH on COD and turbidity removals is illustrated in
Figure 16 at constant current density and initial conductivity. An optimum is found for the
initial pH, which is between 7.0 and 8.0, although it differs slightly between COD and color
removal yields.

Removal efficiency Y (%)
3
|

204 |~ *-COD
104 | = Turbidity
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Fig. 16. Influence of the initial pH on COD removal and decolorization after 8 minutes
operation (conductivity: <=2.4 mS/cm, current density: j=28.5 mA/cm?).

The influence of conductivity is illustrated in Figure 17 shows an increase of Ycop and Ycor,
with « for the red dye between 2 and 28 mS/cm. Ycor enhancement becomes however slight
when « is higher than 15 mS/cm.

The decrease in specific energy consumption Eg. due to the increase of conductivity is
illustrated by Figure 18. This figure indicates that Es. can be divided roughly by a factor 13
when conductivity is multiplied by a factor 12.
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Fig. 17. Influence of conductivity x on COD and color removal efficiencies (initial pH: 8.3;
current density: j=28.6 mS/cm).



Electrochemical Probe for Frictional Force and Bubble Measurements

and Innovative Electrochemical Reactors for Electrocoagulation/Electroflotation 67
70
/a 60 [o)
<
50 1
= 0
§ 40 °
= 30
& 201 o
i o
10 o o o
0 T T T T T
0 5 10 15 20 25 30
Conductivity k (mS/cm)

Fig. 18. Influence of conductivity x on energy consumption Eg, at constant current density j
and operation time (initial pH: 8.3).

3.5.3.2 Real textile dye

The real textile wastewater is then used. Three effluents are also used: disperse, reactive and
the mixture. The color efficiency is between 70 and 90% and COD efficiency reached 78%.
The specific electrical energy consumption per kg dye removed (Egye) in optimal conditions
for real effluent is calculated. 170 kWh/kg dye is required for a reactive dye, 120 kWh/kg
dye for disperse and 50 kWh/kg dye for the mixture.

For disperse dye, the removal efficiency is better using aluminium electrodes, whereas, the

iron electrodes show more efficiency for removing colour for reactive dye and mixed
synthetic dye.

Figure 19 shows a photo representing a real effluent before EC treatment and 10 minutes
after EC treatment.

s =
. LN
i £l
| | -

(@il

TE
vy

\
},

Before EC treatment 10 minutes after EC treatment.

Fig. 19. Photo showing decolourization by EC in external loop airlift reactor of real textile
dye.
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3.5.3.3 Defluoridation of drinking water

An excess amount of fluoride anions in drinking water has been known to cause adverse
effects on human health. To prevent these harmful consequences, especially problems
resulting from fluorosis, the World Health Organization (WHO) fixed the maximum
acceptable concentration of fluoride anions in drinking water to 1.5 mg/L (Essadki et al.,
2009).

The defluoridation of drinking water by EC is studied in the same reactor. Current density
values j between 2.8 and 17 mA /cm? are investigated, which corresponded to current (I=j-S)
in the range 0.5-3 A. Samples are filtered and the concentrations of the remaining fluoride
content are determined in the solution by means of a combined selective fluoride electrode
ISEC301F and a PhM240 ion-meter (Radiometer Analytical, France), using the addition of a
TISAB II buffer solution to prevent interference from other ions.

Experiments are carried using an initial fluoride concentration [F-]o between 10-20 mg/L by
adding sodium fluoride NaF (Carlo Erba Réactifs, France). The efficiency of fluoride
removal can be calculated as follows:

[FLLF]

7,

Y (%) =100x (19)

[F-]o : the initial fluoride concentration .
[F] : the remaining concentration of fluoride .

Figure 20 shows the effect of the current intensity on the evolution of the fluoride
concentration. For I = 0.5A corresponding to a current density of 2.85mA/cm?, fluoride
concentration reaches only 4.5 mg/L for an electrolysis time of 30 min. Conversely, for
exceeding 14, i.e. for a current density higher than 5.7mA/cm?2, one converges towards a
concentration of Img/L and more rapidly as current density is increased. This confirms that
defluoridation can be achieved at low current density. The relatively low efficiency observed
at 0.5A can be attributed to the weak charge loading produced in this case, 0.47 F/m3. As
expected, the efficiency of EC depends on the amount of coagulant produced in situ.
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Fig. 20. Evolution of fluoride concentration during EC in the STR: influence of current
intensity (initial pH 7.4 and Co = 15mg/L).
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3.5.4 External loop airlift reactor as a continuous reactor

The reactor is operated in a continuous flow of liquid. The inlet volumetric liquid flow-rate
Qq varied between 0.1 and 2 L/ min.

A study of the residence time distribution (RTD) analysis of liquid phase has been
performed. The liquid RTD is determined by means of the tracer response technique. An
approximated 8-Dirac pulse of tracer solution (NaCl) is injected into the reactors at a certain
time (t = 0) and the outlet signal is detected by conductivity probe and recorded by the
acquisition system. The tracer is injected as quickly as possible to obtain as closely as
practical a 3-pulse of tracer at the inlet.

The syringe (S1) was introduced in the drain that is open to the flow and representing the
inlet of the whole reactor. The probe conductivity is placed at the exit position of the reactor
(Fig.12). Examples of RTD measurements are shown in in figure 21. Two kinds of signal are
observed in this figure. One showed two peaks for the case of Q. = 0.36 L/min, [ =6 A, H; =
7cm and the other showed one peak for the case of Qr =0.73 L/min, I=1 A, H; =47 cm.

The main flow (Q) is divided into two flows: one exit directly the rector by crossing the
junction and the other crosses the riser, the separator zone and the downcomer to exit. The
percentage of flow that quit the reactor without reacting increased when the main flow
increased and the current intensity decreased. The experiments confirm also that the liquid
crosses the reactor without achieving loops in the case of the continuous flow.

So to support the reaction during the electrocoagulation, it is necessary to amplify the
current intensity and to decrease the inlet flow.

Interesting results are also obtained:

- The superficial liquid velocity (ULq) at the downcomer, decreases when the volume inlet
flow increases (0 < Q <2 L/min).

0.07
E(t) u H1=7cm, = 6A, Q. =0.36 L/min
0.06 ﬁg 0 Hl=7cm,1=1A,0: =0.73
o
o
0.05 4 ;.
1 ]
[
0.04 ° 9, =
o " .‘
>
0.03 % Yy
° ; .
0.02 i) %
© L]
o
001 +—oF1% L]
L W ¥
0 wcxilall %
0 200 400 600 800 1000
Time (s)

Fig. 21. E-curve as a global RTD in External-loop airlift reactor for (Qr = 0.36 L/min, I =6 A,
H1 =7cm: 2 peaks) and (QL =0.73 L/min, HI =7 cm, [ =1 A, 47 cm: 1 peak).
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4. Conclusion

External-loop airlift reactors have been shown to be versatile tools to carry out EC with
complete flotation, using only electrochemically generated H, bubbles to achieve an overall
liquid circulation and good mixing conditions. Consequently, the use of mechanical agitation,
pumping or compressed air was not necessary. This could not be achieved in other kinds of
conventional gas-liquid contacting devices than airlift reactors. External-loop devices are
particularly adapted because they offer specific designs for the disengagement section that
allow large distance between riser and downcomer. This improves flotation by minimizing the
recirculation of aluminum or iron particles in the downcomer. These results were obtained by
the adequate selection of the axial position of the electrodes (H;) and the liquid height in the
separator section (/1) in order to avoid floc break-up in the riser and floc erosion at the free
surface. A limiting value of the liquid velocity in the downcomer was defined, while Urs was
correlated to dispersion height /ip and current density j (Equation 17). These can be used at
constant j and A,/ A, ratio for scale-up purpose.

To increase the efficiency of EC in a continuous reactor, the mean residence time should be
increased. The experiments showed that this effect is reached in the case of a relatively high
value of current density and weak value of the inlet flow-rate. This study highlighted the
hydrodynamic aspect of the flow in the external airlift reactor functioning as a batch and
continuous reactor. The design of this kind of reactor should be improved to allow the
reactant to follow the compartment in which the reaction takes place (riser).
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1. Introduction

The first publications devoted to a study of the thermodynamic properties of metallic alloys,
using electrochemical cells (EMF method) was known since 1936 year (Strikler & Seltz,
1936). This was the groundwork for all the next studies.

Co-workers from Moscow State University (Geyderih et al., 1969) have considered some
questions about this experimental method.

A new attempt to generalize the electrochemical methods on thermodynamic studies of
metallic systems was made again in the book (Moratchevsky, 1987). The general aspects of
the thermodynamics of nonstoichiometric compounds were presented there and the
methods for experimental studies of the thermodynamic properties of molten metal and salt
systems were discussed.

The different types of electrochemical cells with solid and liquid electrolytes and dynamic
EMF methods were examined in the recent book (Moratchevsky et al.,, 2003). A separate
chapter of this book deals with methods of treatment and presentation of experimental data.
In recent decades the important step of qualitative development of EMF method had been
made and it was not considered in this book.

In the present chapter we focus on those experimental techniques that help to increase
significantly the experimental result precision.

The knowledge of thermodynamic properties and phase diagrams of binary, ternary and
multi component systems is necessary for solving materials science problems and for
designing new products and technologies fitted to actual needs. A rational study of
equilibria among phases and of the given system thermodynamic properties not only leads
to the discovery of unknown phases but also to the determination of phase thermodynamic
stability, to homogeneity domain boundaries, and finally to the elaboration of analytical
description of the system by using thermodynamic models which are based on the
dependence of phase Gibbs energies on such parameters as temperature, concentration and
pressure.
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Experimental studies are the primary information sources for thermodynamic properties
and phase diagrams of all systems. The method of electromotive force (EMF) is one of the
most important methods of the physicochemical analysis. One peculiarity of the EMF is its
proportionality to the chemical potential:

Ap;=n-FE of one of the system components,

where 1 is a charge of the ion responsible for the potential,
F=96485.34 C/mol is the constant of Faraday,

E is electromotive force.

Improving the accuracy and reproducibility of measurements leads to the increase of the
quality and quantity of information about the system. Values of Aw (T, x;) versus
temperature (T) and atomic fraction (x;) obtained with uncertainties of 500 J/mol
(especially in a narrow temperature range) give only rough estimates of partial entropy and
enthalpy of the components.

An accuracy improvement in determining of the chemical potential (Au(T, x;) versus
temperature (T) and atomic fraction (x;) from *10 to 50 J/mol not only leads to the various
thermodynamic properties of the system (partial entropies (A fgi ) and enthalpies (A/H,) of
components, phase enthalpies of transformation (A H, ), partial enthalpies at infinite
dilution (A H;"), thermal capacities (Cp), but also gives a possibility to study the phase
diagram in detail (liquidus and solidus, miscibility gaps, invariant points, stoichiometry
deviations, ordering, etc...)

2. Principals of the method

We perform measurements of the EMF or chemical potential across the electrochemical cells
with liquid electrolyte, such as:

(-) A | A ®¥in the electrolyte | ABuy (+) 0

x represents a molar fraction of component A in liquid or solid alloy A,B(1.x. The component
A (usually a pure metal) is the negative electrode, the alloy AsB(1x) where the component B
is more noble than A, is the positive electrode.

The chemical potential of pure metal A u%\) , is always higher than its chemical potential in

the alloy A B.x or (“E?) )> H%xB(l-x)) )

Apy = RT In(a$™) /a® ) = RT Ina’/a’ 1)

If uff) =1, we can simplify the equation (1) and we have the equation (2).

Apy = RT In(af>B0)) @)

u® is the change of the chemical potential of component A in its transition from a pure

metal A into an alloy A,B.y) in reference conditions. The measurement of EMF as a function
of temperature leads to partial thermodynamic functions.
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Au,=AH, -T-AS, ©)

Apy =-n-F-E 4)

AH,=-n-F-a (5)

AS, =n-F-b (6)

AS, =—(0Au, /0T), =nF(GE /oT), @)

where b is tg(a) (see Fig.1)

AH, =Ap, +TAS, =nF|T(6E/oT), - E] @)

Eih

b
-

0 T

Fig. 1. Graphical relation of measured values E(T) with partials thermodynamic functions a
=-AH, andb= AS,.

The integral thermodynamic functions can be calculated with help of Gibbs-Duhem or
Gibbs-Duhem- Margules equations:

Gibbs-Duhem equation for the two-component system AB is:
AD = x,AD; +(1-x;)AD, e

The Margules equation is generalized by Gibbs-Duhem equation:

x/1-x
AD=(1-%) | ACDAd( aal J (10)
0 1-x,

The partial and integral thermodynamic values are presented by the terms A®; and A®,
respectively.
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If we can ignore the homogeneity regions of the intermediate phases of certain binary phase
diagram, we can calculate the integral properties of these phases by combining equations.

For example, the system lutetium-indium in the region 0-50 at % Lu has two intermediate
phases of 1:2.5 and 1:1. Calculation of the thermodynamic integral properties is easily
carried out, if we have in our possession, the partial thermodynamic properties of these
phases:

Lu+ 2.5In - Lulnys A qu,w is partial thermodynamic value of formation Luln; 5 for one mole
of lutetium

Lu +0.667 Luln 2.5 - A f(f)zu is partial thermodynamic value of formation Luln for one mole
of lutetium.

Combining these equations permits to determine the integral properties of Luln phase.

0.667 | Lu + 2.5 In—> Liln2.5 A @}, = AD(Luln, 5)
| Lu+0.667In—1.667 Luln A ,®;,

1.667Lu+ 1.667In—1.667 Luln A @, + A (D),
The integral functions of LuzIns and Luln phases are equal for one mole-atom:

A (Luylng) =248, /7

A ;@' (Luln) = (0.667A (@, +A D, ) /1.667 -2

3. Main experimental steps
Here are the main experimental steps of the EMF method:

e  synthesis of alloys and preparation of the electrodes,
e dehydration of salt mixture and preparation of the electrolyte,
e different types of electrochemical cell and its assembly.

3.1 Synthesis of alloys and preparation of the electrodes

The alloy preparation techniques are different and depend on the work objectives. A study
of the systems in the liquid state does not require such special treatment as annealing, while
a study of alloys in solid state requires annealing for several days. And then it is necessary to
avoid working with alloy ingots. As a rule we use the pellets fabricated from powedered
alloys. For this reason the dismountable mold is best suited. For this reason it is necessary to
use the dismountable mold (Fig.2). The internal party of this mold consists of dismountable
block cylinder from high strength tempered steel of four sections (Fig.3). To fabricate a pellet
we introduce the tungsten wire (diameter 0.5 mm) throughout special groove of support. Then
we untroduce the powedered alloys and press the pellet by punch, using the hydrolic press.
The contact between the pellet and the tungsten wire must be well secured.



Electrochemical Cells with the Liquid Electrolyte
in the Study of Semiconductor, Metallic and Oxide Systems 75

If the alloy is sufficiently plastic, its can be drilled with a hole a little larger than the
diameter the conductor wire and compress with the vise. Sometimes, the reference
electrodes or measuring one are extremely fragile, and it is impossible to ensure good
contact between the wire and the sample. In this case, we prepare the mechanic mixture of
powder studied alloys with powder or filling of a more plastic inert metal and then we press
the pellets. This added inert plastic metal serves as a matrix of the studied material. For this
reason tantalum fillings are mixed in proportion 1:1. We used this procedure in forming the
reference manganese electrodes (Vassiliev et al., 1993). It is better to work with the pellets
(Vassiliev et al., 1968). Sometimes using the samples in the form of ingot leads to distortion
of the measurement results of the EMF, especially if these measurements are made lower of
solidus temperature (Terpilowski et al., 1965). If the study of alloys is carried out over a
wide temperature range, from liquid homogeneous state to mixed solid-liquid and then to
solid states, the EMF measurements are reliable if they are carried out at the complete solide
state (of the studied phases) but the temperature should not be more than 100-150 K below
the solidus line.

Fig. 2.The four-part dismountable mold is shown in this picture: 1-punch, 2-four-section
dismountable block cylinder from high strength tempered steel, 3 - constricting clamp with
twotightening bolts, 4 - support with groove for tungsten wire.
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Fig. 3. Internal four-section dismountable block cylinder of molder (2) and support with
groove (4).

3.2 Salt mixture dehydratation and preparation of the electrolyte

It is necessary to pay special attention to the preparation of salts of the electrolyte. They
must be dried very carefully. It applies especially to Li, Ca, Zn and Al halides. These salts
are extremely hygroscopic, and their melting without special dehydration leads to the
formation oxyhalogenides which presence must be avoided. The used electrolyte in the
liquid state must be completely transparent and shows no disorder or heterogeneity. The
ingots of electrolyte can be stored in sealed Pyrex ampoules. Upon introduction of the
electrolyte in a cell, contact with air should be minimal (no more than 10 seconds).
Dehydration salts (eg LiCl + RbCl) must pass under pumping with a slowly increasing
heating for 5 days to prevent formation of hydroxides. Then the dehydrated salt mixture is
transferred to a silica beaker preheated to 500°C in an electrical furnace. To remove
oxychlorides, the molten salts are treated with dry hydrochloride gas (HCI). Hydrogen
chloride can easily be synthesized by reacting potassium chloride (KCl) or sodium chloride
(NaCl) by reaction of concentrated sulfuric acid (H2SO,) (Fig.4):

KCl + H,SO,— KHSO,4 + HCL T

KHSO; + HSOs— KoSO4 + HCI T (with gentle heating).

Hydrogen chloride must be dried using zeolites loaded into a U-tube. The gas is bubbled
through the melt until there are no suspended particles (about 1h).The melt prepared in this
way is poured into Pyrex ampoules with a neck, which are sealed then. The electrolyte can
be stored indefinitely in sealed Pyrex ampoules and may be used as required. In practice, it
is possible to use the different eutectic mixtures of halides (See Table 1).

The study of some systems such as chalcogenides of zinc, cadmium, mercury, thallium,
bismuth, etc. (binary or multicomponent) can be achieved in "low temperature" cell. In this
case the calcium chloride (CaCly) is dissolved in glycerol between 40 and 180°C. Calcium
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Fig. 4. Device for obteing of gazeous hydrogen cloride: 1- Container of concentrated sulfuric
acide, 2- Tap, 3- Glass grandings, 4- Vial for potassium cloride, 5- U-shaped tube for zeolites,
6- Quartz tube, 7- Quartz beaker with a spout, 8- Molten electrolyte, 9- Furnace.

Mixtures of salts Tn°C
55.5 Nal - 44.5 KI 585
38.0 NaCl - 62.0 CaCl, 500
32.9 LiCl - 34.8 NaCl - 32.3 KCI 357
46.0 LiCl - 54.0 KCI 352
48.LiBr - 52.0 KBr 348
29.75 LiCl - 64.77 KCI - 5.48 CaCl, 320
30.3 LiCl - 69.7 RbCl 312
28.97 LiCl - 4.42 NaCl - 66.61 CsCl 299
45.0 LiBr - 55.0 RbBr 270
52.7 Lil - 47.3 KI 260
54.0 CH3COOH - 46.0 CH;COONa 233
70.0 ZnCl, - 18 KCI - 12 NaCl 206
69.5 AICI; - 30.5 NaCl 152
Solution of CaCl, in the glycerole 40-180

Table 1. Eutectic mixtures of halides (weight percent) used for preparation of electrolyte.

chloride (dried under vacuum at temperature of 200°C) is used as a water absorbent for
glycerol and also for creating an ionic conductivity of the electrolyte with chloride (ACly)
(Vassiliev et al., 1968).

3.3 Different types of electrochemical cells and their assembly

There are many examples of construction of electrochemical cells, proposed in the literature
(Morachevski et al. 2003).
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We have tested the different types of alloys with three types of cells from Pyrex' glass,
which had been made by ourselves. One of three cell works well up to 200°C (Vassiliev et
al.,, 1968, 1971) using the salts solution of glicerine as electrolyte. We can also use the same
types of cells at the high temperature to 1000°C (Vassiliev et al., 1998a) if we use the
refractory material as quartz or alumina glasses. The other two types of cell are operated at
high temperatures to softening up 'Pyrex' glass (800-900 K) (Vassiliev et al., 1980, 1993, 1995,
1998b, 2001). When we experiment with a liquid electrolyte, we can use the various
electrochemical cells. One of them represents a double H-shaped vessel is suspended on a
central tube of 6-8 mm in diameter, fitted with hooks, and which also is served as a cover for
the thermocouple. This construction is incorporated inside a protective glass cylinder which
is equipped with ground-in cap and two vacuum valves on the sides. This valves permit to
control the vacuum and the pression of inert gas inside of the cell. The tungsten current
leads with electrodes are soldered in inlet tubes 8 mm in diameter. Height and diameter of
the protective cylinder depend on the internal diameter and depth of a using electric
furnace. Described construction of the cell is convenient for working with glycerine
electrolyte (Pyrex material) and for salt melts (quartz material) (See Fig.5).

Figure 6 shows a scheme of the isothermal Pyrex cell. The lower part of the cell (below the
dashed line) is 54 - 60 mm in diameter and about 90 mm in height. The tungsten current
leads and the electrodes attached to them are soldered in inlet tubes 8 mm in diameter. The
bottom of the cell has cruciblelike holes, which are enable to study both solid and liquid
alloys, with no risk of accidental mixing. A calibrated Pt/Pt-10% Rh thermocouple is
introduced into the casing, which is soldered in the centre of the cell at the level of the
electrodes. Such cells can operate indefinitely between the solidification temperature of the
eutectic melt and the onset of softening of Pyrex glass (about 900 K). The offtake of the cell is
about 400 mm in length and 25 mm in diameter is fitted with a ground-glass joint. It is
served as a container for the electrolyte. The time needed to withdraw the ingot from the
storage ampoule, to introduce into the container, and to connect it to the vacuum system
does not exceed ten seconds. At the first we pump the cell (10 to 10+ Pa) for a day, then we
flush with purified argon, and then the ingot is melted under dynamic vacuum using a
portable gas torch. The melt drains down into the lower part of the cell, which is introduced
into a microfurnace heated from 50 to 100°C above the melting point of the eutectic mixture.
Next, the cell is sealed off at the neck under vacuum and transferred to a preheated working
furnace. The electrochemical cell in running order is presented in Fig.7.

The third type of cell (Fig. 8) is a modification of the previous. The bottom of that cell is the
same as the previous one. The difference concerns a technic of the electrolyte charging into
the cell. For certain systems, such as chacogenides, it is necessary to avoid the vacuum
heating of the bottom part of cell that causes an evaporation of volatile metals such as Hg
(Vassiliev et al., 1990) or chalcogens (Vassiliev et al., 1980). To put the electrolyte in the
vessel we should proceed in this way. An ingot of electrolyte, sealed in a Pyrex ampoule,
and a massive porcelain mortar were warmed previously in an oven to 200°C. The ingot was
removed gently from the ampoule with a special knife and a Pyrex glass stick as follows.
One end of the stick was heated up to temperature of softening with help of the torch. After
we have applied this part of stick on the stripe traced with a knife on the ampoule. The
ampoule was broken easily and the ingot became free. Then the ingot was grounded into
small pieces in a mortar and as soon as possible the pieces were loaded in a small offtake
flask and it was connected with cell and vacuum.This flask was heated gradually in a
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microfurnace under vacuum (0.1 Pa) up to 200 ° C for 24 hours. Then the cell was rinsed by
purified argon and the electrolyte was poured out at the bottom by turn of the flask.
Vacuum-sealed cells can be preserved for a long time and can be used reasonably. This cells
permit to obtain the reproducible results of measurements during many months.

U
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Fig. 5. Cell with control of vacuum and inert gas pression inside.
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Fig. 6.Vacuum isothermic cell (firste variant).
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Fig. 7. Electrochemical cell in running order.
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Fig. 8.Vacuum isothermic cell (second variant).

3.4 Cell with diaphragm

In some cases the decrease in activity of metal A does not lead to expected results. This
concernes to the metals such as titanium, zirconium, hafnium, uranium, and beryllium ...
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The ions of these metals have simultaneously two different charges in the electrolyte. Then
we have an average charge of the ion-forming potential:

na = (mC'm + nC'n)/(C’m"'C'n)/ (11)

where C', and C',, are the concentrations of ions A with charges m and n in equilibrium
with the electrode A.Bu. However we can prevent this transfer by separating the
electrodes by a diaphragm. Fig. 9 gives an idea of this arrangement. The reference electrodes
and electrode comprising of the alloy are studied in the same vessel. These electrodes are
separated from each other by the tubes with capillaries that are closed with asbestos plug. In
this case using asbestos must be very pure (Shourov, 1974,1984).
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Fig. 9. Scheme of electrochemical cell with diaphragms.
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The solvent is mixture of molten salts ACI+BCI.
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M1 is more electronegative than Me2 in a series of electrode potentials.

.70 0 0 0
[Me’{“} , [Mei“} , [Me?} , [Me’zﬂ}
- equilibrium concentration in the ion mole fraction

E1 = @ait. - OMe1; E2 = OMe2 - Qan.

One compare E; + E; with E3 (E; + Ez = E3) to verify the accuracy of the electromotive forces
of the chain.

4. Required apparatus and materials
In this paragraph we cite the main required apparatus and materials:
Simple vacuum post is presented in Fig.10.

e  Electric furnaces with precise control of temperature. To speed up the work it is
desirable to use several furnaces.

e  Microfurnaces. Microfurnace presents a porcelain tube with an inner diameter of 65-70
mm and a length of 100-120 mm. This microfurnace can be easily made in the laboratory.

e Laboratory transformers.

e  Primary and secondary vacuum pumps or turbomolecular one.

¢  Gauge (Vacuummeter)

e  Vacuum baker.

¢ Digital millivoltmeter at high impedance.

¢ Hand or automatic commutation.

e Computer in case of automatic measurement system.

e  Manuel or automatic press.

Thermostat for cold ends of the thermocouples or Dewor bottle.

Analytic balance.

Vacuum post with multiple outputs.

Vacuum comb for making of alloys.

Hard steel mold of the four sections.

Pyrex cells. In perspective, using the intermediate glass between Pyrex and quartz is
possible for applying the electrochemical cells up to 1200-1300K. The coefficient of
expansion of this type of glass must be as closer to the tungsten.

Electrode leak detector

Pt/Pt-10% Rh thermocouples.

Oxygen and propane cylinders.

Portable gas torch.

Tungsten wire 0.5 mm. Simple vacuum post is presented in Fig.10.

Trap with liquid nitrogen (Fig.11) serves to catch aggressive substances vapors and it can be
used as the sorption pump. In the second case it is recommended to use the zeolytes
annealed at 300°C.

Sorption column serves to purificate the argon against the traces of oxigen and moisture.
Sorbtion is performed by the activated copper deposited on silicagel at 170°C (Brauer, 1954).
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%

Fig. 10. Simple vacuum post: 1- three-way valve (T=valve), 2- two way valve, 3- gauge, 4-
cell sleeve 5- ampule sleeve, 6- to air, 7- to pump.

~=—=T =)}) (o]

Vacuum comb permits to accelerate the preparation of alloys (Fig.12). The block-scheme of
the EMF measuring is presented in the Fig.13. The configuration of the vacuum post and
related details may be changed by the experimenter (Fig.10).

A

Fig. 11. Liquid-nitrogen trap.
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Fig. 12. Vacuum comb for alloy preparation.
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Fig. 13. Block-scheme of the measuring assembly: 1- cell, 2- stainless steel protector nozzle,
3- furnace, 4- ground, 5 - clamp of current leafs, 6-thermocouple, 7- thermostat for cold
ends of the thermocouples, 8- hand or automatic commutation, 9- digital millivoltmeter at
high impedance, 10- computer.
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5. Methodological problems most frequently encountered in EMF method

On the difficult path of the experimental study we overcame the various methodological
problems that had significantly and successfully improved the method of the EMF. Let us
consider these main methodological problems of the EMF method, having a significant
influence on the potentiometric measurements:

1. Exchange reaction between electrodes caused by a small difference of electrode
potentials components of the alloy in the given electrolyte (Hladik, 1972).

2. Spontaneous reactions due to a large chemical potential difference between measured
electrodes and reference.

3. Presence of multiple oxidation states of ions involved in redox reaction generating the

EMEF of the cell.

Liquation (or phase separation) of liquid alloys.

5. Evaporation of element and the temperature of the experiment.

o

5.1 Choice of different types of halides as the electrolyte

It is possible to use different types of halides as the electrolyte: chlorides, bromides and
iodides. All these salts are hygroscopic and their treatment by the corresponding hydrogen
halide (HCI, HBr, HI) is necessary to avoid water marks. If one type of halide unsuitable due
to the exchange reaction, it can be replaced by another.

For the study of the Ni-Cu (Geyderih et al. 1969), measurements of EMF were made from
two reference electrodes

() Ni(sol) | KCI + LiCl + NiCl, | Ni,Cu(iy (sol) (+)

() Cu(sol) | KC1 + LiCl + CuCl | Cu,Ni.) (sol) (+)

In both cases there is a reduction of the second metal; the electrodes of pure metals are
covered with crystals of the second metal. So, there are two oxidoreduction reactions:

NiCl; + 2 Cu (from alloy) — Ni + 2CuCl,
2 CuCl + Ni (from alloy) — 2 Cu + NiCl
(1/nB) B (in A\B1y) + (1/nA) An+— (1/nA) A + (1/nB)Be+ (I
A

SN

A Ax B(1 -x)

N

B

The replacement of the chloride on iodide electrolyte permits to determine the
thermodynamics of the Cu-Ni system.
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(-) Cu(sol.) | KI + Nal + Cul | CuNil (sol.) (+) This experiment have made possible to
formulate an empiric rule:

By working with electrochemical cells without separation of electrodes, enthalpy of
formation (4/H) salt of the metal B must not exceed 75% of enthalpy of formation of metal
salt A (Geyderih et al. 1969).

As the equilibrium constant of the reaction Kp (II) has a finite value, there will be always an
exchange reaction, even partial, between the salt ions An* and alloy A,B.y. The authors
have attempted to assess the relative error in determining the activity of the less noble metal
by the EMF method based on constant exchange reaction (II) (Wagner& Werner, 1963).
Simplified equation, admitting a relative error, expressed by the expression:

® = (np/n4) (Y°/Ya) (na/1p) (1/x) (L + (na/np)) (D°/D)V/2. (V'm/ V'm)exp (-(nsE°F)/RT) (12)

where Y, is the coefficient activity of component A, and Y° is the molar salt fraction of
component A in the melt.

D ° and D are the diffusion coefficients of salt BXy in the electrolyte and the component A in
the alloy respectively,

E ° is difference of the reference potentials of the components,
V'mand V", molar volumes of alloy and electrolyte.
In the formula (12) we can see:

1. that the error is maximum for the minimum concentration of component A,

2. that the higher is potential difference of the electrodes the smaller is the relative
error,

3. that increasing of the salt concentration AX, causes the increase of error ®, nevertheless,
too small concentration may give a relative error greater than the reaction (II). The
optimal concentration of salt in the molten electrolyte AX,, according to Wagner, is
1-3%

In concordance to our experience, the concentration of AX, salt in liquid electrolytes must
not exceed 0.1%. In some cases, this concentration can be reduced if the salt AX, is slightly
soluble in the electrolyte.

If there is a problem of chemical stability or hygroscopicity AX, of certain salts (e.g. as the
indium chloride or zinc chloride) we can do forming potential without salt. Synthesis of
indium monochloride (InCl) is carried out inside the cell by the interaction of hydrogen
chloride absorbed by the electrolyte, with metallic indium:

2In + 2HCI (gas) = 2InCl + Ha,

Contact of indium monochloride (InCl) with moist air provokes the formation of indium
ions with different valence states: InCl+O,+H,0—In(OH)Cl; +In(OH),Cl +In(OH)Cl + InOCl
+.

Y3

that leads to the exchange reaction between the electrodes of electrochemical cell.
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5.2 Exchange reactions

The interaction between the electrodes via the electrolyte is one of the most important
problems. In the electrolyte, the A and B elements are characterized by different potentials
against a reference electrode (Hladik, 1972). We must choose an electrolyte which causes a
potential difference of A and B as large as possible. The more the difference is between of the
electrode potentials, the smaller is the exchange reaction between the component B and the An+
ions in the melted electrolyte. Information about a possible exchange reaction between
electrodes can be found from the electrode potentials for different halide melts (Hladik, 1972).
This set of the chemical potentials characterizes activity of metals against each other for the
system in study for giving electrolyte. The more metal is electronegative the more it is
chemically active. In particular, in the set of the electrochemical potentials each metal
replaces in an electrolyte all metals with lower potential. And, in turn, it will be replaced in the
same electrolyte by metals with greater potential. So, the metal with the most negative
potential, in the given electrolyte, replaces all those with more positive potentials. If we study
the binary system Zn-Sb or In-Sb by the potentiometric method we do not see any problem of
exchange reactions. So we can note that if the difference of the electrochemical potential
reaches 0.4 V, the exchange reactions do not exist. And opposite, this problem appears for the
systems Zn-In and In-Sn if the difference of the electrochemical potential is 0.19 V.

If we study the cells of the type:
(-) Zn | Zn?* in an electrolyte | Znna. (+)

() In | In* inan electrolyte | InSn) (+)

the exchange reactions take place easily when the concentration of the second element has
reached 90%. The continuous drop of the EMF of the cells with alloys x < 0.1 is observed if
the duration of the experiment is over several weeks (Vassiliev et al., 1998b; Mozer, 1972).
The rate of the exchange reaction increases with increasing temperature especially in liquid
systems. The speed of the exchange reaction depends on:

1. the difference of electrochemical potentials of the elements,

2. the difference in alloy composition,

3. the presence of metal ions of different charges (A®) et A ; m+ > n+) in the
electrolyte,

4. the temperature in the cell.

This set of electrochemical potentials characterizes the chemical activity of metals against
each other under consideration system and a given electrolyte. The more metal is
electronegative the more this metal is chemically active. Especially, in the set of the
electrochemical potentials each metal replaces in the electrolytes of all metals with inferior
potential. In turn, it was replaced in the same electrolyte by metals with superior potential.
If the data for the electrode potentials are incomplete, it is possible to judge about the
relative chemical activity of two elements by comparing the Gibbs energies or enthalpy of
formation of salts AX, and BX, (X being the corresponding a salt anion). See Table 4 bottom.
We will consider some binary systems based on elements of Table 2 and 3.
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Fig. 14. Effect of exchange reaction between pure indium and its alloy Ing/esSno.9s on the
EMEF mesures as a function of temperature and time experience in the cell (-) In | In* in
electrolyte | In,Sni« (+) (- © -) - used points (-+- and -A-) - unused points.

. \
Electrochemical system 150°C %{)o C 800°C 1000°C
Li* | Li -3.684 -3.514 -3.457 -3.352
Na* |Na -3.566 -3.332 -3.250 -3.019
La*|La -3.241 -3.016 -2.997 -2.876
Ce* | Ce -3.193 -3.014 -2.945 -2821
Nd*[Nd -3.103 - -2.856 -2.736
Gd*|Gd -3.013 - -2.807 -2.709
Mg [ Mg -2.720 -2.536 -2.460 -2.346
Sc3+]Sc -2.621 -2.455 -2.375 -2.264
U U -2.530 -2.350 -2.280 -2.162
Be2* | Be -2.167 - - B
Al+| Al -2.018 - - -
Mn2*|Mn -1.999 -1.854 -1.807 -1.725
v |y -1.794 -1.794 -1.636 -1.441
Zn2+|Zn -1.629 -1.512 -1.476
TI+| Tl -1.629 -1.512 -1.473
cd2[cd -1.442 -1.262 -1.193 -1.002
In*|In -1.43 - - B
Cr+ [ Cr -1374 - -1.113 -1.006
Sn2*[Sn -1.34 -1.264 -1.259
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. o/V
Electrochemical system 150°C 700°C 800°C 1000°C
Pb2+ | Pb -1.30 -1.163 -1.112 -1.039
Fe+ | Fe -1.297 - -1.118 -1.050
Co?*|Co -1.171 -1.028 -0.977 -0.900
Ni2 | Ni -1.104 -0.939 -0.875 -0.763
Sb3+[Sb -1.019 (300°C) - - B
Cu* | Cu -1.035 -0.987 -0.970 -0.943
Agtl Ag -0.911 -0.848 -0.826 -0.784
Bi>+| Bi -0.844 -0.817 - -
Pd2+|Pd -0.487 -0.487 -0.340 -0.285
P2+ Pt -0.299 -0.180 - -
Aut|Au +0.223 - - -

Table 2. Calculated electrochemical potential (¢ Cl/Cl") in individual molten chlorides,

calculated from thermodynamic data.

Electrochemical @/ V for the anions in Volt
system F- Cl- Br I
Ba2*|Ba -1.31 -2.59 -262
KK -0.62 250 -253 -1.98
Sr2[Sr -1.16 -251 -241 -1.94
Li*|Li -0.08 -2.39 -240 -1.95
Na*|Na -1.84 -2.36 -235 -1.81
Ca?*|Ca -1.13 -2.35 _225 ~153
Mg [Mg -0.28 -1.58 ~158 -1.01
Mn2+ | Mn -0.17 -0.85 -0.83 -0.44
Zn2+| Zn -1.09 -0.40 -0.50 -0.27
cd>|cd -0.91 -0.25 -0.46 -0.19
TI+[TI -0.44 -0.29 -0.41
Sn?*|Sn - -1.270 -0.981 -0.462
Pb?* | Pb - -1.215 -0.976 -0.620
Cu*|Cu +137 +0.29 -0.06 -0.17
Co?*| Co +0.52 +0.06 -0.05 +0.43
2H[H, 0 0 0 0
Bi**| Bi -0.14 +0.39 +1.19 +0.33

Table 3. Electrochemical potential of metals in molten liquid halides at the temperature
700°C compared with reference electrode ¢ H».

. o/V
Elecrtocemical system T=300°C T=500C°
Zn2| Zn 1.706 1.603
In* |In 1.520 1414
Sn2+|Sn 1.428 1.320
Pb2+ | Pb 1.420 1.271
Sb3+|Sb 1.019 -

Table 4. Comparison of certain electrochemical potentials of metals in molten liquid

chloride.
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So, if we study the electrochemical cell of the type:
(-) Zn| Zn2+in electrolyte |ZnXIn(1_X) (+)

(-) In| In*in electrolyte | InSngx (+) ,

the exchange reactions occur readily in these systems if the concentration of the second
element has reached 90% (Fig.14). We observed a continuous fall of the EMF for alloys with
x £ 0.1 when the duration of the experiment was a few weeks (Vassiliev et al., 1998b; Mozer,
1972). The rate of the exchange reaction was augmented with increasing temperature,
especially in the case of liquid systems.

5.3 Influence of a third component on the exchange reaction

Exchange reactions occur not only between a pure A metal and alloy A,B(1 but also between
alloys of different compositions, if the activities a4 of them are very different. This
phenomenon is very pronounced in the liquid ternary system In-Sn-Sb (Vassiliev, 1998). Table
4 shows that the attraction between atoms In and Sb is greater than between In and Sn or
between Sn and Sb. Accordingly, the tin atoms of the ternary alloy are very free, and exchange
reactions between electrodes of different compositions of alloys, with indium, occur easily.

5.4 Selection of different types of halides such as electrolytes

It is possible to use different halides such as electrolytes: chlorides, bromides and iodides.
All these salts are hygroscopic and their treatment by the corresponding hydrogen halide
(HCI, HBr, HI) is needed to avoid water marks. If some halogenade is not appropriate due
to an exchange reaction it is replaced by another.

The choice of the electrolyte is determined by its melting temperature and by the need to
minimize the exchange reaction. The study of Sn-Pb system is not possible in molten
chlorides (the difference of potential electrodes is 0. 05 V at 500°C ; Table 4).The substitution
of chloride by iodide significantly increases this difference to 0.168 V (see Tabl.3) and
decreases the exchange reactions:

Snl, + Pb — Pbl, + Sn

Pbl + Sn — Snl, + Pb,

Although it is impossible to eliminate their influence completely, especially for tin-rich
alloys, the electrochemical chain:

(-) Pb | KI + Lil + Pbl, | Pb,Sny.x (+)

can be studied.

5.5 Effect of exchange reaction on the EMF measurements in ternary system In-Sn-Sb

Let us consider the example of spontaneous exchange reaction in the cell that contains the
series of four alloys with low indium content, number 1-4, ( xi, from 0.05 to 0.11), and one
indium-rich alloy Ne 5 (x1,=0.5) at presence of two electrodes of pure indium. (See Table 5)
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No XIn XSn Xsb

1 0.0500 0.4751 0.4749

2 0.0503 0.4497 0.5000

3 0.1002 0.3996 0.5003

4 0.1112 0.4444 0.4444

5 0.5000 0.2499 0.2501

Table 5. Composition of In-Sn-Sb alloys used for detection of kinetic of spontaneous
exchange reaction in the electrochemical cell.

We can state that the measured values E(T, xi,) for alloys with number 1-4, and slightly for
number 5, are exposed to such reactions. So, we used only the first points of the
measurements E(T, x,), which were less susceptible to this influence. Exchange reaction is
more pronounced for alloy 1 and 2. Dynamics of a regular drift of EMF values for alloys Ne 2
and 5 versus time and temperature were shown in Fig. 15 and Fig. 16. Experimental points
are divided into two series. The gap of EMF values between two series is connected with the
study of other phases at lower temperatures are not indicated in Fig. 15 and 16. We took in
consideration only the black dots. The different stages of the experiment are marked in time.
Fig. 15 and 16 show that the exchange reaction depends on the time and temperature. Two
main types of exchange reactions (2 and b) take place in cell:

(-) Inl In2+ in electrolyte| In-Sn-Sb (+)

a) In (pure) "™ g, InSnSb (Ne 1-4) (13)
am=1 a' m<1

b) InSnSb (Ne5) " s, InSnSb (Ne 1-4) (14)
a'm > am’

Reactions a and b lead to a decrease of the EMF values for alloys (NeNe 1-4) and the reaction
of b increases the EMF values of the alloy number 5 in relation to the reference electrode
made of pure indium. The rate of exchange reaction prevails over the reaction (13) and (14).
Kinetics of exchange reactions is shown in Fig. 17 and Fig.18 in accordance with 4 passes at
the same temperature 755K versus the time. We did not observe exchange reactions for
alloys with x> 0.1, although the duration of the experiment exceeded more than two
months, the maximum temperature reached 822K.

5.6 Issues are related to the valence of A" ion

To obtain good experimental results, it is necessary to know rigorously the ion charge that is
responsible for the EMF in cell of type (I). However, the difference in activities of pure metal
A and alloy ABa.y can lead to different charges of the Ar* jon in the vicinity of the
electrodes A and A,B.g. In this case, even in open circuit, a spontaneous transfer of
component A to alloys A,B(1y is possible and a constant drift of the EMF occurs over time.
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Fig. 17. Kinetics of the exchange reaction of the alloy number 2 at the T=755K.
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Fig. 18. Kinetics of the exchange reaction of the alloy number 5 at T=755K.

This relates to the ions of metal that may have the different charges of ions (m> n) in
different parts of cell in electrolyte:

On the cathode: (m-n) A + nAm* - mAn*
On the anode: mA" — (m-n) A + nAm*

So, in the case of open circuit, there is a transfer of component A from pure metal to its alloy
A,B(1x. Near the cathode, the fraction of charged ions (n +) will be greater and near anode
around of the alloy A.B(.xy will be smaller. In another words, there is dissolution of pure
metal and deposit on the surface of alloy A.B.y. The transfer is even faster than the
temperature T and the concentration of Am* jons is higher and the distance between
electrodes is smaller. A metal is transferred through an electrolyte by ions of lower charge.
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If an activity of component A in the cell of type (I) is reduced, it is possible to determine the
thermodynamic properties even in cases of spontaneous transfer of the component A. In this
case, it is necessary to take as reference electrode some electrode binary alloy A.C1.y), which
the thermodynamic properties are well known, and it can substitute the pure metal A.

Then we have

Apa=RT-In(a"/a') (15)

In this case the activity (a’) is less than 1. The difference of the chemical potential of
component A between electrodes, and hence, the electromotive force will be smaller.

This problem is encountered when the system Ln -Te (Ln = lanthanide) was studied with
the cell:

(-) Ln | LnG¥in electrolyte | Ln Te) (+)
Ap, =RT- Ln(a?*B‘l"‘” / aﬁ*‘c(l"'))

Alloys, rich in metal B (in this case by tellurium) generate an electromotive force E near 1.5
V. The substitution of the lanthanide by one of its alloys of Ln-In system (Vassiliev et al.,
2009), allows to make the measurements with the following electrochemical cell:

ACaxy _ (A) _
a, <ay’ =1

() LnInys+In | LaG*) in electrolyte | Ln Te( (+) (II)

The electromotive force of the cell is as twice as smaller and spontaneous transfer becomes
negligible.

5.7 Problem of liquation (or phase separation) of liquid alloys

If the metal liquid system does not contain any components that provoke the exchange
reactions in an electrochemical cell, the EMF method is well suited for such a system. The
problem of liquation (or phase separation) is less serious, but the big difference of the
specific density of alloying effects on the rate of establishment of thermodynamic
equilibrium and distorts the potentiometric measurements.

Element  |Specific density (g/cm?) Element  |Specific density (g/cm?)
Al 2.7 Cu 8.94

Sn 5.85 Bi 9.80

Zn 7.13 Ag 10.50

In 7.31 Pb 11.34

Table 6. Specific density (g/cm?) of some metals.

The more the difference of the specific density of elements and their chemical interaction are
weaker, the liquation influence is greater. As a consequence, the EMF measurements do not
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correspond of thermodynamic equilibrium, because the surface of alloy is depleted by the
elements of the smaller density. Especially it should be taken into account that the metallic
systems with a miscibility gap. Table 6 shows the specific density of some metals. The
liquation problem was noted by us in the investigation of systems based on ternary zinc-
lead alloys (Zn-Pb-Sn, Zn-Pb-In) (David at al., 2004) and In-Sn-Ag and In-Bi-Ag (Vassiliev et
al., 1998c). We observed hysteresis loops during heating and cooling of the cells in a wide
temperature range for a number of alloys. In the case of the hysteresis loop, it is necessary to
choose measurement results only when the temperature is lowered, starting from the
homogeneous liquid region. The isothermal cell is also well serves for the thermodynamic
study of metals with high vapor pressure (mercury, zinc, etc.) (Vassiliev et al., 1990; David
at al, 2004). We did not observe any evaporation of zinc, even though long-term
measurements (more than two months and the temperature to 780 K) were taken.

In the systems based on zinc, the latter serves as the reference electrode and the part of both
the internal calibration of the thermocouple in the cell, because the measured values E (T)
give a clear kink at the melting point of zinc. The kinetic curve of solidification or melting of
the metal also exhibits a characteristic jump EMF at the melting point. Such curve is easily

obtained by continuous measurement of the EMF of the cell at the phase transition sol = liq.
The zinc chloride must not be added to electrolyte previously. We found that the ions,
forming the potential, appeared in a few hours inside the cell after the experiment began.
We used the metals of 99.999% and chlorides of lithium and potassium 99.99% purity. The
type of electrochemical cell for EMF measuring has been used:

() Zn | Zn2* in (LiCl + KCl) liquid eutectic | PbySnyZnz (+) (Iv)

Temperature range of research is limited one hand by the crystallization of the electrolyte,
and on the other hand by the softening Pyrex glass. Control of the state reference electrodes
of pure zinc in the course of the experiment was carried out by measuring the difference of
EMF between such electrodes. If the cell functions normally, this difference is about 5 pV.
Temperature correction is performed by the melting point of zinc, located in the cell.

5.8 How to study the systems with closely spaced electrode potentials. The EMF
measurements of ternary Pb-Sn-Sb system

EMF measurements of the ternary system Pb-Sn-Sb (Vassiliev et al., 1995) were carried out
for five alloys along the isopleth (Pb-SngsSbos) with xp, = 0.15, 0.20, 0.25, 0.30, 0.333 at
temperatures 690 - 820K. Alloy SngsSbos. has been used as a reference electrode. Scheme for
EMF measuring and the definition of excess functions of mixing in the ternary system Pb-
Sn-Sb are shown in Fig. 19 and 20. To measure the EMF we can not use the alloys of the
ternary Pb-Sn-Sb system as reference electrodes from pure metals. The using of tin or lead in
a cell with undivided space is impossible, because their electrode potentials are almost equal
and the exchange reactions take place. Cell with a diaphragm (Shourov, 1974, 1984) allows
solving this problem, but the experiment is very laborious. In order to avoid the exchange
reaction, we choose an alloy of tin and antimony with a component ratio 1:1 (SnosSbos) as
the reference electrode, which chemical potential we studied in this paper using an
isothermal cell without diaphragm. Activity of tin as, in the SnosSbos alloy at 900K is equal
0.41, that is much less than its activity in pure tin (as,=1). So, the activity of lead becomes
comparable with the activity of tin when we study the ternary alloys (SnosSbys)1.Pbx. Thus,
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we have practically eliminated the exchange reaction between the electrodes with different
contents of tin and lead. The choice of electrode SnysSbys allowed us to obtain stable and
reproducible results E (T) (Fig.21).

Xl"IJ Jll }{SD: Sh Jll }{SI = 1
. D25
100 000
Ph0,00 025 0 50 075 100 5n

Fig. 19. Measurements of EMF (5, )in the ternary Pb-Sn-Sb system.
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Fig. 20. Scheme for determining the excess functions of mixing of the ternary Pb-5n-Sb
system.
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There were obtained 39 experimental points E(T) for each ternary alloy with a maximum
error + 0.1 mV. The coefficients of linear equations E;(T) of ternary alloys (1-5) was obtained
with respect to the reference electrode SngsSbos. The correction was performed using the
ratio (16) to find the chemical potential of ternary alloys relatively to pure tin:

Hs, = E1(T)+Ex(T) (16)

Where the dependence Ex(T) (Ez/mV= 10.52+26.5-103-T) was obtained between the liquid
alloy SnosSbos and the reference electrode from pure tin.

5.9 Pb-Pd system

Finally, let us consider an example of the Pb-Pd phase diagram that has several intermediate
phases Fig.22 (Vassiliev et al., 1998a). We have established a narrow region of homogeneity
of the phases Pb,Pd and PboPd;3, and the deviation from stoichiometry of PbPd phase. We
have determined also the coordinates of the gamma phase, and refined the melting point of
Pb,Pd phase and the coordinates of the eutectic point.

General trend of experimental EMF results versus temperature and composition for the Pb-
Pd system is shown in the Fig.23. The points at the right of curves L2-L6 correspond to the
homogeneous liquid alloys with xpq from 0.10 to 0.60). The curves L2-L6 correspond to the
heterogeneous alloys (liquid and solid states). The lines at the left of the curves L»-Ls
correspond to the heterogeneous solid alloys from S; to Sg (see, please, Fig.23). Monophasic
supercooled liquid alloys are on the left of lines L,-Ly with xpq from 0.25 to 0.40. Points of
intersections of the lines Ss and S, S; and S; , Ss and Se correspond to the phase
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transformations in solid state. Line S'1 corresponds to solid solution on the base of Pb,Pd
phase. Points of intersections of the lines S; with curves L; correspond to the eutectic or
peritectic transformations. Points of intersections of the E(T) for liquid homogeneous region
with curves L,-Lg correspond to the points of liquidus. Invariants points (T. = 721K and T,
(PbyPd) = 725K) were shown in the Fig.22 and 23.
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Fig. 22. Equilibrium phase diagram of the palladium-lead with our corrections.
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Fig. 23. General trend of experimental EMF results versus temperature and composition for
the Pb-Pd system.
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We applied successfully the described technique for different binary, ternary and
quaternary systems:

TI-S (Vassiliev et al., 1971,1973a, 1973b, 2008), Tl-Se (Vassiliev et al., 1967,1969,1971), T1-Te
(Vassiliev et al., 1968); Cd-Te (Vassiliev et al., 1990); Pb-Pd (Vassiliev et al., 1998a); In-P
(Vassiliev & Gachon, 2006); In-As (Abbasov et al., 1964); In-Sb (Vassiliev, 2004); In-Sn
(Vassiliev et al., 1998b); Ga-As (Abbasov et al., 1964); Ga-Sb (Abbasov et al., 1964); Sn-Sb
(Vassiliev 1997, 2005); Bi-Se (Vassiliev et al., 1968); Ga-Te (Abbasov et al., 1964); Mn-Te
(Vassiliev et al., 1993); Rare Earth Metals (REM) with In (Vassiliev et al., 2009), Sb
(Gorjacheva et al., 1981), Pb (Vassiliev et al., 1993), Te (Vassiliev et al., 1980); Cd-Hg-Te
(Vassiliev et al., 1990,2004); In-Sn-Sb (Vassiliev et al., 2001); Pb-Sn-Sb (Vassiliev et al., 1995);
Pb-Sn-Zn (David at al., 2004) In-Bi-Ag (Vassiliev et al., 1998c); In-Ni-Sb Vassiliev et al., 2003);
Pb-Cu-Zn; Pb-In-Zn; Pb-In-Zn-Sn (Hertz at al., 1998). As well as, this technic can be applied
for the oxide systems also.

6. Conclusion

The accuracy of the proposed experimental technique does not yield the best calorimetric
measurements and completeness of the information obtained by the EMF exceeds the
calorimetric methods in some case. So, the proposed variant of the EMF can be called as
universal and self-sufficient, and the cost of equipment used in the EMF method is much
lower than the calorimetric one. EMF remains one of the most important methods in
metallurgical thermodynamics.The method of electromotive force (EMF) with proposed
electrocemical cells is a powerful tool to study the thermodynamic properties of metallic,
semiconductor and oxyde systems. It permits to identify a set of values of the chemical
potentials of one of the component of the different phases. The final result of this work
consist of the thermodynamic optimization of the studied system.
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1. Introduction

The growing concern over the environment on a global basis is driving extensive research
into new materials for next generation of clean, efficient, alternative energy systems, to a
large extent based on various types of electrochemical cells. An especially useful method
that has paved the way to novel materials with unique properties, which cannot be
fabricated by other methods, is the cold plasma technology. Both integrally new materials in
the form of thin films with unusual molecular structure and conventional materials
modified by cold plasma, which reveal surprising surface properties, can be prepared in this
way. Some of these materials turned out to be very interesting for the innovative
electrochemical cells.

In this Chapter, a brief review of investigations performed on materials produced by the
cold plasma technology and their testing in electrochemical cells, such as fuel cells,
rechargeable cells and related devices as solar cells and water splitting systems, is presented.
Some attention is paid to research conducted in our laboratory.! Recent results of our studies
on plasma deposited thin films of nanocatalysts based on metal oxides, such as cobalt and
cupper oxides, which have been tested as electrodes for fuel cells, are discussed in more
detail. Our efforts directed towards the development of new materials for solar cells and
water splitting systems are also mentioned. However, before turning to the details of these
issues, we should first familiarize ourselves, even cursory, with the cold plasma technology.

2. What is the cold plasma?

As it is known, in the Universe, matter exists in four different states from the molecular
interrelations point of view, namely: solid, liquid, gas and plasma. Simply speaking, plasma
is a kind of ionized gas, into which sufficient energy is provided to free electrons from
atoms or molecules and to allow both species, ions and electrons, to coexist. Generally, the
plasma state can be divided into two main types (Fig. 1): low-temperature plasma - that is
the state in which only a part of gas molecules is ionized and the gas is a mixture of
electrons, ions, free radicals, excided and neutral molecules - and high-temperature plasma,
in which all atoms are fully ionized. The latter type of plasma can be found, for example, in

! Division of Molecular Engineering (DME), Faculty of Process and Environmental Engineering,
Technical University of Lodz, Wolczanska 213, 90-924 Lodz, Poland, E-mail: jatyczko@wipos.p.lodz.pl
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the Sun or in laboratories involved in nuclear fusion research, but this type of plasma is
rather not interesting as a technology for the preparation of new materials.

PLASMA

S

Low-temperature plasma
(partially ionized gas)

High-temperature plasma

(fully ionized gas)

/) T~

Equilibrium plasma
(thermal plasma)

Te=Tgas > Troom

Nonequilibrium plasma
(co;‘d plasma)

e ¥¥ Tgas = Troom

N

Plasma deposition

Plasma treatment

surface modification of

completely new materials
P v conventional materials

Fig. 1. Classification of the plasma types.

The low-temperature plasma can be divided, in turn, into two further types (Fig. 1):
equilibrium and non-equilibrium plasmas. In the equilibrium plasma, often called the
thermal plasma, electrons and the rest of plasma species have nearly the same temperature
(Te = Tgss), much higher than the room temperature. Such plasma is generated, for example,
in plasma jets and torches. On the other hand, the non-equilibrium plasma, called
sometimes the cold plasma, is characterized by the lack of thermal equilibrium between
electrons and the rest of plasma species. In this case the electron temperature is in the range
of 104-105 K, whereas the rest of the species are at temperature close to the room
temperature. Under such conditions, chemical processes (e.g. chemical synthesis of new
materials) can be performed at the room temperature using energetic electrons to cleavage
covalent bonds in the gas molecules. By contrast, very high temperature of all the species in
the thermal plasma considerably limits its application for the chemical syntheses and the
surface modifications of thermal-degradable materials.

As one can see, among the various types of plasmas, the cold plasma is especially
recognized as a promising tool on the road towards the search for new materials. The
creation of such materials by the cold plasma technology can be carried out in two ways
(Fig. 1). The first one is the deposition of completely new materials in the form of thin films,
which is mainly accomplished by plasma polymerization processes (sometimes not quite
correctly called plasma-enhanced chemical vapor deposition (PECVD)), and also, but
relatively more rarely, by reactive sputtering processes. Thin-film materials with unusual
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chemical constitution, molecular construction and nanostructure can be obtained in this way
(Gordillo-Vazquez et al., 2007; Konuma, 1992).

The second way consists in the modification of conventional materials, performed by their
cold plasma treatment. Generally, such a treatment triggers three basic processes occurring
mainly on the surface. It can create new functional groups by implantation of atoms present
in the plasma, it can generate free radicals that then react with atmospheric oxygen and
water molecules giving additional functional groups or can be used in grafting processes,
and finally it can modify the microporous structure by the etching and degradation effects
(Inagaki, 1996).

The cold plasma is most often generated in laboratories and industry by an electric glow
discharge under low pressure using various frequencies of the applied electric field: audio
frequencies (AF, mainly in the range of 10-50 kHz), radio frequencies (RF, mainly 13.56
MHz), and microwave frequencies (MW, mainly 2.45 GHz). Sometimes, a direct current
(DC) discharge is also used. An example of typical parallel plate plasma reactor, one of those
being used in our laboratory for deposition of thin films, is sketched in Fig. 2.
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for solid
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" heaters
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l @ - heating elements
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pumping
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Fig. 2. A sketch of a typical parallel plate plasma reactor.

At first, the reactor chamber is evacuated down to 10-1-10-3 Pa. Then, a precursor of plasma
deposition is introduced to the chamber in the form of gas or vapor under controlled flow.
Organic and inorganic gases, sublimating solids and evaporating liquids can be used as
precursors. They are supplied as pure compounds or as mixtures with an inert carrier gas
(e.g. argon). The carrier gas enables to generate plasma in the presence of compounds with
very low vapor pressure. It is also possible to perform the plasma deposition process using a
mixture of two or more precursors. Suitable selection of these compounds and their
concentrations in the reactor chamber make it possible to control the molecular structure of
deposited films, and consequently — properties of the films. In the reactor chamber with
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reactive gases, the glow discharge is generated between two internal metal electrodes by
means of an appropriate generator. As a result of chemical processes proceeding in the
plasma, a thin film of a new material, commonly referred to as "plasma polymer", is
deposited on the electrode surfaces as well as on any substrate being in the plasma region.
The same reactor can be also used for the modification of conventional materials. In this
procedure, however, only "non-polymerizable" gases (e.g. Ar, O, N2, NH3) are utilized as
precursors of plasma processes.

Another important plasma reactor employed in our study for the preparation of very
interesting new materials is the so-called "three-electrode AF reactor". A schematic view of
this reactor is shown in Fig. 3. A small electrode, on which films are deposited, is placed
horizontally between two main perpendicular electrodes maintaining a glow discharge (10-
50 kHz). The small electrode is coupled with the powered main electrode by a variable
capacitor. The coupling capacitance controls the sheath voltage of the small electrode (V)
and, in consequence, the impact energy of ions bombarding the growing film,
independently of the plasma chemistry processes proceeding in the gas phase. It is
especially striking that in some cases a very small variation of the bombarding ion energy in
a defined range of its values is sufficient to create a drastic change in the electronic structure
of deposited films (Tyczkowski, 1999). Thin films of this type will be discussed later in this
Chapter (Sec. 4.1.).
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Fig. 3. A schematic diagram of the three-electrode AF reactor.

A useful variant of the fabrication of new materials by the cold plasma technique is the
reactive sputtering. A schematic diagram of a typical set-up for sputtering deposition is
sketched in Fig. 4. Positive ions that are produced in RF plasma generated in an inert gas, for
example Ar, bombard the target surface (supplied with the negative self-bias) and cause the
sputtering of its material. The sputtered material condenses on the substrate that is located
out of the plasma region. If we use some reactive gas (e.g. Oz, N2, CHy), the target material
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takes part in chemical processes after sputtering and finally a new converted material is
deposited. This is the so-called reactive plasma sputtering.
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Fig. 4. A schematic diagram of a typical set-up for sputtering deposition.

For the sake of formality, it should be added that recently more and more attention has been
focused on the cold plasma processes performed under atmospheric pressure conditions
(Belmonte et al., 2011). However, plasma processes carried out under low pressure are, so
far, still dominating in the cold plasma technology.

3. Plasma deposition of new materials

Since the first literature reports describing - nearly 140 years ago - the formation of solid
products during electrical discharge in a tube filled with acetylene, many researches
working in the field of plasma chemistry have observed the presence of high molecular
weight materials as reaction by-products. These products were usually considered
disadvantageous - they were deposited on the reactor walls and, due to their good adhesion
to glass and insolubility in organic solvents, were not easily removable. They began to
stimulate a scientific interest as late as in the sixties of the 20th century only, after Goodman
(Goodman, 1960) had reported a successful application of plasma polymerized styrene films
as an insulating layer in nuclear batteries. A vast amount of literature concerning plasma
deposited films (plasma polymers), their properties, structure and mechanism of formation
as well as potential application in various technologies has been published since then. The
application ability of plasma polymers originates from both their often unique properties
and relative simplicity of their production (Biederman, 2004; and references therein).

At the beginning, the interest was mainly limited to classical monomers, i.e. substances
known to be able to polymerize in the conventional way (e.g. ethylene, styrene, butadiene).
Hence, at that time the term "plasma polymer" was introduced as the result of the supposed
analogy to conventional polymerized materials. In soon turned out, however, that many
other low molecular weight organic, organometallic and inorganic compounds undergo
plasma polymerization as well. Plasma polymers and conventional polymers, even though



110 Electrochemical Cells — New Advances in Fundamental Researches and Applications

they should be produced from the same precursor (monomer), have practically nothing in
common. The fundamental difference is that mer units cannot be defined in the case of
plasma polymers. A large variety of chemical species created in the plasma, statistical
combination them into high molecular structures and generally a high degree of their
crosslinking cause that the structure of such a material is very often much closer to that of
covalent glasses than that of conventional polymers.

Frequently plasma polymers are not classified in respect of the type of monomer but from a
point of view of their chemical composition and morphology. For example, amorphous (a-)
covalent material obtained by plasma polymerization of silane (SiHy), which is composed of
silicon and hydrogen, can be termed as a-Si:H. In turn, amorphous plasma polymer
deposited from acrylonitrile (C3HsN) can be called as plasma-polymerized (pp-)
acrylonitrile or a-CxNy:H. It is usually met, but it is not a rule, that if the plasma polymer
structure is close to a covalent glass structure, the latter notation is used. If plasma polymer
reveals nano- or microcrystalline structures, prefixes nc- or pc- are put in the place of a-.

The structure and properties of plasma polymers are closely connected with a thin-film
form, in which they are produced. In general, the thickness of the films is between a few
nanometers and a few micrometers. Appropriate choice of precursors and plasma process
parameters allow for the preparation of such thin films with a huge variety of structure and
properties. Hence, there is a wide and diverse range of their current and anticipated
applications, such as electronic and photoelectronic materials, insulating coatings, catalytic
films, semi-permeable and electrolyte membranes, protecting layers, and many others. Some
of these uses are also related to the electrochemical systems.

4. Optoelectronically active materials

Optical and electrical properties of plasma deposited films, sometimes unique indeed, as
well as the easy of their deposition, at low temperature and low cost, on inexpensive
substrates of almost any size and shape, render these materials very attractive for
optoelectronic applications. The possibility to tailor optical parameters, such as refractive
index and extinction coefficient, and what is particularly important - the ability to adjust
parameters of the electronic structure, such as transport gap, optical gap, density of
localized states, etc., recommend these plasma films as active photoelectric elements, e.g. for
solar cells and water splitting cells.

4.1 Thin-film solar cells

Among the plasma deposited amorphous semiconductors, which have so far been studied
in greatest detail and also appear to be of greatest applied interest, are hydrogenated
amorphous silicon films (a-Si:H). Initial studies of this material were done in the sixties of
the 20th century, when the RF glow discharge deposition of a-Si:H from silane was
demonstrated. This was followed by the very important works that reported on successful
n- and p-doping a-Si:H. It was really surprising, because previous attempts to dope
thermally evaporated a-Si had failed. As it turned out, hydrogen was responsible for this
effect. In 1975 and 1976, research confirmed that plasma-deposited films from silane
contained hydrogen. Hydrogen serves primarily to passivate the dangling-bond defects and
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thus to decrease the density of localized states in the mid-gap.2 Thermally evaporated a-Si
has about 1026 eV-1m-3 states in the mid-gap, whereas the density of states for typical a-Si:H
films is about 102! eV-Im3, i.e. five orders of magnitude lower. This just explains why one
can control the electronic properties of a-Si:H by doping with donor and acceptor centers,
contrary to a-Si (LeComber & Spear, 1979).

The most frequent method used to prepare doped films is plasma copolymerization from a
mixture of the film precursor and the dopant agent. Diborane (BoHg) and phosphine (PHa)
are often used as sources of acceptor centers (boron atoms) and donor centers (phosphorus
atoms), respectively. Recently, liquid compounds instead of these gases, such as
triethylboron (B(CoHs)s) and trimethylphosphine (P(CHs)s) have become more and more
popular dopant agents. They are less toxic, more stable and their low vapor pressure offers
facilities for precise controlling of the doping process. In turn, as a-Si:H film precursor, one
can use not only SiHy, but also, for example, a mixture of SiCly and Hp, disilane (Si>2Hs),
trisilane (SisHs), cyclohexasilane (SigHio), etc. (Pokhodnya et al, 2009; Searle, 1998;
Tyczkowski, 2004). So, as one can see, the possibilities of designing and controlling the
molecular and electronic structure of plasma deposited films are indeed enormous.

As an example of designing the electronic structure of a-Si:H films, the electrical
conductivity of these films doped with acceptors (boron) and donors (phosphorus) is shown
in Fig. 5. The room-temperature conductivity o of the films is plotted against the ratio of the
number of dopant agent molecules to the number of silane molecules in the gaseous
mixture. In the center of the graph, the conductivity around 10 S/m is representative of
undoped a-Si:H films, which typically are n-type material. Thus, even a small quantity of P
atoms (donors) increases o rapidly. In the case of B atoms (acceptors), however, we see that
initially o decreases to about 10-10 S/m. This is connected with the transition from n-type to
p-type material (LeComber & Spear, 1979; Tyczkowski, 2004).
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\/
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Fig. 5. Room temperature conductivity o of n- and p-type a-Si:H, plotted as a function of the
gaseous precursor ratio (Tyczkowski, 2004).

2 For more detailed description of the electronic structure models for plasma deposited amorphous
films, see, for example, (Tyczkowski, 2004).
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Thin-film solar cells are without doubt one of the most spectacular application (except thin-
film transistors) of a-Si:H films obtained by plasma polymerization processes. Since the
demonstration of the first a-Si:H photovoltaic devices at RCA laboratories in 1976 (Carlson
& Wronski, 1976) there has been remarkable progress in the development of a-Si:H solar
cells, spurred, first of all, by the wide demand for a low cost, clean and safe energy (Mueller,
2009).

The most extensively studied a-Si:H solar cells, due to their highest conversion efficiencies,
are those fabricated in the form of p-i-n devices. Typically, the p-a-Si:H film is less than
10 nm, the undoped i-a-Si:H is between 200 and 700 nm and n-a-Si:H layer is approx. 30—
50 nm. The layers are deposited on each other in successive plasma reactor chambers
connected by vacuum locks. A metallic electrode is used as a substrate. An opposite
optically transparent and electrically conducting electrode (e.g. ITO film) is deposited from
the top. Today, the commercial large-area solar cell modules based on a-Si:H are fabricated
with a stabilized conversion efficiency (the ratio of the maximum power output to the solar
energy input) in the 4-6 % range (Green, 2007).

To improve the efficiency and stability of a-Si:H solar cells a lot of various experimental
investigations coupled with theoretical device modeling and design analysis have been
carried out for the past two decades. Among the most important ideas are multiple-junction
solar cell structures fabricated from different amorphous semiconducting films, in addition
to a-Si:H, such as a-SixCy:H, a-SixGey:H, and other related films. These films, classified as
silicon-based alloys, can be plasma deposited from single precursors, e.g. tetramethylsilane
(Si(CHa)s) or mixtures of precursors such as SiHy and CHy, SiHy and GeHy, etc. The films can
be also doped with donor or acceptor atoms introduced to their structure during the plasma
deposition process by addition of an appropriate dopant agent. An example of such a
multiple-junction solar cell could be a triplejunction system composed of three p-i-n
structures plasma-deposited on top of one another, prepared consecutively with the
following amorphous semiconductors: a-Si:H, a-SixiGeyi:H and a-SixoGey2:H. The system
gives the stable efficiency of 10.4 % for a 900 cm? module (Green et al., 2011).

Apart from the thin films of amorphous semiconductors, nanocrystalline form of these
materials has also attracted much attention due to its higher efficiency and stability. While
an amorphous semiconductor, for example, a-Si:H is a single phase material, its
nanocrystalline form (nc-Si:H, also very often, but less correctly, called pc-Si:H) can be
described as a bi-phasic material consisting of a dispersion of silicon nanocrystals embedded
in silicon or other silicon-based hydrogenated amorphous matrices, whose volume fraction
could be varied by selecting the proper plasma deposition conditions. The nc-Si:H films
have been recently demonstrated to be an interesting alternative to a-Si:H films (Conibeer et
al., 2006).

Although the efficiency of a-(or nc-)Si:H based solar cells is considerably lower than, for
example, that for Si crystalline cells (25.0£0.5 %) or GaAs crystalline cells (26.1+£0.8 %) (Green
et al., 2011), much lower cost and easy of production are the major arguments in favor of the
plasma-deposited solar cells. It should be noted that the last word has not been said yet in
this regard and further significant progress is expected, provided that the substantial
evolution in the field of new materials will be achieved.
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Among the promising materials in this respect are thin films (e.g. a-GexCy:H, a-SixCy:H,
a-SnxCy:H, a-PbxCy:H), which can exist in two forms with totally different electronic
structures, namely, the semiconducting (a-S) and insulating (a-I) form. In general, a typical
amorphous semiconductor is characterized by localized states that form only short tiles in
the mid-gap above and below the valence and conduction bands of extended states whereas
in amorphous insulators all states are localized. In consequence, drastic differences in
electrical and optical properties of a-S and a-I films are observed. It turned out that a
particularly useful system for the production of these two qualitatively different materials is
the three-electrode reactor presented in Sec. 2. Both a-S and a-I can be fabricated in this
reactor from a single precursor (organometallic or organosemimetallic compound, e.g.
tetramethylsilane, tetramethyltin, etc.) in the same deposition process, only by changing the
impact energy of ions bombarding the growing film. The ion energy is controlled by the
sheath voltage of the small electrode (V()), which in turn is governed by the coupling
capacitance (Fig. 3). It is especially striking that very small variation of the sheath voltage in
a defined range of its values is sufficient to create the step change in the electronic structure
of deposited film. This “transition” between two forms of the film (a-I and a-S) has been
called the a-I-a-S transition. As an example, changes in electrical conductivity o of selected
films deposited in the three-electrode reactor are shown in Fig. 6 (Tyczkowski, 2004, 2006).
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Fig. 6. Electrical conductivity o of films deposited in the three-electrode AF reactor from
organic derivatives of the carbon family as a function of V(-y: ({) a-SixCy:H, ( O) a-GexCy:H,
(&) a-SnxCy:H, (O) a-PbxCy:H (Tyczkowski, 2006).

The existence of two qualitatively different, from the electronic structure point of view,
types of plasma deposited films offers new possibilities for material technology consisting in
preparation of a novel class nanocomposites formed from insulating and semiconducting
fractions (in the form of clusters or layers) deposited in the same plasma process from the
same single-source precursor. Without a doubt, such nanocomposites are not only
interesting for solar cells, but also for other electrochemical systems. An attempt to use
a-GexCy:H films for water splitting are being undertaken now in our laboratory.
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4.2 Water splitting systems

The most desirable method for production of hydrogen, which represents a sustainable fuel
of the future, is photoelectrochemical (PEC) splitting of water by visible light. Theoretically,
the PEC production of hydrogen has the capacity to provide global energy security at
potentially low cost (James et al., 2009).

The most critical issue in PEC hydrogen generation is the development of a high-
performance photoelectrode that exhibits high efficiency in the conversion of solar energy
into chemical energy, resistance to corrosion in aqueous environment, and low processing
costs. Metal oxides are most promising in this regard (Walter et al., 2010). After four decades
of intensive research, however, no material has been found to simultaneously satisfy all the
criteria required for widespread PEC application. No wonder that a broad search for new
materials for photoelectrodes is still ongoing. Cold plasma technology is also involved in
this activity (Randeniya et al., 2007; Slavcheva et al., 2007; Walsh et al., 2009; Zhu, F. et al.,
2009).

A typical simple PEC cell with schematic representation of charge transfer is shown in
Fig. 7. The cell is constructed from a semiconducting photoanode and metal cathode. The
basic reaction steps involved in the PEC process in the cell are as follows (Nowotny et al.,
2006): 1. Photoionization over the band gap of the semiconductor:

hv — e +ht, 1)
where /1 is the Planck constant and v is the light frequency; 2. Charge separation:

e tht — € bulk t h+surface ; (2)

3. Reaction between water molecules and holes at the surface of the photoanode:

H,O + 2h+ — 2H* + 15 Oy ®)

4. Transport of hydrogen ions from the photoanode to the cathode through the liquid
electrolyte; 5. Transport of electrons to the cathode thorough the external circuit; and 6.
Reaction between electrons and hydrogen ions at the cathode:

2¢-+2H* — Ha. )

The first PEC cell for water splitting, with a rutile TiO, photoanode and Pt counter cathode,
was reported in 1972 (Fujishima & Honda, 1972). Following this discovery, intensive studies
aiming at increasing the energy conversion efficiency of solar energy into chemical energy
have been carried out, mainly on the analogous PEC cells, using TiO» as the photoanode.
Then other oxides, e.g. FexO3 and WO3, have been also tested. Despite the good catalytic
activity of oxides such as TiOy, they are generally limited by too large band gaps (approx. 3
eV), which fail to absorb a significant fraction of visible light, resulting in poor solar to
hydrogen conversion efficiencies under terrestrial conditions. This value should be reduced
to 1.7-2.0 eV. Besides, there is a range of other problems, like incorrect alignment of band
edges with respect to the water redox potentials, energy losses due to charge recombination,
low density of surface active sites reacting with water molecules, low corrosion resistance,
etc. Thus, the majority of PEC oxide research has focused on trying to solve these problems
by the modification of known photoactive oxides (through their doping or alloying), and
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very recently also by creation of new materials. Invaluable in this respect seems to be the
cold plasma technology, which allows to design the structure of fabricated materials in a
very wide range (Walsh et al., 2009).
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Fig. 7. Schematic representation of charge transfer within a photoelectrochemical cell
involving a semiconducting photoanode and metal cathode (Nowotny et al., 2006).

The most attractive oxide to date, namely TiO,, has already been repeatedly produced by
the cold plasma technology. In most reported works, either TiCls or Ti alkoxides (mainly
titanium tetraisopropoxide, Ti(OCsHy)s) are used as the Ti-containing precursors of the
plasma polymerization (PECVD) process, resulting in amorphous or crystalline films, with
the nonstoichiometric (TiOx) or stoichiometric (TiO,) structure. For all of these films, their
physicochemical properties are strongly dependent on the film structure, which can be
effectively controlled by the deposition conditions (Battiston et al., 2000; Borras et al., 2009;
daCruz et al., 2000; Maeda & Watanabe, 2005; Nakamura et al., 2001).

TiO; films are also obtained in a wide range by the reactive sputtering, usually using pure
titanium as a target, and O as reactive gas. Similarly, as in the PECVD technique, also in
this case, the sputtering process conditions control the structure of the deposited films,
which in turn affects to a large extend the optical and photoelectrochemical properties of the
films (Brudnik et al., 2007; Dang et al., 2011; Huang et al., 2011).

A particularly useful feature of the cold plasma technology is the possibility of co-deposition
either by copolymerization of a mixture of precursors or by co-sputtering using more than
one target or a mixture of several reactive gases. In this way we can get doped films as well
as films with alloy-type structures. Numerous studies have been already done on the
introduction into the TiO; structure other atoms (e.g. C, N, S). For example, PECVD with the
DC discharge carried out using mixtures of Ti(OCsHy7)4 and nitrogen led to a Ti(OCN) film
structure (Randeniya et al., 2007; Wierzchon et al., 1993). Instead of nitrogen, ammonia can
be introduced to plasma reactors (Weber et al., 1995). Precursors containing nitrogen in their
chemical structure, e.g. tetrakis(dimethylamido) or (diethylamido)-titanium (Ti(N(CHs)2)4 or
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Ti(N(C2Hs)2)4) were also utilized (Raaijmakers, 1994). By properly adjusting the composition
of the reaction mixture and the conditions of the plasma, a film structure similar to
stoichiometric TiN can be obtained (Weber et al., 1995). In turn, the films composed mainly
of titanium and carbon (TiCx) were fabricated leading PECVD process in a mixture of TiCly
and hydrocarbons (Téschner et al., 1991). TiO; films with N and C atoms were also obtained
by reactive sputtering of titanium in an appropriate gas mixture. This method also proved to
be useful for the production of nanocomposite thin films for photoanodes, e.g. Au:TiO; films
sputtered (using an RF discharge) from Ti and Au targets in O; as the reactive gas (Naseri et
al., 2011).

The cold plasma deposition method has been used to produce, in addition to films based on
TiO,, other films that constitute an interesting material for the photoelectrodes. For example,
iridium oxide (IrO) (Slavcheva et al., 2007), tantalum nitride (TasNs) (Yokoyama et al.,
2011), ruthenium sulfide (RuS;) (Licht et al., 2002), and tungsten trioxide (WO3) (Garg et al.,
2005) films were prepared by reactive sputtering. WO; was also deposited by PECVD
technique, feeding the RF plasma reactor with a gas mixture of tungsten hexafluoride (WFp)
and oxygen (Garg et al., 2005).

Recently, a proposal to employ a-SixCy:H films as photoelectrodes for PEC cells has been
presented (Zhu, F. et al.,, 2009). The films were fabricated by PECVD using a SiHs, H> and
CHy, gas mixture. It was found that the a-SixCy:H photoelectrode behaves as a photocathode,
where the photo-generated electrons are injected into the electrolyte and reduce H* ions for
hydrogen evolution. The use of this photoelectrode led to a solar-to-hydrogen conversion
efficiency higher than 10%. It should be noted that a-SixCy:H films deposited by PECVD
technique have been extensively investigated for a long time. A lot of gas mixtures (e.g. SiHy
and hydrocarbons) or single compounds (e.g. tetramethylsilane (Si(CHs)4)) are used as
precursors of the deposition process. In some cases, dopant agents are also added. In fact,
the films can be accurately produced according to the designed electronic structure and
photoelectronic properties, which can change over a very wide range. For instance, their
electrical conductivity changes from 10-18 to 0.1 S/m and the optical gap shifts between 1.8
and 3.2 eV (Tyczkowski, 2004).

In the past five years, cobalt has emerged as the most versatile non-noble metal for the
development of synthetic H>- and O»-evolving catalysts. Among the various structures
containing cobalt atoms, cobalt oxides appear to be particularly promising materials. The
possibility of using such oxides to catalyze water oxidation in neutral aqueous solutions has
recently experienced a burst of interest (Artero et al., 2011). There have been many reports in
the literature concerning the use of cobalt oxides, mainly Co3Os, as electrode coatings that
catalyze water oxidation. Many different methods have been applied to prepare these
coatings, among others, also the cold plasma deposition technique - both PECVD and
reactive sputtering. In PECVD, cobalt oxide films were obtained from volatile precursors
such as bis(acetylacetonate)cobalt(Il) (Fujii et al., 1995), bis(2,2,6,6-tetramethylheptan-3,5-
dionato)cobalt(Il) (Barreca et al., 2011), bis(cyklopentadienyl)cobalt(II) (Donders et al., 2011)
or cyclopentadienyl(dicarbonyl)cobalt(I) (Tyczkowski et al., 2007). Other volatile cobalt
complexes (e.g. amidinates and cyclodexrtins) are now also proposed as the precursors (Li
et al., 2008; Papadopoulos et al., 2010). The sputtering process, in turn, was conducted in the
presence of pure Co or Co3O; as targets and plasma generated in a gas mixture containing
O: (Ingler Jr et al., 2006; Schumacher et al., 1990). The reactive sputtering technique was also
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used to produce ternary cobalt spinel oxides of the type CoX204 (X = Al, Ga, In), taking the
targets from Co304 and Al, Ga2Os or In;Os. Preliminary research showed that although these
materials combine excellent stability in solution and good visible light absorption
properties, their performance as photoelectrochemical catalysts for water splitting is limited
by the poor electrical transport properties. It is hoped, however, that the broad capabilities
of plasma technology will help overcome this problem (Walsh et al., 2009).

Particularly significant is the finding that nanoclusters of Co3O4 are much more efficient in
the PEC process than larger objects (e.g. micrometer-sized particles) of this oxide. Thus, it is
very important to develop methods for producing cobalt oxides films containing CozO4
nanoclusters. Recently, mesoporous silica has been used as a scaffold for growing Co3O4
nanocrystals within its naturally paralle]l nanoscale channels via a wet impregnation
technique. It has been found that rod-shaped crystals measuring 8 nm in diameter and 50
nm in length are interconnected by short bridges to form bundled clusters. The bundles are
shaped like a sphere with a diameter of 35 nm (Jiao & Frei, 2009). This report aroused great
scientific interest. However, it should be noted that films composed of nanoclusters can be
easily deposited on a flat surface without any special mesoporous structure, only involving
the plasma deposition technique for this purpose. Using this method, nanocrystalline films
of cobalt oxides have been already obtained. For example, small particles of CoOx in the
range of 2-10 nm in diameter were deposited in this way on TiO» support (Dittmar et al.,
2004). If CoOx films were fabricated on a substrate at elevated temperature (150-400°C),
then columnar grains with average diameter size at the film surface of 35-60 nm were
formed (Fujii et al., 1995). Research conducted recently in our laboratory has led to the
cobalt oxide films containing 4-8 nm sized Co30O; crystals, whose size can be controlled by
the plasma deposition process (Tyczkowski, 2011; Tyczkowski et al., 2007). These films will
be discussed in more detail in Sec. 5.1. It should be noted, however, that we are also now
starting work on their application to the water splitting.

Although research on water splitting, conducted using the cold plasma technology to
produce thin-film coatings on photoelectrodes, is only beginning, the obtained results give
cause for great hope. Plasma deposited films by both PECVD and reactive sputtering can
reveal very high incident photon conversion efficiency (Randeniya et al., 2007). These films
also appear to be better as photoelectrodes than the corresponding materials produced by
other method (Naseri et al., 2011).

The PEC process can be realized not only in cells with two electrodes separated from each
other, which was discussed above, but also when the electrodes are in direct close contact.
Much attention in this regard has been paid for systems where both electrodes are located
within a single grain. Such a structure may be considered as a microsized PEC cell. The best
analogue of the PEC cell shown in Fig. 7 is a microsized cell formed of a small
semiconductor grain (e.g. TiO;) and noble metal islets (e.g. Pt) deposited on its surface.
Then, the surface of the semiconductor grain and the metal act as photoelectrode and
counter electrode, respectively. More sophisticated systems with a bifunctional catalyst have
been also proposed. In this case, anodic and cathodic photoactive islets (several nm in size)
are deposited onto the same semiconducting nanoparticle (tens of nanometers in size)
(James et al., 2009). These microsized PEC cells produce, however, a mixture of oxygen and
hydrogen. To receive these gases separately, reactors composed of two chambers connected
by a diffusion bridge are used. In one chamber there is a suspension of nanoparticles only
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with an anodic catalyst while in the second one - only with a cathodic catalyst (James et al.,
2009).

In the field of microsized PEC cells, the plasma techniques have also proved to be very
useful, both in the synthesis of semiconducting particles and in the deposition of active
catalysts of them. For the production of powders, in a very wide range of grain sizes (from
single nanometers to tens of micrometers) mainly the thermal plasma (see: Fig. 1) is
utilized (Ctibor & Hrabovsky, 2010; Karthikeyan et al., 1997). The PECVD technique is,
however, also engaged for this purpose. By this technique, TiO, nanocrystalline powder
was prepared, using an AF glow discharge (40 kHz) and titanium tetraisopropoxide
(Ti(OC3Hy)s) with oxygen as a reactive mixture. The obtained nanocrystalline particles,
with mean size of about 25-55 nm, revealed good photocatalytic activity (Ayllon et al.,
1999). Another example is the synthesis of carbon-supported ultrafine metal particles by
MW plasma from metal carbonyls (e.g. Fe(CO)s5, Cox(CO)s, Mo(CO)s) as precursors
(Brenner et al., 1997). In turn, noncrystalline organosilicon powder was produced by
plasma polymerization of tetramethylsilane (Si(CHs)4). The ratio of elements (Si/C) as
well as the chemical structure of the grains was highly dependent on the plasma process
conditions (Fonseca et al., 1993).

As already mentioned earlier, an important feature of the PECVD method is the possibility
of copolymerization. This route was used to prepare TiO, nanoparticles doped with Sn#*
ions. The plasma process was performed in a mixture of TiCly and SnCly with an
appropriate molar ratio. It was found that photocatalytic activity of TiO,-Sn** nanoparticles
was much higher than those of the pure TiO» (Cao et al., 2004). Wide possibilities of the
plasma technique also allow to produce nanoparticles of doped semiconducting organic
polymers, e.g. polypyrrole plasma doped with iodine (Cruz et al., 2010). This is only a
matter of time when such organic nanoparticles with anchored a molecular water oxidation
catalyst will be produced by plasma polymerization.

The deposition of catalytically active coatings onto the surface of already prepared particles
has also been performed. In this case, however, to achieve efficient coating of the
nanoparticles, a special construction of the plasma reactor chamber is needed, for example,
with 360° continuous rotation. In such a reactor, TiO, nanoparticles were coated with thin
film produced by plasma polymerization of tetramethyltin (Sn(CHs)s). Subsequently, the
coated particles were heated in air to remove the carbonaceous material while,
simultaneously, oxidizing tin atoms to tin oxide. To obtain partially fluorinated tin oxide,
hexafluoropropylene oxide (C3FsO) was added to Sn(CHs)s. It should be noted that
significantly increased photocatalytic activity of TiO, nanoparticles was achieved using the
PECVD approach (Cho, J. et al., 2006).

Finally, one more type of water splitting cells should be mentioned, namely integrated
photovoltaic-electrolysis (PV-PEC) cells. In this type of devices, the photovoltaic cell and the
electrolyser are combined into a single system, in which the light-harvesting solar cell is one
of the electrodes. Very often, thin-film solar cells fabricated by the cold plasma deposition
method are employed in the PV-PEC devices (Kelly & Gibson, 2006). A diagram of such a
system with a simply a-Si:H solar cell is shown in Fig. 8. There is no doubt that the role
played by the cold plasma deposition technique in the creation of such systems is
unquestionable (see: Sec. 4.1.).
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Fig. 8. Schematic representation of a photovoltaic-electrolysis system based on a simply
a-Si:H solar cell (Kelly & Gibson, 2006).

5. New types of electrodes for electrochemical cells

The potential applications of plasma polymers as materials for electrochemistry are
primarily associated with the possibility of designing their electronic structure and thereby
with the designing of their electrical properties. Plasma deposition from diverse precursors
and their mixtures, performed under various conditions of the process, leads to a huge
variety of thin films characterized by a broad spectrum of electrical properties. In Fig. 9 a
diagram of the conductivity typical for different plasma polymer types is presented. As one
can see, the whole range from 10-18 S/m to 106 S/m is covered by plasma deposited films.
Insulating, semiconducting (of different types of conductivity) and metallic films can be
obtained in this way (Tyczkowski, 2004). Some of these films can reveal a significant activity
in electrochemical processes. Photocatalytic activity of such films was already discussed in
the previous section (Sec. 4.2.).

Taking into account the electrical properties mentioned above as well as another important
feature of plasma polymers, namely the membrane nature, which is very often revealed by
these films, a new fascinating electrocatalyst structure has been proposed. An effective
electrocatalyst must satisfy many requirements, such as high activity, high electrical
conductivity, and long-term stability, which may be in conflict with each other. One possible
way to solve these conflicts is the use of composite materials, where the matrix and the
dispersed phase are independently selected. A successful approach is that of associating a
highly conducting (though catalytically inert) matrix with an active (though less conducting)
dispersed phase. When the matrix is permeable, one has a three-dimensional (3D) catalyst:
all catalytic particles are active, irrespective of their position in the composite. Fig. 10
schematically represents the operation of such a system.
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Fig. 9. Room-temperature conductivity o of the main groups of plasma polymers
(Tyczkowski, 2004).
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Fig. 10. Model of a three-dimensional (3D) electrocatalytic membrane (Tyczkowski, 2010).

One of the first 3D-electrocatalyst electrodes was tested for the reduction of molecular
oxygen. The electrode was made of a conducting matrix, formed by plasma polymerization
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of acrylonitrile, and cobalt atoms playing the role of active centers, which were introduced
to the matrix during the deposition process from bis(acetylacetonate)cobalt(Il) precursor
(Doblhofer & Diirr, 1980). Just this one example shows how the great possibilities for the
construction of electrochemical electrodes are inherent in the plasma deposition technique.

5.1 Catalytic electrodes for fuel cells

Fuel cells are electrochemical membrane reactors that are able to convert chemical energy
from a fuel directly to electrical energy through a chemical reaction with oxygen. Hydrogen
is the most common fuel, but alcohols like methanol and hydrocarbons such as CHy are also
used. Although there are many types of fuel cells, all of them consist of two electrodes
(negative anode and positive cathode) and an electrolyte (liquid or solid) that allows ionic
charges to move between the electrodes. Recently, a lot of effort has gone into improving the
quality, reliability, and efficiency of these components by their modification and
introduction of new materials (Carrette et al., 2000; Sundmacher, 2010). The cold plasma
technology is also widely involved in this process.

For more than a decade, the polymer electrolyte (membrane) fuel cells (PEFC), which can be
fed with hydrogen (when proton-exchange membranes are used, such fuel cells are called
PEMFC) or, for example, fed directly with methanol (direct methanol fuel cells (DMFC)), are
one of the most extensively investigated types of fuel cell worldwide. This results from their
high energy-conversion efficiency, relatively low operating temperature, and high power
density. The basic catalytic reactions taking place at the electrodes of PEMFC are as follows
(Carrette et al., 2000):

anode Hy — 2H* + 2e- (5)

cathode  1/,0+2H* +2e- — HO (6)

The anode reaction consists of hydrogen oxidation to protons (hydrogen oxidation reaction
- HOR). The protons migrate through the membrane to the cathode. At the cathode, oxygen
is reduced (oxygen reduction reaction - ORR) and then recombines with the protons to form
water. The electrodes have to be porous to gas diffusion to ensure the supply of the reactant
gases to the active zones, where a catalytic material is in contact with the ionic (membrane)
and electronic (catalyst substrate) conductors. Similar reactions occur at the electrodes of
DMEC (for a proton-exchange membrane) (Carrette et al., 2000):

anode CH3;0H + HO — CO; + 6H* + 6e- (7)

cathode 3/, 0, + 6H* + 6e- — 3H,O (8)

Platinum-based materials (Pt or Pt alloys) are by far the best catalysts for the hydrogen and
methanol oxidation (Egs. (5) and (7)) as well as oxygen reduction reactions (Egs. (6) and (8)).
Unfortunately, Pt is a precious, very expensive metal, which limits the widespread
commercialization of Pt-based fuel cells. Besides, the stability of Pt and Pt alloys becomes a
serious problem for long-term operation of the cells. Hence, extensive research is underway
to overcome these difficulties. The works are going in two directions. Firstly, the new
methods to ensure consumption of smaller amounts of platinum and at the same time
providing a more stable and effective catalyst are developed. And secondly, the new
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alternative catalysts that are cheaper than platinum and exhibit at least a comparable
catalytic activity are sought (Sundmacher, 2010; Wang, 2005).

As far as the methods of reducing the amount of platinum catalyst are concerned, the most
promising appears to be the plasma sputtering technique. By this method, the catalytic
electrodes can be prepared with a platinum loading down to 0.005 mgp/cm?, that is
drastically lower than that for conventional Pt electrodes (0.5-1.0 mgp,/cm?), with no
detrimental effect on fuel cell performance. The Pt catalyst is dispersed as nano-clusters of
controlled size (sometimes, until less than 2 nm) and controlled crystalline structure that
determines the concentration of catalytically active centers. It should be emphasized that
such a possibility, in principle, is given only by the application of cold plasma (Caillard et
al., 2005; Caillard et al., 2009; Saha et al., 2006; Xinyao et al., 2010). As it was already
mentioned, this technology also allows to put the deposited material on virtually any
substrate. Thus, the Pt catalyst can be sputtered on both a porous carbon substrate forming
the electrode and the surface of a polymer electrolyte (e.g. Nafion), to which the carbon
electrode is then pressed.

The main requirement of a good electrode is a three-phase boundary between the fuel
supply, the catalyst particle and the ionic (polymer) electrolyte. The catalyst particles also
must be in direct contact with the electron conducting electrode (Carrette et al., 2000). To
ensure such a contact and at the same time maximize the interphase boundary, co-
sputtering or co-deposition of carbon-based material and platinum was used. Materials
classified as 3D-electrocatalysts can be obtained in this way. For example, a simultaneous
co-sputtering of carbon and platinum on a conventional carbon porous substrate led to high
electrodes efficiency for both the hydrogen oxidation and oxygen reduction reactions. The
PEMFC tested in this case achieved a specific power of 20 kW per 1 g of platinum, which is
one of the best results reported so far (Cavarroc et al., 2009). Carbon and platinum can be
also deposited by subsequent sputtering processes. First a porous columnar carbon film
(column diameter of 20 nm) is deposited, and then these nanocolumns are decorated by Pt
nanoclusters (Rabat & Brault, 2008).

Recently, interesting results have been obtained in this field by combining the plasma
polymerization and sputtering methods. For instance, the synthesis of composite thin films
made of platinum nanoclusters (3-7 nm) embedded in a porous hydrocarbon matrix was
carried out by simultaneous PECVD of pp-ethylene and sputtering of a platinum target. The
metal content in the films could be controlled over a wide range of atomic percentages (5-
80%) (Dilonardo et al., 2011). Aniline mixed with functionalized platinum nanoparticles as a
precursor of PECVD was, in turn, used to prepare a typical 3D-catalyst. The plasma
deposition was performed under atmospheric pressure conditions. Plasma polymerized
aniline (pp-aniline), which is characterized by both electronic and ionic conductivity,
associated with the Pt catalyst in a 3D porous network, without doubt lead to the
development of the three-phase boundary (Michel et al., 2010).

Another idea is to deposit on the electrode surface carbon nanofibers (nanotubes) by PECVD
and then decorating them by sputtered platinum nanoclusters. Generally, three consecutive
plasma deposition steps are carried out to this end: the sputtering of a catalyst used to
initiate the growth of the carbon nanofibers (e.g. Fe, Ni, Co), the creation of the nanofibers
by PECVD from a mixture of precursors (e.g. CHs/H,, CHy/N>) and the sputtering of
platinum. The plasma produced systems consisting of carbon nanofibers with a diameter of
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nanometers (13-80 nm) and a length of micrometers (2-20 pm) decorated with 2-5 nm Pt
nanoclusters were already the object of research. It was found that such systems prepared
on the electrode substrate (carbon cloth or carbon paper) significantly improve the
performance of both PEMFC and DMFC compared with the conventional electrodes (Soin et
al., 2010). By the way, it should be added that vertically aligned carbon nanotubes as well as
graphene layers fabricated by PECVD have recently attracted research interest as
supercapacitor electrode materials (Amade et al., 2011; Zhao et al., 2009).

In addition to extensive research into the production of platinum catalysts by the sputtering
method, it was also trying to get them through the plasma polymerization method
(PECVD). A platinum-containing organic complex, bis(acetylacetonate)platinum(II)
(Pt(acac)z), which is characterized by a relatively low sublimation temperature (160-170°C),
was used as a precursor of PECVD carried out in an RF discharge. The plasma-polymerized
film was then calcined to drive off organic material, leaving behind a catalyst-loaded
substrate (Dhar et al., 2005a). The same procedure was used to prepare a composite
consisting of ZrO, support and Pt catalyst. The support and the catalyst were deposited on a
metallic substrate by PECVD as alternate layers from Zr(acac)s and Pt(acac),, respectively. It
was found that Pt agglomerates were embedded in the zirconia support (Dhar et al., 2005b).

Other potential path of development of fuel cells, in addition to improving the properties of
platinum electrodes, is searching for new catalytic materials. This research is mainly focused
on the cathode materials, at which the oxygen reduction reactions (ORR) (Egs. (6) and (8))
constituting the bottleneck in the fuel cell operation proceed (Wang, 2005). The cold plasma
technology creates potential and real opportunities in this regard (Brault, 2011). Like the
platinum catalyst, also in this case the plasma sputtering technique was used. For example,
CoS»r-based thin films were prepared by this method. Electrochemical assessment indicated
that the films had significant ORR catalytic activity (Zhu, L. et al., 2008). Similarly, a high
ORR catalytic activity showed niobium oxinitride (Nb-O-N) films prepared by plasma (RF)
reactive sputtering from a Nb metal plate under various partial pressures of N, and O»
(Ohnishi et al., 2010).

Taking into account the promising electrocatalytic activity for ORR demonstrated by
nanoparticles of cobalt oxides (Manzoli & Boccuzzi, 2005), we have undertaken in our
laboratory an attempt to produce such a material for the PEMFC electrodes by the plasma
polymerization method. The films containing CoOx were deposited in a parallel plate RF
(13.56 MHz) reactor shown in Fig. 2. Cyclopentadienyl(dicarbonyl)cobalt(I) (CpCo(CO)2)
was used as a precursor. As a result of the plasma deposition process, very thin films (25-
750 nm) composed of a hydrocarbon matrix and amorphous CoOx were obtained. The
amorphousity was determined by the electron diffraction pattern. However, only a
moderate thermal treatment was enough to transform the amorphous films into films with
nanocrystalline structure of cobalt spinel (Co3Oy) (Fig. 11). The creation of cobalt spinel
nanocrystals was supported by Raman spectroscopy measurements. The electron diffraction
and Raman spectroscopy measurements also allowed us to determine the nanocrystals size.
It was found that this size can be controlled by parameters of the plasma deposition process.
As an example, Fig. 12 shows a dependence of the average size of Co304 nanocrystals on the
flow rate of CpCo(CO); vapor through the plasma reactor. This simple example is just
enough to show that the cold plasma is a very useful technique, not only for the fabrication
of new materials, but also for the precise control of their structure. In the same way as the
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films with CoOyx, films containing CuOx were deposited using bis(acetylacetonate)copper(Il)
(Cu(acac),). After feeding the reactor by a mixture of CpCo(CO), and Cu(acac), vapors, thin
films of Co-Cu mixed oxides were also fabricated (Tyczkowski, 2011; Tyczkowski et al.,
2007).

CpCo(CO),

vapor

l

thin films of
hydrocarbon thin films of
Pl?:?,aamr::(:?r —=|  matrixwith |—| Muffle furnace |_, | nanocrystalline
: ' amorphous 623 K, air, 15 min Co40,
CoO,,

Fig. 11. Outline of the preparation process of nanocrystalline Co3Oj films by plasma
deposition.

To test the electrocatalytic activity of the above-mentioned films, electrodes for PEMFC were
prepared by the deposition of these films on a carbon paper substrate. Then the samples
were thermally treated forming anode materials. The opposite electrode (cathode) was
prepared from the same carbon paper covered with 10% Platinum on Vulcan XC-72 catalyst
(1.56 mg/cm?) (Kazimierski et al., 2010; Kazimierski et al., 2011). In Fig. 13, preliminary
results concerning the current-voltage dependence for the tested fuel cell with various types
of anode catalytic materials are shown. Although the characteristics obtained for plasma
deposited materials are still far from the model system, in which both electrodes are
prepared from Pt (curve f), nevertheless these results are very promising. It is enough to
notice that the concentration of catalytic active centers increases with the increase of the
deposition time, which is reflected in the improvement of the fuel cell characteristic (curves
b, d and e). A simple calculation showed that after 80 min deposition of CoOy, the whole
deposited material loading is only 0.1 mg/cm? (moreover, this value is drastically reduced
by the annealing) (Kazimierski et al., 2011). However, it seems to be possible to significantly
increase the concentration of the centers by optimizing the plasma deposition parameters.
Equally important as the centers concentration is the structure of the oxide material. One can
see in Fig. 13 that the film composed of Co30, and CuOx reveals much higher activity (curve
c) than each of these oxides separately (curves a and b). Thus, it is no wonder that further
intensive works in this field are planned.
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Fig. 12. Dependence of the average size of Co304 nanocrystals on the flow rate of CpCo(CO)>
vapor through the plasma reactor (Tyczkowski, 2011).
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Fig. 13. Fuel cell characteristic for various cathode catalytic materials: (a) - CuOx (¢t = 12
min); (b) - Co304 (t =12 min); (c) - CozO04+CuOx (f = 12 min); (d) - CozO4 (t = 60 min); (e) -
Co304 (t = 80 min); (f) - Pt (Tyczkowski, 2011).

5.2 Electrodes for lithium-ion batteries

There has been a significant research work done in the recent past in the development of
lithium-ion batteries, which are extensively applied in various electric and portable
electronic devices. Although a lot of attractive cathode and anode materials for these
batteries are already known, it is still lay much stress on finding new solutions in this area.
Increasingly, the cold plasma technology is also used to this end. The first attempts were
made in the eighties of the 20th century in Sanyo Electric Co. in Japan, where AF plasma (6.5
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kHz) polymerized pyrrole as a conducting cathode layer was use for a Li-ion battery. The
pp-pyrrole was deposited on one side of a porous polypropylene separator sheet, a Li layer
was vapor deposited on the other site of the sheet, and stainless steel collector layers were
formed on both sides by spattering. This battery showed very good properties. Research on
the use of polypyrrole (also produced by plasma polymerization) for cathodes of Li-ion
batteries is currently being pursued (Cho, S.H. et al., 2007). Another interesting conductive
polymer, which was used as the cathode material, is plasma polymerized carbon disulfide
(pp-CSz). These films (approx. 0.5-1 pum) deposited on Pt foil showed satisfactory
electrochemical activity in cells vs. Li/Li+. Compared to poly(carbon disulfide) prepared by
conventional chemical means, cells having the pp-CS, improved cycle life because the
plasma polymerized material is more crosslinked and does not depolymerize as readily
(Sadhir & Schoch, 1996).

A lot of attention is also paid to entirely new anode materials. Although carbon in nowadays
is used as the commercial anode material, it has several shortcomings such as, for instance,
low reversible capacity that is usually ranged in 250-300 mAh/g. In order to increase this
parameter, silicon with the highest theoretical capacity (e.g., 4000 mAh/g) has been
proposed as a new negative electrode material. Unfortunately, this material has also serious
drawbacks, which are related to the poor electrical conductivity and drastic volume changes
during electrochemical reactions. To solve these problems, silicon and silicide powders with
conducting materials such as metals, oxides, and nitrides are used as the composite anodes.
The potential of plasma technology for the fabrication of both powders and composite
systems are particularly useful in this case. For example, a complex procedure of plasma
deposition was used to produce an anode material in the form of copper silicide-coated
graphite particles. The graphite particles with mean diameter of 6.0 pm were covered with a
very thin film of a-Si:H (30-50 nm) in the PECVD process from SiHy. Then, copper layer was
deposited on the surface of silicon-coated graphite using the next plasma technique, namely
RF sputtering. After annealing at a temperature of 300°C, copper silicide was formed. This
material used as the anode in Li-ion batteries revealed high capacity properties and good
electrical performance (Kim, I.C. et al., 2006).

An example of particles formed by plasma methods for use in the anodes can be the
synthesis of monodisperse and non-agglomerated SiOx nanoparticles by the PECVD method
from a mixture of SiHy and O; in a plasma reactor specially designed for this purpose. It
should be emphasized that in this case the nanoparticle size can be controlled by the flow
rate of the reactant gases through the reactor. The SiOx nanoparticles mixed with graphite
particles constitutes the anode material (Kim, K. et al., 2010).

More sophisticated materials for Li-ion electrodes were also fabricated by the cold plasma
technology. Reactive co-sputtering of Sn and Ru in oxygen plasma has allowed to obtain
SnO,-RuO; composite thin films, which reveal unique electrochemical properties (Choi et
al.,, 2004). As the anode, cobalt oxide thin films deposited by reactive sputtering of Co in O,
plasma were also tested with success. It was found that these films contained Co3O4 grains
with the size of 4-25 nm (Liao et al., 2006).

6. Other components of electrochemical cells

Plasma deposited thin films are not only very useful for creating electrochemical cell
elements where they must be characterized by high electrical conductivity
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(optoelectronically active materials, electrode materials), but also there, where this
conductivity should be as low as possible. Plasma polymers with very low electrical
conductivity (see: Fig. 9) are often utilized as a variety of thin-film insulators. In turn, the
semi-permeable properties of some plasma polymers allow them to be used as selective
membranes. By combining the low electrical conductivity and selective permeability, one
can get great barrier materials. Thus, for example, very thin barrier layers for direct
methanol fuel cells (DMFC) were produced. For the technical realization of the DMFC, a
highly proton conducting polymer electrolyte is necessary. Perfluorosulfonic acid
membranes, such as Nafion®, are widely used to this end. Indeed, these membranes have
high proton conductivity, but their great disadvantage is too high permeability of methanol
molecules that migrate from anode to cathode lowering the cell performance. Deposition of
a thin plasma polymer film, produced by PECVD from perfluoroheptane (C7Fis), on the
membrane surface decreases the methanol permeability by two-orders of magnitudes (Lue
et al., 2007).

The possibility of plasma copolymerization and the production of composite materials
allows to design at the molecular level thin films of very low electronic conductivity, but
with very high ionic conductivity. Such films can be obtained in the polymer-like form
(polymer electrolytes) and as ionic glasses (solid oxide electrolytes). These new solid
electrolyte systems enable us to replace the conventional solid electrolytes by the much
thinner elements, which in addition have all the other advantages of plasma fabricated
materials, for example, selective permeability. Thin films of solid electrolytes produced by
cold plasma deposition techniques have been of particular interest recently.

6.1 Solid electrolytes for fuel cells

The most common polymer electrolytes (often called the ion-exchange membranes) for fuel
cells are composed of crosslinked macromolecular chains making up a three-dimensional
structure on which are distributed some ionizable functional groups giving the membrane
its specificity. To maintain the electroneutrality of the material, ionized sites are
compensated for by an equivalent number of mobile ions of opposite charge. By jumping
between ionized sites, these mobile ions give the membrane its ionic conduction ability. To
prepare ion-exchange membranes by plasma polymerization, it is necessary first to choose a
precursor with long and flexible chains or, at best, containing spacers in its structure (phenyl
groups, for example) and then to initiate the deposition process with a "soft" plasma
discharge in order to safely preserve those elements of the precursor likely to constitute the
skeleton of the final material. The next criterion, namely, a large quantity of ionizable
functional groups favorably distributed in the polymer matrix, requires the selection of a
second precursor containing the appropriate ionizable functional group in its structure,
which will be embedded in the polymer matrix without defects. A schematic representation
of basic processes that occur in the "soft" plasma polymerization of a proton-exchange
membrane from styrene and trifluoromethane sulfonic acid (CF3SO3H) is shown in Fig. 14.

The first works devoted to the development of plasma-polymerized ion-exchange
membranes for fuel cells were carried out in the late 1980's by the Inagaki's group at the
Shizuoka University in Japan (Inagaki, 1996). Plasma polymerization of a mixture of
fluorinated benzene (CsFs, CsFsH or CsFsH) and SO, gave a Nafion®-like plasma polymer
that contains sulfonic acid and sulfonate groups. Such a membrane has the cation-exchange
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Fig. 14. Schematic representation of the synthesis procedure of proton-exchange plasma
polymers (Roualdeés et al., 2007).

ability and its main role is to provide the transport of protons from the anode where they
are produced by the oxidation of fuel (Egs. (5) and (7)), to the cathode where they are
consumed by the reduction of oxygen into water (Egs. (6) and (8)). Until recently, the results
obtained in this respect were not as good as those for conventional membranes (Roualdes et
al., 2007). However, the latest reports provide much more promising results. For example,
the mentioned already proton-exchange membranes, which are plasma deposited from
styrene and CF3SO3H (Fig. 14), can have a higher percentage of proton exchange groups, a
higher proton conductivity and a lower fuel permeability, compared with commercially
available Nafion® membranes, when appropriate parameters of the plasma process are
chosen. Moreover, various plasma procedures are examined in search of these membranes
with the best properties. Apart from the typical PECVD method (Ennajdaoui et al., 2010;
Roualdes et al., 2007), the remote (after glow) plasma technique (Jiang et al., 2011) and the
plasma deposition under high pressure conditions (Merche et al., 2010) have been
employed. Other types of proton-exchange membranes prepared by cold plasma deposition,
different from those from styrene and CF3;SOsH, have also been investigated, for example,
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fluorinated carboxylic membranes from H>O and Cy4Fg (Thery et al.,, 2010), phosphorous-
doped silicon dioxide membranes from SiHy, PHs and N>O (Prakash et al., 2008) as well as
membranes produced by plasma polymerization from heptylamine (C;HisNH) or 1,7-
octadiene (CgHis) and then their treatment by SO, plasma (Siow et al., 2009).

The cold plasma technology is also tested for the preparation of anion-exchange membranes,
which are presently becoming significant materials for application in alkaline fuel cells,
where hydroxyl ions OH- are the ion charge carriers. Similarly, as in the case of the proton-
exchange membranes, the plasma deposition provides formation of very thin crosslinked
films with high ion (OH-) conductivity, high chemical stability and low fuel permeability.
The first attempt to obtain such membranes was undertaken only in 2006, when precursors
containing tertiary amine groups were plasma polymerized and then the deposited films
were quaternized by methyl iodide (Schieda et al., 2006). Very recently, an opposite
procedure was applied, namely, the films were plasma polymerized from vinylbenzyl
chloride, then the benzyl chloride groups (—~CH>Cl) present in the films were quaternized by
trimethylamine into ~CH>N*(CH3)3Cl- groups, and finally these groups were alkalized by
KOH into —~CH,N*(CH3)sOH- groups. This material proves to be an excellent hydroxide ion
conductor with great potential for application in alkaline direct alcohol fuel cells (Zhang et
al., 2011).

Lastly, we should also mention the solid oxide fuel cells (SOFC), which are currently of
great interest. As far as the plasma technology is concerned, the thermal plasma (see: Fig. 1)
is particularly relevant in this case (Henne, 2007). However, the cold plasma is trying to use
as well. In addition to the reactive sputtering method that is quite justified when we want to
obtain thin films of inorganic oxides (e.g. La-Si-O, which is a potential candidate as
electrolyte material for intermediate-temperature solid oxide fuel cells (Briois et al., 2007)),
attempts to employ the PECVD method have been also made. Popular solid oxide
electrolyte material including yttria-stabilized zirconia (YSZ) was prepared by microwave
plasma polymerization from (acetylacetonate)zirconium(I) and tris(dipivaloylmethanato)-
yttrium(Ill) as precursors (Itoh & Matsumoto, 1999). Recently performed physicochemical
investigations of such deposited solid electrolyte films have shown characteristic
nanostructures that are strongly affected by the variation of plasma parameters and the
precursor mixture composition. Thus, we can obtain the films with exactly the desired
structure and properties, for example, with appropriate ionic conductivity.

6.2 Solid electrolytes for lithium-ion batteries

The polymer electrolytes for Li-ion batteries are fundamentally the same as those used in
fuel cells, with the only difference that ions transported in this case are Li* ions. These
membranes should be very good electronic insulators that separate the anode from the
cathode, but very good lithium-ion conductors. They should also have adequate chemical
resistance as well as adequate mechanical strength to withstand the pressure changes and
stresses of the electrodes during discharge/charge cycling of the battery. All these
requirements can be satisfied by plasma polymerized thin films. The first reports on the
preparation of such films appeared at the end of the 1980's. The films were deposited from
precursors containing alkoxy, siloxane and vinyl groups in one molecule. Then, the films
were sprayed with a solution of LiOCl4 to introduce Li* into the plasma polymer structure
(Ogumi et al., 1989). In subsequent years, more complex systems were prepared. For



130 Electrochemical Cells — New Advances in Fundamental Researches and Applications

example, to suppress a reaction between electrodes and the electrolyte, especially to
suppress the dendritic growth of lithium during battery charging, a concept of functional
gradient solid polymer electrolyte was developed. This electrolyte system was obtained by
changing the composition of the mixture of precursors (dimethyl-2-[(2-ethoxyethoxy)
ethoxy]vinylsilane and 1,1-didifluoroethylene) during the plasma polymerization process
(Ogumi et al., 1997).

The PECVD technique appears to be a unique method that allows for the implementation of
Li-ion batteries with particularly sophisticated architecture. A new type of 3D microbatteries
with anode or cathode post-arrays has been recently developed in the Tolbert Lab at
University of California (Los Angeles). However, such systems require a solid electrolyte in
the form of conformal coatings that will evenly cover the high aspect ratio electrodes.
Plasma deposited polyethyleneoxide-like electrolyte films, which are electronic insulating
and can be intercalated with lithium ions, have been chosen to this end. Currently, these
films are intensively investigated (Dudek, 2011).

7. Conclusions and outlook

A huge potential for the production of new materials and control their structure lies in the
cold plasma. This technology allows us to produce materials in the form of thin films or
nanoparticles, with wuniform or gradient construction, and with amorphous or
nanocrystalline structure, which can be deposited on substrates of any shape. We can also
obtain complex composites in this way. A special place among these composites is occupied
by 3D systems. The plasma deposited materials may have very high or very low
conductivity (both electronic and ionic), may have very high or very low permeability for a
given substance and, in the end, may have surprising catalytic and photocatalytic
properties. Without a doubt, the cold plasma technology has strongly consolidated its
position in the fabrication of thin-film solar cells. Increasingly, however, it is also employed
to produce materials for the components of fuel cells and Li-ion batteries, such as electrodes
and solid electrolytes. Many times, these elements showed better properties than those
prepared by conventional methods. One can expect that in the near future it will be possible
to produce efficient and effective anode-(solid electrolyte)-cathode systems in one
continuous process consisting of consecutive acts of plasma deposition. Such a construction
will eliminate the problem, inter alia, of ensuring proper contact between the electrodes and
solid electrolyte. The plasma technology also opens up prospects for the spectacular
solutions, such as microbatteries with high aspect ratio electrodes or asymmetrical
supercapacitors. It seems also feasible to produce miniaturized 3D cells in which electrodes
are formed from carbon nanotubes decorated with nanoparticles of catalytic material (all
fabricated by plasma processes), and covered with a plasma-polymer electrolyte. Indeed, the
prospects are very promising.

Another issue, which is only briefly mentioned in this Chapter, is the use of cold plasma for
surface modification of conventional materials. We can thus improve the properties of
"conventional" elements relevant to the construction of electrochemical cells: electrode
substrates, electrodes themselves, separators, etc. Research interest in this field of the cold
plasma technology is comparable to that which is focused on entirely new materials
produced by plasma deposition techniques. The use of the plasma treatment technique in
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electrochemical cell engineering is a problem, however, so vast that a separate chapter
should be devoted to it.
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1. Introduction

Environmental concerns related to energy, already widely held today, will substantially
increase in coming years. The energy is one of the main factors to consider in
environmentalists discussions, since there is an intimate connection between energy,
environment and sustainable development (Stambouli & Traversa, 2002a). In response to a
critical need for cleaner energy technology, the solutions have evolved, including energy
conservation by improving the efficiency of global energy, a reduction in the use of fossil
fuels and an increase in the supply of renewable energies (hydro (Mendez et al., 2006), solar
(Akorede et al.,, 2010), wind (Mendez et al.,, 2006), biomass (Kirubakaran et al., 2009),
geothermal (Fridleifsson, 2001), hydrogen (Louie & Strunz, 2007), etc...). In the context of
renewable energy, a good alternative can be found in the development and popularization
of fuel cells (Akorede et al., 2010).

A fuel cell is an energy conversion device that generates electricity and heat by combining,
electrochemically, fuel gas (hydrogen, for example) and an oxidant gas (oxygen in air).
During this process, water is obtained as a reaction product. The fuel cell does not work
with charging system such as a battery, it only produces power while the fuel is supplied.
The main characteristic of a fuel cell is its ability to convert chemicals directly into electrical
energy, with a conversion efficiency much higher than any conventional thermo-mechanical
system, thus extracting more electricity from the same amount of fuel to operate without
combustion. It is virtually free of pollution and has a quieter operation because there are no
moving mechanical parts (Stambouli & Traversa, 2002a).

The initial concept of fuel cells is attributed to the German physical-chemist Friedrich
Wilhelm Ostwald in 1894. His idea was to modify the internal combustion engines,
eliminating the intermediate stage of combustion and convert chemical energy into electrical
energy in a single step. His devices project provided the direct oxidation of natural fuel and
oxygen from the air, using the electrochemical mechanism. The device that would perform
this direct conversion was called a fuel cell (Wand, 2006).

Ostwald’s concepts marked the beginning of a great deal of research in the fuel cells field.
Ostwald examined only the theoretical aspect of energy conversion in fuel cells, but
completely ignored other practical aspects: the question of whether the electrochemical



140 Electrochemical Cells — New Advances in Fundamental Researches and Applications

reactions that involve natural fuels are feasible or not and how they can be efficient. The first
experimental studies, conducted after the publication of Ostwald’s document, indicated that
it was very difficult to build devices for the direct electrochemical oxidation of natural fuels
(Wand, 2006).

Ceramic fuel cells came up much later, initially with the discovery of the Nernst solid oxide
electrolytes in 1899 [9]. Nearly forty years later, the first ceramic fuel cells began operating
at 1000 °C, developed by Baur and Preis in 1937 (Farooque & Maru, 2001). Since 1945, three
research groups (USA, Germany and the USSR) made studies on a few main types of
generators by improving their technologies for industrial development. This work yielded
the current concepts on fuel cells (Wand, 2006).

Nowadays, the development of fuel cells is being mainly driven by environmental reasons
mentioned above. Over the last decades, advances in research made possible for a
considerable improvement to happen, regarding the characteristics of the cells, in particular
their stability and efficiency. Currently, it is possible to classify the fuel cells into two major
groups, which differ by basic operational characteristics: the low-temperature and high
temperature fuel cells.

1.1 Low-temperature fuel cells

The first large group of fuel cells, the low temperature ones (50 - 250 °C), is characterized by
its more focused application on mobile devices and the automotive industry. Within the
large group of low-temperature cells, there can also be a division, considering the type of
electrolyte used. This classification results in three cell types: proton exchange membrane
fuel cell (PEMFC), alkaline fuel cell (AFC); and phosphoric acid fuel cell (PAFC).

1.1.1 Proton exchange membrane fuel cell (PEMFC)

PEM fuel cell uses a solid polymer electrolyte, which is an excellent protonic conductor. In
this electrolyte the ion exchange occurs between two porous electrodes. The operating
temperature of the fuel cell type PEM is about 100 °C (Ellis et al., 2001).

The advantages of PEM fuel cell are its high charge density and its fast startup time,
interesting features for automotive applications. The low temperature makes the technology
competitive in the transportation sector and in commercial applications such as laptop
computers, bicycles and mobile phones. The main disadvantages of PEM fuel cell are its low
operating efficiency (40-45%) and the use of a noble catalyst such as platinum, whose CO
intolerance ends up limiting the further popularization of this cell type (Farooque & Maru,
2001).

Two subcategories of PEM fuel cells are currently being widely studied, for allowing the use
of other fuels other than hydrogen directly into the cell: direct methanol (DMFC) and direct
ethanol (DEFC).

DMEFC and DEFC fuel cells use a solid polymer electrolyte for ionic transport. However,
they use, respectively, liquid methanol and ethanol as fuel instead of hydrogen. During
chemical reactions, the fuel (methanol or ethanol) is directly oxidized in the anode. At the
cathode, the reaction occurs with oxygen, producing electricity and water as a byproduct
(Ellis et al., 2001; Garcia et al., 2004).
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1.1.2 Alkaline fuel cell (AFC)

Initially, it was called Bacon cell, by virtue of its inventor Francis Thomas Bacon. It operates
at low temperature around 100 °C and it is able to achieve 60-70% efficiency. It uses an
aqueous solution of potassium hydroxide (KOH) as electrolyte solution. This fuel cell has
quick startup speed, one of its great advantages. The main disadvantage is that it is very
sensitive to CO, (Farooque & Maru, 2001). It needs an external system to remove CO; from
the air. Furthermore, the use of a liquid electrolyte is also a disadvantage because it reduces
the cell lifetime and makes the assembly handling and transport more difficult.

1.1.3 Phosphoric acid fuel cell (PAFC)

The phosphoric acid fuel cell (PAFC) operates at around 175-200 °C. This range of operating
temperature is almost twice as high as the PEM’s. It uses phosphoric acid as electrolyte.
Unlike PEMFC and AFC, the PAFC is very tolerant to impurities in reforming
hydrocarbons. The chemical reaction involved in this type of fuel cell is the same as PEMFC,
where hydrogen is used as fuel input, however PAFC is more tolerant to CO; (Farooque &
Maru, 2001). Cogeneration is also possible due to its relatively high operating temperature.
The disadvantage of the PAFC is the same as the PEM’s, its cost also increases due to the use
of platinum as a catalyst (O’Sullivan, 1999).

1.2 High temperature fuel cells

The second major group of fuel cells, the high temperature ones (650 - 1000 °C) has as its
main feature the high efficiency, since the high operating temperature facilitates the
reactions. One application of this type of fuel cell is stationary generation, such as primary
or secondary source of energy. Two cell types in this group are molten carbonate fuel cell
(MCEFC) and solid oxide fuel cell (SOFC).

1.2.1 Molten carbonate fuel cell (MCFC)

The molten carbonate fuel cell (MCFC) operates at high temperature, which is about 600-
700 °C. It consists of two porous conductive electrodes in contact with an electrolyte of
molten carbonate. This type of cell allows the internal reform. The main advantage of the
MCEFC is its high efficiency (50-60%) without external reformer and metal catalyst, due to
the high operating temperature (Farooque & Maru, 2001). This cell is intolerant to sulfur and
its launching is slow, these are its main disadvantages.

1.2.2 Solid oxide fuel cell (SOFC)

The solid oxide fuel cell (SOFC) is the cell that operates at the highest temperatures (800-
1000 °C). It uses a solid electrolyte, which consists of a dense ceramic material with high
ionic conductivity. In this cell, oxygen ion is transported through the electrolyte and, in the
interface with the anode, it combines with hydrogen to create water and energy. The main
advantages of the SOFC are that it produces electricity with high efficiency of 50-60% and
does not require an external reformer to extract hydrogen from fuel due to its ability to
internal reform. The waste heat can be recycled to produce additional electricity in the
operation of cogeneration. The high temperature, which provides satisfactory characteristics
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in the cell as already mentioned, is also responsible for its major disadvantages, such as the
problems of material selection, high heat detritions and the impossibility of using metallic
materials, which cost much less than the ceramic materials currently used (Aruna & Rajam,
2008; Farooque & Maru, 2001; Srivastava et al., 1997 ).

1.3 Evolution of SOFC

The studies on solid oxide fuel cells have promoted considerable improvements on their
characteristics and properties. Several layouts were developed to improve the characteristics
of SOFC, considering the current needs and costs of production and efficiency.

1.3.1 Tubular layout

The solid oxide fuel cell is highly influenced by the temperature variation during operation,
constantly suffering from thermal stress, which requires excellent compatibility between the
thermal expansion coefficients of the cell components. The cylindrical shape of tubular
SOFC contributes significantly to minimize the difference in the coefficients of thermal
expansion, thus avoiding the formation of cracks and delamination. This model also makes
unnecessary the use of sealant gases. On the other hand, the efficiency is impaired, since the
path made by the electric current is increased, causing ohmic losses (Minh, 1993).

1.3.2 Planar layout

This design consists of flat electrodes and electrolyte, separated by thin interconnects. The
components can be manufactured separately, giving the production simplicity. It has higher
energy density than the tubular. A disadvantage is the long time needed for heating and
cooling of the cell, used to prevent the formation of cracks (Minh, 1993).

Inside the planar design of SOFC cells, the development of new materials and techniques of
production allowed an evolution of the configurations of planar cells.

The first generation of SOFC fuel cells (1G-SOFC) operated at temperatures of around 1000 °C.
The system consisted of electrolyte support and the mechanical stability of the cell was given
by the thickness of the electrolyte. In this design the anode and cathode were quite thin
(around 50 pm), while the electrolyte had thickness of 100 pm to 200 pm. However, the
operating temperature of the cell was a limiting factor in popularizing this type of energy
source, which led to the development of new designs for the cell (Wang, 2004).

At high temperature, the thickness of the electrolyte around 200 pm did not provide a problem
in the ionic conductivity. However, the reduction of cell operating temperature to 700 °C - 800
°C would result in a drastic reduction of the electrolyte conductivity, so, the second generation
of planar SOFC (2G-SOFC) was developed aiming to reduce the electrolyte thickness. The
mechanical stability of the cell can no longer be granted by the electrolyte, which now is less
than 20 um. For that, the second-generation cells are anode support type, where the anode is
responsible for mechanical stability, with thickness between 300 pm and 1500 pm. In this
generation, the cathode thickness was of 50 pm (Wang, 2004).

However, the costs of the cell are directly related to the costs of obtaining and producing
ceramic materials present in their components, and an anode or cathode with very high
thickness results in a substantial increase in production costs. This motivation led to the
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development of third generation SOFC (3G-SOFC) interconnect support type, allowing a
reduction in the ceramic components thickness, accompanied by a reduction in operating
temperature of the cell (800 °C) and the use of metallic interconnects. In this design, the
electrolyte thickness has less than 20 pum and both, anode and cathode thickness, has about
50 pm (Wang, 2004). Figure 1 shows a schematic configuration of planar SOFCs.

1G- S0OFC 2G- 50FC 3G-50FC

Interconnect Interconnect Interconnect

Cathode Electrode

Interconnect
Interconnect Interconnect

Fig. 1. Representation of the configuration for the three-generations of planar SOFCs.

1.4 Components of SOFC
1.4.1 Anode

The anode of a fuel cell is the interface between the fuel and electrolyte. The main functions
of the anode are:

e Provide sites for electrochemical reactions of combustible gas catalytic oxidation with
ions from the electrolyte.

o Allow the diffusion of fuel gasfor thereactive sitesof the electrode/electrolyte
interface and the removal of byproducts.

e Transport of generated electrons to the interconnect (external circuit).

The anode material must possess, under the operating conditions of the fuel cell: good
physical and chemical stability, chemical and structural compatibility with the electrolyte
and interconnect, high ionic and electronic conductivity and catalytic activity for fuel
oxidation (Ralph et al., 2001). The thermal stability is an important aspect to maintain the
structural integrity throughout the temperature variations at which this component is
subjected.

In general, the performance of the anode is defined by its electrical and electrochemical
properties and therefore has a strong dependence on its microstructure. Thus, the control
parameters, such as composition, size and distribution of particles and pores, are very
important for optimizing the performance of the anode material of a solid oxide fuel cell.

Ceramic-metal composites, typically Ni-based, have been commonly used. Among them, the
NiO-YSZ composite is the material of conventional fuel cells. Ni is also used because it has
good electrical, mechanical and catalytic properties (Ralph et al., 2001). More recently,
mixed conductors based on ceria (NiO-GDC) and transition metal perovskites (such as Fe,
Mn, Cr and Ti) are being studied as potential candidates for anode materials for solid oxide
fuel cells. However, to date, these materials do not present, in reducing atmospheres, values
of electronic conductivity high enough for high performance fuel cell (Gong et al., 2010). The
oxides of transition metals can have different oxidation states that can induce electron
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transport, and usually increase the catalytic activity. Some compositions can be highlighted,
such as: Zr1.xyTi\YyO, (Tao & Irvine, 2002), La;.,SrxA1.yM,;O; (A: Cr ou Fe; M: Ru, Cr ou Mn)
(Sauvet & Fouletier, 2001), Sr1.«YxTiO3 (Hui & Petric, 2001), e La;.SrxTiO3; (Canales-Vazquez
et al., 2003).

1.4.2 Cathode

The cathode of a fuel cell is the interface between air (or oxygen) and the electrolyte. Its
main functions are to catalyze the reaction of oxygen reduction and to transport the
generated electrons to the interconnect (external circuit).

In the same way of all the materials used in solid oxide fuel cells, the cathode must present
certain general characteristics:

¢ Low cost and ease of fabrication.

e  Minor differences between the thermal expansion coefficients of various components in
the cell.

e Phase and microstructure stability during the operation.

e  Chemical stability.

e  High electrical conductivity, both electronic and ionic

e  Porous microstructure during the entire operation of the cell

e High catalytic activity for oxygen reduction and stability in highly oxidizing
atmospheres.

The materials, perovskite-type ABO;, commonly used as cathodes in fuel cells are solid
oxide ceramics based on lanthanum manganite (LaMnOs) substituting A for Sr ions. This
material fills most of the requirements for its use as cathode for ceramic fuel cells operating
at temperatures around 1000 °C. The ionic conductivity of materials based on LaMnO; is
significantly smaller than the ionic conductivity of YSZ electrolytes, but the ionic
conductivity increases significantly substituting Mn for Co. The diffusion coefficients of
oxygen ions in lanthanum cobaltite can reach 4-6 orders of magnitude higher when
compared to those of lanthanum manganites with similar doping (Carter, 1992). Other
materials have been used as cathode in SOFC, such as: Lanthanum strontium ferrite (LSF),
(LaSr)(Fe)Os, Lanthanum strontium cobaltite (LSC), (LaSr)CoOs, Lanthanum strontium
cobaltite ferrite (LSCF), (LaSr)(CoFe)Os, Lanthanum strontium manganite ferrite (LSMF),
(LaSr)(MnFe)Os;, Samarium strontium cobaltite (SSC), (SmSr)CoOs, Lanthanum calcium
cobaltite ferrite (LCCF), (LaCa)(CoFe)Os;, Praseodymium strontium manganite (PSM),
(PrSr)MnOs, Praseodymium strontium manganite ferrite (PSMF), (PrSr)(MnFe)O;
(Stambouli & Traversa, 2002b).

1.4.3 Electrolyte

The design of fuel cells with solid oxide electrolyte must be based on the concept of oxygen
ion conduction through the electrolyte, with ions O2 migrating from the cathode to the
anode, where they react with the fuel (Hy, CO, etc..) generating an electrical current.

The materials that have been studied the most are: yttria stabilized zirconia, doped ceria
with gadolinium and lanthanum gallate doped with strontium and magnesium. The solid
oxide fuel cells can, in principle, operate in a wide temperature range between 500 °C and
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1000 °C. Thus, they can be divided into two types: operating at high temperatures (> 750 °C)
and intermediate temperatures (500 °C to 750 °C). One of the determinant factors for the
operating temperature is the characteristic of the solid electrolyte. The ohmic losses
associated with the electrolyte are important for the cell performance. In order to reduce the
operating temperature of SOFC, aiming the use of more conventional steel alloys as
interconnects at temperatures around 700 °C (Horita et al., 2008; Perednis & Gauckler, 2004),
it is necessary to employ electrolytes with high oxygen ionic conductivity at low
temperatures.

YSZ is so far the most widely used solid electrolyte for application in high temperature
SOFC. For many years, the zirconium oxide is already known as a conductor of oxygen ions.

The yttria addition to the zirconia-yttria solid solution has two functions: to stabilize the
cubic structure type fluorite and to form oxygen vacancies in concentrations proportional to
the yttria content. These vacancies are responsible for high ionic conductivity. Yttria
stabilized zirconia is a suitable ionic conductor at temperatures above 800 °C, since thin
dense membranes (less than 20 um) can be manufactured. These membranes should be free
of impurities. The stabilized zirconia is chemically inert to most reactive gases and electrode
materials.

In view of the limitations encountered in using other types of ceramic conductors than yttria
stabilized zirconia, its efficiency at low temperatures had to be improved. To reduce the
operating temperature of the cell without affecting the efficiency of oxygen ion conduction,
the electrolyte has to be as thin as possible in order to compensate the increase in ohmic
losses (Huijsmans, 2001). Other advantages of fuel cells with thin electrolytes are reduction
in material costs and improvement in the characteristics of the cells (Perednis & Gauckler,
2004). Therefore, the yttria stabilized zirconia is still a material with great prospects in the
application as electrolyte in solid oxide fuel cells. Research about this type of material is
aimed to improve its characteristics in order to adapt the needs of current applications.

1.5 Techniques to obtain SOFC materials

The methods employed in the deposition of thin films of oxides can be divided into two
major groups based on the nature of the deposition processes. Physical methods of
deposition: physical vapor deposition (PVD) (Kueir-Weei et al., 1997), ion beam (Xiaodong
et al., 2008) and sputtering (Haiqgian et al., 2010). The chemical methods of deposition, which
can be subdivided as to the nature of the precursor: gas phase and solution. The gas phase
methods: chemical vapor deposition (CVD) (Bryant, 1977) and atomic layer epitaxy (ALE)
(Suntola, 1992). The solution methods: spray pyrolysis (Chamberlin & Skarman, 1966), sol-
gel (Brinker et al., 1990) and electrodeposition.

The table 1 shows de main advantages and disadvantages of some technique that can used
to obtain SOFC materials.

The technique of spray pyrolysis can be used to obtain both, dense or porous oxide films,
and to produce ceramic coatings and powders. Compared to other deposition techniques,
spray pyrolysis is a simple method for operational control. It is also cost-effective, especially
regarding the cost of system implementation. Furthermore, deposition in multi-layers can be
easily obtained by this versatile technique.
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Technique Advantage Disadvantage
CVD Applicable to ceramic coatings Thin, non-uniform coatings,
high cost

Screen printing Simple Non-uniform, porous coating

Spray pyrolysis Simple, applicable to ceramic Many experimental variables
coatings, low cost

Sol-gel Simple, applicable to ceramic Thin, non-uniform coatings
coatings

Electrodeposition | Simple, effective for complex Complex for ceramic
shapes materials

Table 1. Advantages and disadvantages of some techniques used to obtain SOFC materials.

1.5.1 Spray pyrolysis

A typical setup for spray pyrolysis consists of an atomizer, the precursor solution, the
heated substrate and a temperature controller. Three types of atomizers are commonly used
in spray pyrolysis: compressed air (the solution is exposed to a beam of air) (Balkenende et
al.,, 1996); ultrasound (short wavelengths are produced by ultrasonic frequencies, generating
a very fine spray) (Arya & Hintermann, 1990); electrostatic (the solution is exposed to a high
electric field) (Chen et al., 1996).

Films prepared by spray pyrolysis have been used in several devices, such as solar cells,
sensors, anti-reflective coatings, thermal barriers, solid oxide fuel cells, among others.

The deposition of thin films via spray pyrolysis involves spraying a metallic salt solution on
a heated substrate. The solution droplets reach the substrate surface, where solvent
evaporation and the decomposition of the metal salt occurs, forming a film. The film
morphology and thickness depend on the volume of solution sprayed and the substrate
temperature. The film formed is usually a metal salt, which is converted to oxide in the
heated substrate.

Many processes occur sequentially or simultaneously during the formation of a thin film by
spray pyrolysis: atomization of the solution, transport and evaporation of solution drops,
solution spread on the substrate, evaporation of the solvent and, finally, drying and
decomposition of the precursor salt. Understanding these processes helps to improve the
quality of the films obtained, facilitating the production scale and reproducibility of the
process.

The initial parameter in the preparation of a film with certain desired characteristics, using
the technique of spray pyrolysis, is the definition of the precursor solution to be used. This
solution should provide the ions, needed to form the desired film, and should contain a
solvent, with adequate evaporation rate and stability in the process conditions.

In the aerosol, the drops of solution are transported and eventually evaporate. The
gravitational, electrical or thermophoretic forces, have influence on the trajectory of droplets
and their evaporation, so the modeling of film growth should be taken into account.

When the formation of dense films is wanted, it is important that the maximum amount of
drops reaches the substrate without the formation of particles along the path. Sears et al.
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investigated the mechanism of SnO; film growth (Sears & Gee, 1988). In case of excessively
rapid evaporation of the solvent along the way, the droplet size decreases and precipitates
precursor salt on the edges of the drop, causing the deposition of precipitates on the
substrate surface. This phenomenon is extremely deleterious to obtain dense and
homogeneous films, since the particles formed in the atomizer-substrate path add to the
substrate surface, forming a porous crust (Perednis, 2003).

On the other hand, if the drops are sprayed against the substrate with sufficiently high
strength, spread lightly, maintain an evaporation rate equivalent to the solute precipitation
rate, the solute nucleates and precipitates homogeneously, creating a dense and continuous
film (Yu & Liao, 1998).

A model of the possible transport situations of aerosol from the atomizer, toward the heated
substrate can be seen in Figure 2. In zone I, the droplet is too large, has a very slow solvent
evaporation rate and results in the formation of a brittle precipitate. In the second case, the
drops have size and strength suitable for spraying, forming homogeneously aggregates of
precipitates (zone II). And finally, in zone III, the drops are too small and not strong enough
to reach the substrate, causing particles to appear before reaching the substrate.

Spray

ZoneIl

Zone ITT

Fig. 2. Aerosol transport model.

The substrate temperature can be considered the most important factor to determine the
solvent evaporation rate. It is directly linked to the time the solvent takes to spread over the
surface of the substrate and the speed at which it evaporates after being spread. In addition,
the substrate temperature should be high enough so that the salt decomposition reactions
occur, in order to form the desired final material.

It is known that low substrate temperatures provide an excellent scattering of the solution,
however, the film layer that is formed is very rich in solvent, taking too much time to
evaporate. After stopping the solution spraying, the film is still wet and the local rise in
temperature causes the solvent to evaporate, diminishing the volume and contributing to
the formation of tension in the film. The strong adhesion between film and substrate
prevents free contraction of the film, promoting the formation of cracks (Neagu et al., 1981).
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However, if the substrate temperature is high, it will reduce the time of solvent evaporation
to a point when the solvent partially evaporates before touching the substrate, inhibiting the
spread. In cases where the temperature is too high, the droplets of solution not even touch
the substrate, all the solvent is evaporated on the way between the atomizer and the surface
and only particles are deposited on the substrate (Perednis & Gauckler, 2004).

The choice of an intermediate temperature is necessary to obtain a film with the desired
characteristics. This should consider the solvent used, so it evaporates after a light scattering
of the solution on the substrate.

1.6 Research directions

In recent years, research has been aimed at further reducing the operating temperature of
the cell, leading to the development of a new class of planar SOFC, the intermediate
temperature (IT-SOFC). This configuration provides an even greater reduction in operation
temperature, allowing a large-scale use of metal interconnects. However, the ionic
conductivity of the electrolyte is greatly affected by reducing the temperature. In this
context, there are two ways to develop electrolytes for IT-SOFC: by changing the electrolyte
to a material that has a high conductivity; or by reducing of the electrolyte thickness. In IT-
SOFC cells, the electrolyte thickness should be as thin as possible (less than 10 pm has been
suggested). In this case, the cell can operate at temperatures between 600 °C and 800 °C
(Cooper et al., 2008).

In recent years, research has been aimed at further reducing the operating temperature of
the cell, leading to the development of a new class of planar SOFC, the intermediate
temperature (IT-SOFC). This configuration provides an even greater reduction in operation
temperature, allowing a large-scale use of metal interconnects. However, the ionic
conductivity of the electrolyte is greatly affected by reducing the temperature. In this
context, there are two ways to develop electrolytes for IT-SOFC: by changing the electrolyte
to a material that has a high conductivity; or by reducing the electrolyte thickness. In IT-
SOFC cells, the electrolyte thickness should be as thin as possible (less than 10 pm has been
suggested). In this case, the cell can operate at temperatures between 600 °C and 800 °C.

For the case of electrolyte change, materials with better ionic conductivity than YSZ have
been studied to replace it. LSGM has been successful when applied with a metallic Ni
anode, presenting ionic conductivity in temperatures around 400 °C (Sasaki et al., 2008;
Tuker, 2010). The problem with such material is its low chemical stability. Another
exhaustly studied material for SOFC electrolyte is gadolinium-doped ceria (CGO). This
material has better ionic conductivity than YSZ and can be used in lower temperatures.
However, at 600 °C the Ce reduction occurs. This reduction confers electric conduction to
the material and the cell can suffer a short circuit (Tuker, 2010; Yuan et al., 2010).

The greatest challenge nowadays is to reach fuel cells operating around 700 °C without
efficiency losses. The operation temperature can be lowered when the electrolyte thickness
is reduced and the densification optimized. Several researches aim the obtaining of thin and
dense electrolytes (Gaudon et al., 2006).

In the present study, some results about the elaboration of the YSZ thin film by spray
pyrolysis process will be presented.
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2. Materials and methods

The spray pyrolysis setup consisted mainly of the following parts: a spraying unit, a liquid
feeding unit, and a temperature control unit (Figure 3). The spray unit consisted of an
airbrush (Campbell Hausfeld) using an air blast atomizer. The liquid feeding unit is the
precursor solution, constituted by yttrium chloride (YCl3.6H>O) (Aldrich Chemicals) and
zirconium acetylacetonate (Zr(CsH7Oz)s) (Aldrich Chemicals) dissolved in three different
solvents: (1) mixture of ethanol (CoHsOH) (FMaia) and propylene glycol (CsHsO2) (Proton)
(1:1 vol.%); (2) mixture of ethanol and 2-methoxy, 1-propanol (C4H;00) (Aldrich Chemicals)
(1:1 vol.%); (3) mixture of ethanol and diethylene glycol monobutyl ether (CsH1s03) (Aldrich
Chemicals) (1:1 vol.%). The Table 2 shows the boiling temperatures of any individual
solvents used in this work.

spraving unit
liquidfeeding unit

‘ pressure contral unit

‘ termperature control unit

Fig. 3. Spray pyrolysis experimental apparatus.

Solvent Boiling Point [°C]
ethanol 78.4
propylene glycol 188.2
2-methoxy, 1-propanol 120.0
diethylene glycol monobutyl ether 230.4

Table 2. Boiling temperatures of the solvents used.

The solutions were prepared according to the stoichiometry required to the films
(Zr02)0.92(Y203)0.08 (Perednis & Gauckler, 2004) and adopting a final concentration of salts in
solution of 0.1 mol.L-1. The precursor solution was maintained under stirring and heating at
50 °C in a hotplate stirrer (Fisaton), in order to obtain the complete dissolution of the salts
and decrease the heat loss of the substrate. Finally, the temperature control unit consisted in
a hotplate, used for heating the substrate. A thermostat controlled the hotplate temperature
and the substrate temperature was monitored by an infrared pyrometer. The precursor
solution was sprayed on the heated LSM porous substrate, in order to obtain the YSZ films.

The substrate temperature is determining in the morphology of films obtained, since it is
directly related to the solvent evaporation rate, and a quick evaporation of the solvent
promotes the formation of particles instead of forming a continuous film. On the other hand,
the slow evaporation of the solvent, promotes crack formation in the film. Previous studies
were made to determine the optimum temperature to obtain continuous films. For this
reason, in this chapter, a single temperature was studied, 350 °C.
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Three other important parameters influence in the solvent evaporation rate and in the
attainment of dense and continuous films: solution flow rate, nozzle distance and air
pressure,. In this study, these parameters were kept constant, and their values were,
respectively, 35 mL.h?, 250 mm and 3 kgf.cm2.

The YSZ films are amorphous, after deposition, and a heat treatment was required in order
to stabilize the zirconia cubic phase. This heat treatment was performed at 700 °C for two
hours in a furnace with a constant heating rate of 2 °C.min-! and slow cooling.

Two protocols were used for the film deposition: one-step deposition and multi-layer
deposition. The first protocol consists in a deposition of 50 mL of precursor solution
followed by heat treatment and the other protocol consists in a deposition of 150 mL of
precursor solution in three sequential steps with intermediate heat treatment after each
deposition.

The microstructure and the morphology of the films were evaluated by Fourier Transform
Infrared Spectroscopy (FT-IR), X-ray diffraction (XRD) and Scanning Electron Microscopy
(SEM).

3. Results and discussion
3.1 Microstructural characterization

3.1.1 X-ray diffraction (XRD)

The spectrum of X-ray diffraction (Figure 4) shows that after the deposition, the film is
amorphous.
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Fig. 4. XRD spectrum of YSZ obtained from different precursor solutions before and after
heat treatment at 700 °C for 2 hours.
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However, after the heat treatment at 700 °C for 2 hours, the crystallization of zirconia was
observed for all the solutions tested. There was no influence of the solvent used in the
stabilization of the zirconia phase. The overlapping of the tetragonal and cubic zirconia
peaks impedes the determination of the predominant stabilized phase (Wattnasiriwech et
al., 2006). Given the importance of determining the stable phase, other techniques can be
used to complement the analysis of YSZ X-ray diffraction. In this work Fourier Transform
Infrared Spectroscopy (FT-IR) was used to determinate the zirconia phase stabilized.

3.1.2 Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectrum (Figure 5) shows a very pronounced peak around 471 cm! (zone 1IV).
Comparing it to FT-IR spectra for cubic zirconia, presented in the literature (Khollam et al.,
2001), it is possible to see the presence of vibrational frequencies resulting from metal-
oxygen bonds characteristic of this phase around 471 cm, revealing that the heat treatment
at 700 °C allowed the stabilization of the zirconia cubic phase for the films prepared. The
band located at 3455 cm! (zone I) can be attributed to bonds O - H, possibly due to the
presence of solvent excess adsorbed in the film. The bands presented around 2330 cm-! (zone
II) correspond to adsorbed atmospheric CO,, according to (Andrade et al., 2006). In the
region from 1630 to 1619 cm-! (zone III), the bands correspond to asymmetric and symmetric
stretch of COO-group (Farhikhte, 2010).
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Fig. 5. FT-IR spectrum Of YSZ obtained from different precursor solutions after heat
treatment at 700 °C for 2 hours.
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3.2 Morphology characterization
3.2.1 One-step deposition (influence of solvent)

Variations of the solvent used in the precursor solution cause changes in the solution
characteristics. A solvent mixture that has, for example, a lower boiling point, leads to a
faster evaporation of the solvent for the same temperature. This stage of the study aimed to
observe the morphological changes associated to the use of different solvents for the same
temperature.

Figure 6 shows the film obtained at 350 °C, using ethanol and propylene glycol as solvent in
the precursor solution. The morphology obtained showed a large amount of cracked plates.
Locally, the plates are fairly homogeneous, with little porosity, as evidenced in detail
showed in Figure 6b. This morphology may be associated to the high viscosity of the
solvent, which hinders the spread of the solution on the substrate surface, resulting in a
thicker solution film rich in solvent. When the solvent evaporates, the cohesion and
adhesion to the substrate throughout the film generate a lot of residual stresses, causing the
oxide film to crack.

Cracked plates

Fig. 6. (a) SEM image of the film obtained from ethanol and propylene glycol on the
substrate at 350 °C, without heat treatment; (b) magnification of (a).

The films deposited from ethanol and propylene glycol solution presented clefts (Figure 6)
and after heat treatment, the cracks increased, not only in number but also in intensity
(Figure 7). The plates, which were well bonded to the surface, suffered a major influence of
the contraction during the zirconia crystallization, contributing to the increase in cracking
and detachment of the film as shown in Figure 7. This mechanism has been proposed by
(Pstergérd, 1995).

Depositions from the solution of ethanol and 2-methoxy, 1-propanol showed, at first, the
formation of an apparently continuous film instead of plaque formation. This can be seen in
Figure 8a. However, as this solution has lower boiling point and greater fluidity, there is a
very high scattering on the surface. This phenomenon and the rapid evaporation of the
solvent after the scattering, lead to a cracked film.

It is also possible to observe the deposition of some precipitates distributed over the layer of
the film (Figure 8). These are related to the evaporation during the transport of the droplets
toward the substrate, forming YSZ powder that clings to the surface of the film.
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Cracks increased

188 mm

Fig. 7. (a) SEM image of the film obtained from ethanol and propylene glycol on the
substrate at 350 °C, after heat treatment at 700 °C for 2 hours; (b) magnification of (a).

On the other hand, the film formed (Figure 8b), is not continuous and suggests the
overlapping of non-homogeneous rough boards, which are formed during the rapid
evaporation of the solvent. This type of morphology is undesirable to use in SOFC
electrolyte, because it forms deep cracks and discontinuities.

Non-homogeneous
rough boards
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Fig. 8. (a) SEM image of the film obtained from ethanol and 2-methoxy, 1-propanol on the
substrate at 350 °C, without heat treatment; (b) magnification of (a).

After heat treatment (Figure 9), there seems to be a softening of the cracks seen after the
deposition, possibly related to the contraction during the zirconia crystallization. Which, in
this case, tends to reduce overlapping plates, softening the final morphological structure.
However, this effect is not enough to homogenize the surface, and the cracks are not
completely eliminated (Figure 9b).

The films obtained from ethanol and diethylene glycol monobutyl ether showed a
considerable reduction in the amount of cracks and discontinuities (Figure 10a). After a soft
scattering of the solution onto the substrate surface, the solvent evaporates properly, thus
reducing internal stresses in the film and reducing the number of cracks, making it more
homogeneous (Neagu et al., 2006).

However, the magnification of the image (Figure 10b) revealed the presence of small cracks
distributed throughout the film. These cracked regions jeopardize the homogeneity of the
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T @) WA R
Fig. 9. (a) SEM image of the film obtained from ethanol and 2-methoxy, 1-propanol on the
substrate at 350 °C after heat treatment at 700 °C for 2 hours; (b) magnification of (a).

film and show that the use of this solvent alone is not enough for complete densification of
the deposited layer.

Small cracks

Fig. 10. (a) SEM image of the film obtained from ethanol and diethylene glycol monobutyl
ether on the substrate at 350 °C, without heat treatment; (b) magnification of (a).

@)

Fig. 11. (a) SEM image of the film obtained from ethanol and diethylene glycol monobutyl ether
on the substrate at 350 °C, after heat treatment at 700 °C for 2 hours; (b) magnification of (a).
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The films have undergone little morphological changes after heat treatment (Figure 11a).
There was a slight increase of the cracks, which can be best shown in Figure 11b, that may
be associated to the changes in the volume of the film during the crystallization of the
zirconia cubic phase.

3.2.2 Multi-layer deposition

From the results obtained in depositions with different solvents, the solution (ethanol and
diethylene glycol monobutyl ether) was chosen to use in the protocol of multi-layer
depositions with intermediate heat treatment.

Figure 12 shows the film after the first layer deposition, where the surface is completely
covered. After heat treatment (Figure 12b) there is a homogenization of the surface
morphology, however, this homogenization is accompanied by the appearance of some
discontinuities distributed throughout the film.

Fig. 12. SEM images of the film obtained from intermittent deposition at substrate
temperature of 350 °C: (a) after the first deposition; (b) after the first heat treatment at 700 °C
for 2 hours.

A 1SB 1 88 My

Fig. 13. SEM images of the film obtained from intermittent deposition at substrate
temperature of 350 °C: (a) after the second deposition; (b) after the second heat treatment at
700 °C for 2 hours.
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After the second layer deposition, the film covered most of these irregularities, achieving the
aimed goal of the intermediate deposition protocol. However, the second and first layer
overlapping, led to the formation of an even more irregular layer, both before (Figure 13a)
and after heat treatment (Figure 13b).

The same behavior was observed after the last deposition. This layer apparently had some
leveling effect on the film, slightly reducing the surface irregularities (Figure 14a). There
were no significant morphological changes after the final heat treatment (Figure 14b). For
the protocol of multi-layer depositions, with intermediate heat treatment, a crack-free film
was obtained, but the surface presented a roughness increase.

Fig. 14. SEM images of the film obtained from intermittent deposition at substrate
temperature of 350 °C: (a) after the final deposition; (b) after the final heat treatment at
700 °C for 2 hours.

4. Conclusions

Results showed that YSZ films can be obtained directly on porous LSM substrate by spray
pyrolysis technique. A dense and homogeneous film can be obtained by multi-layers
deposition with intermediate heat treatment.

The heat treatment at 700 °C allowed the stabilization of the zirconia cubic phase, which is
the phase of interest for application as electrolyte in solid oxide fuel cells, as indicated by x-
ray diffraction analysis and confirmed by the Fourier transform infrared spectroscopy
analysis.

The type of solvent used influences in the morphology of the films obtained. Solvents that
have very low boiling point lead to the uncontrolled evaporation of the solvent, forming a
quite brittle film. The increase in the solvent boiling temperature helps to a proper
evaporation, resulting in films with more satisfactory morphological characteristics. In all
cases of one-layer deposition, heat treatment caused an increase of surface discontinuities,
demonstrating its influence on the films morphology.
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1. Introduction

Direct methanol fuel cells (DMFCs) possess obvious advantages over traditional hydrogen
fuel cells in terms of hydrogen storage, transportation, and the utilization of existing
infrastructure. However, the commercialization of this fuel cell technology based on the use
of proton-conductive polymer membranes has been largely hindered by its low power
density owing to the sluggish kinetics of both anode and cathode reactions in acidic media
and high cost owing to the use of noble metal catalysts. These could be potentially
addressed by the development of alkaline methanol fuel cells (AMFCs). In alkaline media,
the polarization characteristics of the methanol electrooxidation and oxygen
electroreduction are far superior to those in acidic media (Yu et al., 2003; Prabhuram &
Manoharan, 1998). Another obvious advantage of using alkaline media is less-limitations of
electrode materials. The replacement of Pt catalysts with non-Pt catalysts will significantly
decrease the cost of catalysts. Recently, the AMFCs have received increased attention (Dillon
et al., 2004). However, these fuel cells are normally operated at temperature lower than 80
°C. In this low temperature range, both methanol electrooxidation and oxygen
electroreduction reactions are not sufficiently facile for the development of high
performance AMFCs. Considerable undergoing efforts are now focused on the development
of highly active catalysts for accelerated electrode reactions.

Alternatively, increasing temperature has been proven as an effective way to accelerate
electrode reactions. The changes of the reaction rates with increasing temperature are
strongly determined by the values of activation energy, as described by the Arrhenius
equation. More obvious changes are expected for the methanol electrooxidation in alkaline
media than in acidic media since reported values of the activation energy are higher in
alkaline media (Cohen et al, 2007). Additionally, increasing temperature may decrease
concentration polarization, Ohmic polarization, and CO poisoning of the catalysts. All these
advantages can contribute to the performance improvement of the AMFCs.

Further finding of increasing temperature for the methanol oxidation is that methanol can
be efficiently converted with water in the aqueous phase over appropriate heterogeneous
catalysts at temperatures near 200 °C to produce primarily H, and CO, (Huber et al., 2003;
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Cortright et al., 2002). The aqueous-phase reforming (APR) process eliminates the need to
vaporize both water and the oxygenated hydrocarbon, which reduces the energy
requirements for producing hydrogen. Moreover, the formation of CO could be minimized
since the APR occurs at temperatures and pressures where the water-gas shift reaction is
favorable. The APR of methanol on supported Pt over 200~265 °C results in the production
of H at a usually high selectivity of around 99% as follows (Davda et al., 2005):

CH,OH + H,0 — CO, +3H, 1)

During the methanol APR, trace amount of methane is the side product and the use of more
basic/neutral catalyst favors H» production. The methanol APR indicates that sluggish
methanol oxidation reaction which has plagued low temperature AMFCs, could become
highly facile in alkaline/neutral media at temperatures close to 200 °C where the APR of
methanol is triggered. Substantially accelerated electrooxidation of methanol would make it
possible to achieve low anode overpotentials. Therefore, the investigations of the
electrooxidation of methanol in an intermediate-temperature range over the methanol-
boiling temperature (around 80 °C) and the triggering temperature of the methanol APR
(about 200 °C) would be of academic and practical importance for the development of high
performance AMFC technology. This intermediate temperature range has been rarely used
because of the limitation of boiling points of both methanol and water.

Our research efforts have been focused on the investigations of fuel cell electrocatalysis in
alkaline media in the intermediate-temperature range of 80 to 200 °C for accelerated anode
and cathode reaction kinetics, and the development of high performance AMFCs. In this
work, we have successfully developed a pressurized electrochemical cell by modifying a
Parr autoclave which can be operated at pressure up to 2000 psi and at temperature up to
200 °C. An Ag/AgCl electrode has been identified as a suitable internal reference electrode
with good stability in this intermediate temperature range. It has been found that the
methanol oxidation and oxygen reduction reactions can be significantly accelerated in
aqueous alkaline media with increasing temperature. The former is characterized by an
onset overpotential of less than 0.1 V at 150 °C for substantial methanol electrooxidation at
Pt. Furthermore, highly facile methanol oxidation and oxygen reduction reactions have been
also achieved at non-Pt electrodes. This accelerated kinetics of both the methanol oxidation
and oxygen reduction reactions provides fundamental support for the development of novel
methanol fuel cells. Accordingly, high performance intermediate-temperature alkaline
methanol fuel cells using Pt and non-Pt electrocatalysts have been successfully
demonstrated.

2. Experimental
2.1 Pressurized electrochemical cell

The pressurized electrochemical cell was constructed by modifying a 300 ml Parr autoclave
equipped with a 200 ml glass liner, as shown in Fig. 1 (A) and (B). The working electrode
was prepared by mechanically depositing high-surface-area catalysts onto a gold disk
electrode of 0.5 mm in diameter, following a powder-rubbing procedure (Kucernak & Jiang,
2003), Fig. 1 (C). The mass of the catalyst layer was measured by dissolving the rubbed layer
in boiling aqua regia, followed by removing the excess acid and measuring inductively
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coupled plasma-atomic emission spectroscopy (ICP-AES) spectra. A 15 cm length Pt wire of
0.5 mm in diameter was used as the counter electrode. Three kinds of Ag-based reference
electrodes were evaluated as the internal reference electrode under our conditions by
monitoring the changes of both hydrogen- and oxygen-electrochemistry on measured
voltammograms for a Pt electrode in 0.5 mol dm=3 potassium hydroxide (KOH) at varying
temperature. It was found that the Ag/AgCl reference provides the most reproducible
results while both Ag wire quasi-reference electrode and Ag/Ag,O electrode were
inapplicable. The Ag/AgCl reference electrode was introduced into a glass tube containing
0.1 mol dm3 HCI which was separated from KOH solution in the working electrode
chamber by a microporous ceramic pellet fixed at the top end of the glass tube. The
potentials of the Ag/AgCl were measured versus a reversible hydrogen electrode (RHE) at
varying temperature in a hydrogen atmosphere. In the following sections, all potentials
reported were referred to the RHE unless otherwise stated.

( A) Electrode

wires
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disk
Thermocouple

/

Pressure
gauge

Gas inlet
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Fig. 1. A pressurized electrochemical cell based on a modified Parr autoclave. Schematic
diagram of the cell (A); Image of the cell (B); and Schematic structure of a working electrode

©)

2.2 Instruments and materials

Both voltammetric and chronoamperometric measurements were performed using Autolab
general purpose electrochemical system (Ecochemie, Netherland). A lab-constructed single-
cell system with temperature control, gas flow rate and pressure control, and liquid flow
rate and pressure control constructed was used for the measurements of fuel cell
performance.

All chemicals and materials were used as received without further purification. All
solutions were prepared from methanol (>99.9%, Aldrich) or KOH (>85%, Aldrich) with
deionized water (18.2 MQ cm). Unsupported electrocatalysts were used in voltammetric and
chronoamperometric measurements, including Pt black (Alfa, S.A. typically 27 m2 g), Pd
black (Alfa, S.A. typically 20 m2 g1) and Ag nanopowder (Alfa, 20-40 nm). Carbon
supported Pt (Fuel Cell Store, 60 wt% Pt/C) and carbon supported Pd (Sigma-Aldrich, 30



164 Electrochemical Cells — New Advances in Fundamental Researches and Applications

wt% Pd/C) were used for the preparation of gas diffusion electrodes with carbon-cloth as
the diffusion layer. All gases used were of research grade.

2.3 Electrochemical measurements

During the measurements of base voltammograms and methanol electrooxidation, high-
purity nitrogen was introduced into the electrochemical cell to inhibit vaporization of the
liquid phase at elevated temperature, and gas-phase pressure was set at 300 psi unless
otherwise stated. Background voltammograms were measured in 0.5 mol dm=? KOH at 50
mV s-1. All methanol oxidation experiments were carried out in 0.5 mol dm-3 KOH + 0.5 mol
dm-= methanol. Steady-state voltammograms for the methanol oxidation were recorded at a
scan rate of 10 mV s-1. The measurements of the chronoamperograms were performed by
stepping potential from -1.1 V where no methanol oxidation occurs to a given value where
methanol is oxidized. For the purpose of comparison, the oxidation of hydrogen was
investigated under similar conditions by introducing high-purity hydrogen into the
electrochemical cell to equilibrate with the solution of 0.5 mol dm=3 KOH solution at 200 psi.
All oxygen reduction experiments were carried out in 0.5 mol dm3 KOH solution
equilibrated with 300 psi high purity O.. To investigate the electrochemical oxidation of CO,
high purity CO was introduced into the electrochemical cell with the pressure set at 300 psi.

3. Results and Discussion
3.1 Ag/AgCl reference electrode

Base cyclic voltammograms for a high-surface-area Pt-coated Au disk in 0.5 mol dm-3 KOH
solution as a function of temperature are shown in Fig 2. Analogous to literature results,
three characteristic zones corresponding to hydrogen electrochemistry, double layer and
oxygen electrochemistry are observed. The peaks associated with hydrogen
adsorption/desorption in the hydrogen electrochemistry zone over —1.15 to around -0.60 V
are negatively shifted as the temperature is increased, accompanied by obvious decrease in
the peak currents at higher temperature. The decrease in these peak currents and the double
layer currents observed in a narrow potential range over -0.60 V to -0.50 V suggest that the
electrochemical surface area of the electrodes is decreased at higher temperature. This could
be caused by the accelerated adsorption of electrolyte components and/or impurities onto
the electrode surface, resulting in the blocking of some electrode surfaces. In the oxygen
electrochemistry zone over —0.5 to approximately 0.2 V, the potential of the cathode peak
corresponding to the reduction of surface oxides is slightly shifted as the temperature is
increased from 20° to 150°C. All these facts are indicative of the possibility of using the
Ag/AgCl electrode as the internal reference electrode in aqueous KOH solution at elevated
temperature.

The standard potential of the Ag/AgCl electrode in aqueous solution containing chloride
has been measured in a wide temperature range over 0 to approximately 300 °C, and its
temperature dependence has been analyzed by several groups (Oijerholm et al., 2009;
Greeley et al., 1960). Based on the standard potential of the Ag/AgCl electrode of around
0.23 V vs. standard hydrogen electrode (SHE) and the reversible hydrogen potential in 0.5
mol dm-3 KOH solution (-0.81 V vs. SHE) at 20 °C, the value of the onset potential for
hydrogen evolution would be around -1.04 V vs. Ag/AgCl if the hydrogen evolution
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overpotential on Pt is neglected. This value is very close to our measured value (-1.1 V).
This agreement between the calculated value and measured value suggests that the
Ag/AgCl electrode satisfactorily functions as the internal reference electrode in hydroxide
solution. This is also supported by the characters of the hydrogen and oxygen
electrochemistry for Pt electrode at elevated temperature.
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Fig. 2. Cyclic voltammograms for a high-surface Pt-coated Au disk electrode of 0.5 mm
diameter in 0.5 mol dm- KOH at a scan rate of 50 mV s as a function of reaction
temperature.

To further evaluate the suitability of using the Ag/AgCl electrode as the internal reference
in the wide temperature range of our interest, the cyclic voltammograms for a high-surface-
area Pt-coated Au disk in 0.5 mol dm?3 KOH solution equilibrated with 200 psi H; are
measured and shown in Fig. 3. The positive-going scans are characteristic of fast-rising
currents at lower overpotentials, followed by slow-rising currents and limiting currents at
higher overpotentials. These characteristics are similar to literature results for H, oxidation
at Pt electrodes in aqueous base solution (Bao & Macdonald, 2007, Schmidt et al., 2002).
Increasing reaction temperature clearly increases the limiting currents. These changes are
mainly caused by the concentration changes of dissolved H, as a function of the
temperature. The potential value at zero current (Epzi-0) measured in Fig. 3 is negatively
shifted by around 40 mV as the temperature is increased from 20 to 150 °C.

The reversible potential of hydrogen reaction depends upon the reaction temperature and
the pH value of the reaction medium as follows:

, —2303RT
By, == pH @

where T is in K. Substituting pH=13.69 (corresponding to 0.5 mol dm3 OH") and the values
of R and F into Equation 2 results in its simplification as follows:

Ef =-2.7x107T )
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Fig. 3. Temperature dependence of cyclic voltammograms for a high-surface Pt-coated Au
disk electrode of 0.5 mm diameter in 0.5 mol dm-3 KOH equilibrated with 200 psi H, at a
scan rate of 10 mV s-1.

According to Equation 3, the reversible hydrogen potential (RHE) should be negatively
shifted with increasing temperature. At 20°C, the value is —0.81 V, and it is expected to be
—1.14 V at 150°C. This means that a negative reversible potential shift should be around 0.33
V as the reaction temperature is increased from 20° to 150°C if the potential of the Ag/AgCl
reference electrode is a constant independent upon the temperature. Because the value of
Em=0 is a signature of the reversible hydrogen potential, its shift with increasing
temperature should be theoretically similar to that of the RHE if the Ag/AgCl reference
electrode potential remains constant. However, Fig. 3 demonstrates that increasing
temperature from 20° to 150°C produces a negative shift of only around 40 mV, much lower
than 0.33 V. Therefore, the small Epp o shift strongly indicates that the potential of the
Ag/AgCl reference electrode would have a temperature dependence similar to that of the
RHE. This consistence provides a big convenience to investigate the kinetics of fuel cell
reactions in a wide temperature range using an internal Ag/AgCl reference electrode since
the Ag/AgCl reference electrode could be used as an equivalent of the reversible hydrogen
electrode.

The potential difference between the Ag/AgCl electrode and the RHE is experimentally
measured in a H» atmosphere. Fig. 4 shows the temperature dependence of the potential
difference. It is clearly seen that the difference is less dependent upon the reaction
temperature in comparison to the individual RHE. A potential difference of around 80 mV
as the temperature is increased from 20 to 150 °C. The temperature dependence of their
potential difference could be linearly approximated as follows:

AE =E 0/ pgc1 — Erpp = —44x107*T - 0.980 (4)
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Fig. 4. Temperature dependence of calculated RHE potential and measured potential
difference between Ag/AgCl electrode and RHE.

In Equation 4, the first term is much smaller than the second term being a constant. This
supports that the temperature dependence of the Ag/AgCl electrode is similar to that of the
RHE. Therefore, the Ag/AgCl electrode can be approximated as an equivalent of the RHE in
preliminary investigations. The variations of measured electrode potentials with
temperature are signature of the changes in the reaction kinetics. For the kinetic analysis, all
potentials can be corrected to the RHE scale according to Equation 4.

3.2 Methanol electrooxidation

Cyclic voltammograms for a high-surface-area Pt-coated Au disk electrode in 0.5 mol dm-3
KOH solution containing 0.5 mol dm? methanol as a function of temperature (Fig. 5) clearly
show that the onset potentials of substantial methanol electrooxidation are negatively
shifted by increasing temperature. Because this prominent negative potential shift with
increasing temperature is not caused by the potential shift of the reference electrode, it is
reasonably believed that the electrooxidation of methanol is substantially accelerated. To
assess the kinetics of methanol electrooxidation, we have compared the onset potentials for
methanol oxidation and H; oxidation (Fig. 3) under similar conditions. The value of their
onset potential difference is significantly decreased with increasing temperature. At 150 °C,
a typical value is approximately 60 mV. It is well accepted that the hydrogen oxidation is
highly facile on Pt, this value indicates that highly facile electrooxidation of methanol can be
achieved on single-element Pt electrocatalyst in aqueous alkaline solution in the
intermediate-temperature range.
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Fig. 5. Temperature dependence of cyclic voltammograms for a high-surface Pt-coated Au
disk electrode of 0.5 mm diameter in 0.5 mol dm-= KOH + 0.5 mol dm? CH3OH at a scan rate
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Fig. 6. Temperature dependence of cyclic voltammograms for a high-surface Pd-coated Au
disk electrode of 0.5 mm diameter in 0.5 mol dm3 KOH + 0.5 mol dm-3 CH3OH at a scan rate
of 10 mV s

Cyclic voltammograms for a high-surface-area Pd-coated Au disk electrode in 0.5 mol dm-
3 KOH solution containing 0.5 mol dm- methanol as a function of temperature are shown
in Fig. 6. Similar temperature dependence is observed. Increasing temperature
significantly shifts the onset overpotential for methanol electrooxidation to more negative
potentials. The value of the onset overpotential is decreased from 0.52 V to approximately
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0.20 V when the temperature is increased from 20 °C to 150 °C. Although these values are
higher compared to those measured at Pt electrode under the similar conditions, the value
of 0.20 V would suggest that Pd is highly active toward the methanol oxidation. It is
therefore prospective to replace Pt with Pd in alkaline methanol fuel cells for decreased
cost since Pd is normally three times cheaper than Pt. Moreover, the activity of Pd-based
catalysts could be further improved by introducing metal oxides to Pd or alloying Pd with
other metal elements.
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Fig. 7. Tafel plots for methanol electrooxidation at a high-surface Pt-coated Au disk
electrode of 0.5 mm diameter in 0.5 mol dm?3 KOH + 0.5 mol dm? CH3OH as a function of
reaction temperature with data extracted from the positive-scans in Fig. 5.

Tafel plots for the methanol electroxidation at the high-surface-area Pt electrode in a solution
of 0.5 mol dm? KOH and 0.5 mol dm3 CH3OH as a function of temperature are shown in
Fig. 7. The values of measured Tafel slopes range from 120 mV dec to 133 mV dec? in the
intermediate-temperature range over 20 to approximately 150 °C. These values are in
agreement with literature results obtained under similar conditions at a platinized Pt
electrode and single crystal Pt(110) and Pt(111) electrodes (Tripkovi¢ et al., 1998 & 2002). It
has been proposed that the chemical reaction between the surface intermediate HCO,; and
OH,; is the rate-determining step and the overall rate equation for the methanol
electrooxidation could be written as follows (13):

F
i= AC2S % exp(S 5
] CH;OHCOH p(RT ) ©)
where A is a constant and other terms have their normal meanings. From this expression, a
Tafel slope ranging from 120 to 164 mV dec! as the temperature is increased from 20 to 150
°C could be obtained, which fits with the experimental data shown in Fig. 7.
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Fig. 8. Dependence of chronoamperometric curves at a controlled potential at 150 °C for a
high-surface Pt-coated Au disk electrode of 0.5 mm diameter in 0.5 mol dm-3 KOH + 0.5 mol
dm=3 CH30H upon polarization time.

The activity of high-surface-area Pt toward the methanol electrooxidation in aqueous KOH
solution at 150 °C is evaluated using chronoamperometry. The current-time transients at
controlled potentials are shown in Fig. 8. The mass activity was estimated from measured
pseudo steady-state chronoamperometric current upon a polarization of 300 s. This figure
shows that pseudo current densities can be attained even at 0.18 V vs RHE. This indicates
that methanol can be dominantly oxidized to non-poisoning products in alkaline media
even at low overpotentials. The activity of Pt is rather high, characterized by a mass activity
of 14.9 A g and a specific area activity of 0.05 mA cm?2 at an overpotential of 0.18 V. This
fact is important for the improvement of the anodic reaction kinetics. In this figure, the
activity decays are slow at low overpotentials and they become fast at high overpotentials.
The slow decays may be caused by the surface blocking of Pt electrode owing to the
adsorption of surface poisons (Matsuoka et al., 2005). Analogous to methanol oxidation in
acidic media, CO has been also proposed as the predominant surface poison formed in the
methanol oxidation in alkaline media. Additionally, progressive carbonation of the solution
caused by CO» produced by oxidation reaction may decrease the pH value of the solution
close to the electrode surface, leading to a decrease in reactivity. It is reasonable to attribute
the progressive carbonation for the fast activity decays.

3.3 CO electrooxidation

Adsorption and oxidation of CO on Pt surfaces in aqueous electrolytes has been extensively
studied, primarily because of the importance of CO as a catalyst poison and also as a
reaction intermediate (Garcia & Koper, 2011; Spendelow et al., 2006). The onset of CO
oxidation on Pt occurs at lower overpotentials alkaline media than in acidic media.
However, all these studies have been performed at low temperature. Here we have
investigated the oxidation of dissolved CO in alkaline media in the intermediate
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temperature range. Fig. 9 shows the temperature dependence of cyclic voltammograms for a
high-surface Pt-coated Au disk electrode of 0.5 mm diameter in 0.5 mol dm? KOH
equilibrated with 300 psi CO. The voltammetric characters for the oxidation of dissolved CO
in the alkaline media are significantly different from those reported for adsorbed CO. The
CO oxidation commences at around 0.23 V vs RHE at 60 °C. The oxidation current initially
increases with increasing potential until a maximum current is reach at approximately 0.65
V. Further increase in the potential results in sudden oxidation current decrease. These facts
interestingly indicate that the oxidation of CO proceeds on oxide-free Pt surface and the
formation of the surface oxide inhibits the CO oxidation since the formation of the surface
oxide on Pt commences at around 0.65 V (Fig. 2). These are quite different from literature
results for the oxidation of adsorbed CO on Pt in acidic and alkaline media since the latter is
normally triggered by the formation of surface oxide.

Increasing temperature substantially increases the CO oxidation at the oxide-free Pt surface
and diminishes the onset overpotential. At temperature higher than 130 °C, the onset
overpotential is approximately 0.15 V. This value is lower than those potentials used for the
chronoamperometric measurements for the methanol oxidation on Pt (Fig. 8). Therefore, the
current decays are less likely to be caused by the formation of surface CO as a catalyst
poison.
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Fig. 9. Variation of cyclic voltammograms for a high-surface Pt-coated Au disk electrode of
0.5 mm diameter in 0.5 mol dm-3 KOH equilibrated with 300 psi CO as a function of reaction
temperature.

We have also investigated the oxidation of dissolved CO at the Pd electrode. Fig. 10 shows
the temperature dependence of cyclic voltammograms for a high-surface Pd-coated Au disk
electrode of 0.5 mm diameter in CO-saturated 0.5 mol dm3 KOH. The temperature
dependence of the CO oxidation is more complicated at the Pd electrode than at the Pt
electrode. At temperature lower than 105 °C, the oxidation of dissolved CO is very slow. A
broad oxidation wave can be seen in the double layer region. However, the CO oxidation is
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inhibited at more positive potentials. This behaviour becomes more pronounced at 130 °C.
The onset of the oxidation occurs at 0.20 V. Further increasing temperature causes
substantial changes in the voltammograms. At 150 °C, the onset potential for the CO
oxidation is shifted negative to approximately 0 V vs RHE. This value is much lower than
the onset potential (0.2 V) for the methanol oxidation under similar conditions (Fig. 6).
Moreover, the oxidation current is increased with increasing potentials even in the oxide
formation region. These strongly suggest that the CO oxidation is more facile than the
methanol oxidation at the Pd electrode at 150 °C. Therefore, it is highly likely that methanol
can be oxidized to non-poisoning products rather than surface poison CO under our
conditions.
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Fig. 10. Variation of cyclic voltammograms for a high-surface Pd-coated Au disk electrode of
0.5 mm diameter in 0.5 mol dm-3 KOH equilibrated with 300 psi CO as a function of reaction
temperature.

It is well accepted that the oxidation of the adsorbed CO at Pt and Pd follows a Langmuir-
Hinshelwood mechanism with the reaction between adsorbed CO and surface OH as the
rate-determining step as follows (Spendelow et al., 2004):

OH™ -¢ —OH,, )

Co,, +OH,, - COOH,,, @)

This mechanism suggests that the substantial oxidation of adsorbed CO occurs in the oxide-
formation potential region. However, cyclic voltammograms in Figs. 9 and 10 show that the
CO oxidation occurs at the oxide-free electrodes and is inhibited by the oxide formation.
The CO oxidation is also likely to proceed via the following mechanism:

CO,;+OH™ —¢” —COOH,, ®)



Investigations of Intermediate-Temperature Alkaline Methanol
Fuel Cell Electrocatalysis Using a Pressurized Electrochemical Cell 173

COOH,; +OH —¢” —CO, + H,0 )

A theoretical Tafel slope of around 167 mV dec! will be expected at 150 °C if the
electrochemical formation of COOH,q is the rate-determining step. This value is close to our
experimental value of 138 mV dec! measured from the polarization region over 0.2 to 0.35 V
shown in Fig. 9 at the same temperature.

3.4 Oxygen electroreduction

Pt is the most used and active catalyst for the oxygen reduction reaction (orr) and all of the
Pt-group metals reduce oxygen in alkaline media according to the 4-electrode process (Lima
& Ticianelli, 2004). Silver has been studied as a potential replacement of Pt due to its high
activity for the orr and its low cost. The orr occurs with the participation of 2 and 4-electron
processes, depending on its oxidation state and electrode potential (Kotz & Yeager, 1980)
Moreover, the size of the Ag particles affects the different catalytic activity for these two
processes (Demarconnay et al., 2004).
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Fig. 11. Temperature dependence of polarization curves at a scan rate of 10 mV s for a
high-surface Pt (in gray) and Ag (in black) coated Au disk electrode of 0.5 mm diameter in
0.5 mol dm-3 KOH equilibrated with 300 psi O;.

We have compared the activities of Pt and Ag for the orr in alkaline media in the
intermediate temperature range. Fig. 11 shows the temperature dependence of
voltammograms for high surface area Ag and Pt coated gold disk electrode of 0.5 mm in
diameter in 0.5 M KOH solution equilibrated by 300 psi O,. At both Pt and Ag electrodes,
the values of the current density at lower overpotentials are substantially increased with
increasing temperature with obvious positive shift of the onset potential. At higher
overpotentials, a limiting current plateau is observed and it is increased with increasing
temperature. The increase of the limiting current is probably caused by higher O, diffusion
efficient and concentration in the aqueous solution at higher temperature.
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Fig. 12. Temperature dependence of onset polarization potential difference for the orr on Pt
and Ag with data taken from Fig. 11.

The onset potential difference for the orr at Ag and Pt as a function of reaction temperature
is shown in Fig. 12. Their potential difference is obviously decreased with increasing
temperature. At room temperature, the difference is approximately 0.10 V. It falls in a range
of 0.02 to 0.03 V when the temperature is higher than 130 °C. This indicates that Ag is a very
promising electrocatalyst for the orr in the intermediate temperature range. Although the
stability of Ag in alkaline media is questioned, a few strategies have been proven efficient to
this issue.

3.5 Single cell performance

Based on the above fundamental studies, an intermediate-temperature alkaline methanol
fuel has been developed and its performance is measured using a single-cell system with
temperature control, gas flow rate and pressure control, and liquid flow rate and pressure
control.

The performance of the novel fuel cell utilizing commercial Pt/ C as both anode and cathode
catalysts under optimized operating conditions is demonstrated in Fig. 13. The peak power
density seen at around 280 mA c¢cm2 reaches 90 mW cm2. This value is much higher than a
typical value of around 50 mW cm?2 of the state-of-the-art DMFCs using Nafion®-based
proton-conducting membranes and PtRu anode catalysts (Dillon et al, 2004).
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Fig. 14. Dependence of cell voltage and power density on current density for an
intermediate-temperature alkaline methanol fuel using Pd/C for anode and Ag/C for
cathode operated at 140 °C. Anode feed: 2 mol dm=? CH30H + 2 mol dm- KOH; Cathode
feed: 120 SCCM O,.

To evaluate the potential of using non-Pt catalysts in the novel fuel cell, the performance of
the fuel cell utilizing Pd/C anode and Ag/C cathode has been measured and is shown in
Fig. 14. It is characterized by a peak power density of around 75 mW cm-2 seen at around
260 mA cm2. This performance is comparable to that of the fuel cell utilizing Pt catalysts.
Therefore, significant cost reduction would be expected for the novel fuel cell without the



176 Electrochemical Cells — New Advances in Fundamental Researches and Applications

cost of the performance because Pd and Ag are much cheaper than Pt. Further cost
reduction will be dependent up the advance of the non-noble catalysts for the methanol
oxidation and the orr.

4. Conclusion

Increasing temperature has been proven as an effective way to accelerate fuel cell reactions.
To investigate the fuel cell reactions in the intermediate temperature of 80 to 200 °C, we
have developed a pressurized electrochemical cell based on a modified commercial Parr
autoclave which can be pressurized up to 2000 psi. In this electrochemical cell, aqueous
electrolyte solutions and liquid fuels can exist in their liquid forms in the intermediate-
temperature range at varying balance pressure. This makes the investigations of
intermediate-temperature fuel cell electrocatalysis possible. To further address experimental
challenges, we have evaluated three kinds of Ag-based electrodes as an internal reference
electrode in basic media and have found that the Ag/AgCl electrode could act as the
internal reference electrode with satisfactory stability. To facilitate the investigations of the
fuel cell reactions on high-surface-area electrocatalysts, a powder-rubbing procedure has
been used to mechanically deposit the electrocatalysts onto a gold substrate of 0.5 mm in
diameter. Based upon these efforts, well-developed cyclic voltammograms and
chronoamperograms for the electrochemical methanol oxidation and oxygen reduction in
the intermediate temperature range have been obtained.

It is encouragingly found that the methanol electrooxidation in alkaline media on high-
surface-area Pt and Pd electrodes can be substantially accelerated by increasing
temperature, characterized by obvious decrease in the onset overpotential with increasing
temperature. Moreover, CO could be oxidized at lower onset potentials than methanol in
the intermediate temperature range under similar conditions. This strongly indicates that
CO is no longer a poison limiting the methanol oxidation. Replacement of Pt with Pd
produces no substantial decrease in the activity towards the methanol oxidation. For the
electrochemical oxygen reduction, silver demonstrates a high activity in the intermediate
temperature range which is comparable to that of high surface area Pt. This indicates the
possibility of using non-Pt catalysts in intermediate-temperature alkaline methanol fuel
cells. Our preliminary fuel cell studies demonstrate the high performance of intermediate-
temperature alkaline methanol fuel cell with Pt and non-Pt catalysts.
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1. Introduction

Striking progress has recently been made in understanding the central role of nitrogen oxide
radicals, NO,, in atmospheric processes (Lerdau et al., 2000). NOy is implicated in the
formation of acid rain and a tropospheric ozone (the principal toxic component of smog and
a greenhouse gas) (Finlayson-Pitts, B.J. & Pitts, ].N., 1997; Lerdau et al., 2000). The major
known source of NOj is fuel combustion and biomass burning. Air pollution by nitrogen
oxides (NOy) in combustion waste causes serious environmental problems in urban areas.
The reduction of nitrogen oxide emissions has become one of the greatest challenges in
environment protection (Libby, 1971; Nishihata et al., 2002). This is why the different
methods of NOx decomposition are intensely studied by numerous groups from academic
as well as industrial research laboratories (Garin, 2001; Parvulescu et al., 1998).

The main activities of scientific groups working in the field of NO decomposition are
concentrated on the reduction of the NOx in the presence of NH;, CO, H; or hydrocarbons.
These scientific groups have been tested a large number of categories of catalysts with a
different ways of NO decomposition reactions. The main directions of the research can be
described as follows.

First, the selective catalytic reduction of NO with ammonia, typical for chemical industrial
plants and stationary power stations (Bosch & Janssen, 1988; Janssen & Meijer, 1993). The
main step is the reduction on NO or NO: to N> and H>O. Generally, liquid ammonia is
injected in the residual gas before the catalytic reaction takes place.

4ANO+4NH3+O, — 4N»+6H,0

6NO+4NH3; —» 5N»+6H,0

Second, the catalytic reduction of NO in the presence of CO and/or hydrogen. These
reactions are typical for the automotive pollution control. The use of CO or H; for catalytic
reduction was one of the first possibilities investigated in view of eliminating NO from
automotive exhaust gas (Baker & Doerr, 1964, 1965; Klimisch & Barnes, 1972; Nishihata et
al.,, 2002; Roth & Doerr, 1961).
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NO+CO —» CO,+1/2 N,

NO+H, —»1/2 N, +H,O

Third, the selective catalytic reduction of NO in the presence of hydrocarbons and more
particularly methane, a method which has not yet reached industrial use but can be applied
both for automotive pollution control and in various industrial plants (Armor, 1995;
Hamada et al., 1991; Iwamoto, 1990; Libby, 1971; Miura et al., 2001; Sato et al., 1992).

Fourth, the direct decomposition of NO. The decomposition of NO would represent the
most attractive solution in emission control, because the reaction does not require that any
reactant be added to NO exhaust gas and could potentially lead to the formation of only N>
and O; (Garin, 2001; Lindsay et al., 1998; Miura et al., 2001; Rickardsson et al., 1998).

The goal of this paper is to represent a fifth direction of an intense research effort focused
on electrochemical cells for the reduction of NO, gases due to the need to design an effective
method for the purification of the exhaust gases from lean burn and diesel engines.

2. Traditional type of electrochemical cells for NO decomposition

Electrochemical cells have become an important technology, which contributes to many
aspects of human life, industry and environment. Now it is understandable that the
reduction of NOx emission can be achieved not only by catalytic NOx decomposition but
also by electrochemical decomposition, where the removal of oxygen by a gaseous reducing
reagent is replaced by the more effective electrochemical removal. Additional reducing
reagents such as hydrocarbons, CO, H; or ammonia can lead to the production of secondary
pollutants like oxygenated hydrocarbons, CO, CO», N>O or ammonia or, even, as was often
reported in the past, cyanate and isocyanate compounds.

Without coexisting oxygen the successful decomposition of NO gas into oxygen and
nitrogen in a primitive electrochemical cell (Fig.1) was first demonstrated over 25 years ago
(Gur & Huggins, 1979; Pancharatnam et al., 1975). In 1975 Pancharatnam et al. (Pancharatnam
et al., 1975) proposed to use for NO gas decomposition an electrochemical cell represented
by the following cell arrangement

Pt(Cathode) | YSZ | Pt(Anode) 1)

On applying a voltage to such cells NO gas is directly reduced at the triple-phase boundary
(tpb) (cathode - yttrium-stabilized zirconia (YSZ) - gas) forming gaseous Nz and solid -phase
oxygen ions:

2NO + 4e™ + 2 Vo(ZrOy) — N + 202°(YSZ) @)

Under the external voltage the oxygen ions are transported through the solid electrolyte
from cathode to anode and gaseous O; is evolved at the anode.

Unfortunately, excess Oz in the combustion exhaust gas is adsorbed and decomposed at the
tpb in preference to the NO gas (Fig.1):

O, + 4™ +2 Vo(ZrO,) - 207 (YSZ) @)
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As a result, the additional ionic current though the cell associated with the oxygen ions
produced due to this unwanted reaction (Eq.(3)) far exceeds the current associated with the
desired reaction (Eq.(2)). In 1997 Hibino et al. (Hibino et al., 1997) has shown that at first
stage the electrochemical oxygen pumping is carried out without NO decomposition, and
that NO decomposition began at corresponding currents after the electrochemical oxygen
pump is complete. As illustration Fig.2 shows the dependence of NO conversion on the
value of the current passing through the two chambers cell at 1000ppm of NO without
oxygen (Curve 1) and at 2% of Oxygen (Curve 2) in He (the balance) at gas flow rate
50ml/min. It is seen that in the presence of oxygen the decomposition of NO take place only
when all oxygen should be pumped away from the near electrode area.

Recently, many attempts to improve the properties of electrochemical cells operating in the
presence of excess oxygen have been carried out by using different catalysts as the cathode
material (Hibino, 2000a, 2000b; Marwood & Vayenas, 1997; Nakatani et al., 1996; Walsh &
Fedkiw, 1997). Walsh (Walsh & Fedkiw, 1997) proposed substitute dense Pt electrodes to the
porous platinum and to use a mixture of ionic (CeO) and electronic (Pt) conductors as a
porous cathode. It is well known that substitution of dense electrode to the porous should
increase gas penetration to the tpb on the surface of the YSZ-disc solid electrolyte and using
of the mixture of ionic (CeO) and electronic (Pt) conductors should lead to the increase of
the tpb surface area inside the cathode. As the result both oxygen and nitrogen oxide
decomposition take place in such cells and for effective NO adsorption and decomposition
the tpb should be free from the adsorbed oxygen. This conclusion agrees well with a fact that
the NO decomposes after the oxygen pumping is completed.

NO 0,
N,
o
]
ysz |o* o DC
Power
Supply
L)
\
0, 0,

Fig. 1. Conceptual representation of the electrochemical cell for NO decomposition.

To improve the selectivity for NO gas adsorption and decomposition in the presence of the
oxygen excess K. [wayama (Iwayama & Wang, 1998; Washman et al., 2000) proposed to coat
Pt cathode by different metals or metal oxide. Decomposition activity was measured on
metal oxide/Pd(cathode)/YSZ/Pd(anode) at 773-973 K and 3.0V of applied voltage in a
flow of 50 ml/min containing 1000 ppm of NO and 6% of O in helium. Coating of various
metal oxides onto the cathode electrode greatly changed the decomposition activity; the
order was RuO>>>Pt>Rh,O3>Ni>none>Ag>WOQO;. The activity of the system modified by
RuO; has been investigated as a function of the kind of electrode, the applied voltage, and
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the reaction temperature. The cell of RuO,/Ag(cathode)/YSZ/Pd(anode) was found to
show the most excellent activity among the cells examined.
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Fig. 2. Dependence of NO conversion on the value of the current passing through the two
chambers cell at 1000 ppm of NO without oxygen (-e- Curve 1) and at 2% of Oxygen (-o-
Curve 2) in He (the balance) at gas flow rate 50 ml/min.

50 300

Later (Hwang et al., 2001; Matsuda et al., 2001, Washman et al., 2000) a series La;.+ABO3
perovskite were prepared and systematically evaluated for substitution of the Pt or Pd
electrodes. A major target of all these researches was the promotion of NO reduction by F -
center type defects in the YSZ surface or inside perovskite type cathodes (Hwang et al., 2001;
Matsuda et al., 2001; Washman et al., 2000).

An important characteristic of the efficiency of electrochemical cell is the value of the current
efficiency coefficient (n). Current efficiency (n) can be defined from the value of the oxygen
ionic current (Ino) due to the oxygen from decomposed NO gas (see eq.2) and a total ionic
current flux through the cell (I = Ino + Io2) as:

n = Ino/ (Ino + Ioo) 4)

As illustration current efficiency for NO decomposition against current is plotted in Fig.3 for
LSC|YSZ | Pt and LSCP|YSZ|Pt cells (Hwang et al., 2001). It is seen that relatively high
value of current efficiency, ca. 1.5% can be obtained between 300 and 350 mA. This result
shows that the unwanted reaction (Eq. (3)) of oxygen gas adsorption and decomposition fare
exceed the desirable reaction of NO gas adsorption and decomposition.

In 2007 Simonsen et al. (Simonsen et al., 2007) studied spinels with composition CoFe;Os,
NiFe;O4, CuFe Oy, and Co30;4 as electro-catalyst for the electrochemical reduction of nitric
oxide in the presence of oxygen. It was shown that spinels are active for the reduction of
both nitric oxide and oxygen. The composition CuFeO4 shows the highest activity for the
reduction of nitric oxide relative to the reduction of oxygen. However now information was
given on the characteristics of the electrochemical cells based on these cathode materials.

K. Kammer (Kammer, 2005) reviewed the investigations in the field of electrochemical
reduction of nitric oxide. He has shown that the electrochemical reduction of nitric oxide in
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Fig. 3. Current efficiency vs. current curves of LSC u YSZ u Pt and LSPC u YSZ u Pt
electrochemical cells between 600 and 800°C. (-e-,-0-, 800°C), (- A -,-A- 700°C), (-m-,-o- 600°C).

several types of all solid-state electrochemical cells is possible, and proposed, that in order
to reduce nitric oxide in an atmosphere containing excess oxygen further development of
cathode materials are needed.

In accordance with above we can conclude that all known cathode materials used up now
for electrochemical reduction of nitric oxide show a low selectivity for NO reduction in the
presence of the excess oxygen and can’t be used for practical application.

3. Electrochemical reactors with multi-layer functional electrode

To solve the problem of effective electrochemical reduction of nitric oxide in the presence of
the excess oxygen S.Bredikhin et al. (Awano et al,, 2004; Bredikhin et al., 2001a, 2001b)
proposed the concept of artificially designed multilayer structure which should operate as
an electrode with high selectivity. At present time a new type of electrochemical reactor
with a functional multi-layer electrode has been successfully designed in National Institute of
Advanced Industrial Science and Technology (AIST), Nagoya, Japan (Awano et al., 2004;
Bredikhin et al., 2004). The typical values of current efficiency in such electrochemical
reactors are of the order of 10% - 20% at gas composition: 1000 ppm NO and 2% O, balanced
in He and at gas flow rate 50 ml/min. The value of current efficiency depends on the
functional multi-layer electrode composition, structure and operating temperature. Such
electrochemical reactors show the value of NO selectivity (vs.) with respect to oxygen gas
molecules vee > 5. This means that the probability for NO gas molecules to be adsorbed and
decomposed is at least 5 times higher than for oxygen gas molecules.

The arrangement of the electrochemical reactor with a functional multi-layer electrode is
illustrated schematically in Fig.4. An YSZ disc with a thickness of 500um and a diameter of
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20mm was used as the solid electrolyte. The composite Pt(55vol%)-YSZ(45vol%) paste was
screen—printed with an area of 1.77 cm? on one surface of the YSZ disk as the cathode, and
then calcined at 1673 K for 1 hour, to produce a dense Pt(55vol%)-YSZ(45vol%) composite
with a thickness of about 3 um and diameter of 15 mm (Bredikhin et al., 2004). A dense Pt
collector was connected with a cathode. The NiO-YSZ paste was screen-printed with an area
of 2 cm? over the cathode and sintered at 1773 K for 4 hours to produce a nano-porous NiO-
YSZ electro-catalytic electrode with a diameter of 16mm and a thickness of about 5-6 pm
(Aronin et al., 2005; Awano et al., 2004a; Bredikhin et al., 2006; Hiramatsu, 2004). The nano-
porous YSZ layer with a thickness of about 2 pm was deposited over the electro-catalytic
electrode as a covering layer (Awano et al., 2004b). The commercial TR-7070 (Pt-YSZ) paste
was screen-printed with an area of 1.77 cm? on to the other surface of the YSZ disk as the
anode, and then calcined at 1473 K for 1 hour. Platinum mesh and wire were attached to the
cathode and the anode, for connection with the power supply unit.

N/

—Upper YSZ layer

Electro-catalytic
electrode

DC
Power

Supply
e ]

Fig. 4. Conceptual representation of the electrochemical cell with multilayer electro-catalytic
electrode.
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Fig. 5. The dependence of NO conversion on the value of the current for electrochemical
reactors with functional multi-layer electrodes (-e- 2% and -o- 10% of oxygen) and for a
reactor with a monolayer electro-catalytic electrode (-m- 2% of oxygen) and a traditional type
of electrochemical cell with Pt-YSZ types of cathode (- A-2% of oxygen).
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The electrochemical reactor was set in a quartz house and connected to a potensio —
galvanostat (SI1267 and 1255B, SOLARTRON). The applied voltage and current dependence
of NO decomposition behavior was investigated. The range of the applied voltage to the
electrochemical cell was from 0 to 3V. The electrochemical decomposition of NO was carried
out at 573 - 873 K by passing a mixed gas of 500-1000 ppm of NO and 2-10% of O, in He
(balance) at a flow rate v = 50 ml/min. The concentrations of NO and of N in the outlet gas
(INOJout) were monitored using an on-line NOx (NO, NO; and N;O) gas analyser (Best
Instruments BCL-100uH, BCU-100uH) and a gas chromatograph (CHROMPACK Micro-GC
CP 2002), respectively.

S. Bredikhin et al. (Awano et al., 2004b; Bredikhin et al., 2004; Hiramatsu et al., 2004) and K.
Hamamoto et al. (Hamamoto et al., 2006, 2007) have shown that electrochemical reactors with
multi-layer electro-catalytic electrode effectively operate even at low concentration of NOx
(300-500ppm) and at the high concentration of oxygen (10%). From Fig.5 it is seen that the
efficiency of NO decomposition by electrochemical reactors with the functional multi-layer
electrode far exceeds the efficiency of the traditional type of electrochemical cells.

4. Microstructure and properties of functional layers of multi-layer electrode

The electrochemical reactors for selective NOx decomposition can be represented by the
following reactor arrangements:

(Covering layer | Electro-catalytic electrode | Cathode) | YSZ| (Anode) (5a)

(Covering layer | Cathode |Electro-catalytic electrode) | YSZ| (Anode) (5b)

Let us consider in detail the arrangement of the electrochemical reactor with a functional
multi-layer electrode and the properties of each functional layer. The cross-section view of
the functional multi-layer electrode is shown in Fig.6.

Electro-

Catalytic
Electrode

Fig. 6. The cross-section view of the multi-layer electro-catalytic electrode.



186 Electrochemical Cells — New Advances in Fundamental Researches and Applications

The cathode is a dense Pt(55vol%)-YSZ(45vol %) composite with a thickness of about 2-3 um.
The nano- porous NiO-YSZ electro-catalytic electrode with a thickness of about 6-8 pm was
deposited over the cathode. The porous YSZ layer with a thickness of about 2-3 um was
deposited over the cathode. It is seen that the multi-layer electrode consists from three main
functional layers: 1. Cathode; 2. Electro-catalytic electrode; 3. Covering layer.

4.1 Microstructure and the properties of composite cathode

The external voltage in the electrochemical reactor with a functional multi-layer electrode is
applied between the cathode and anode. This voltage leads to the polarization of the YSZ-
disk and to the generation of a high concentration of oxygen vacancies in the near cathode
region (Fig. 4). Due to the gradient in the concentration of the oxygen ions between the near-
cathode region of the YSZ disk and the electro-catalytic electrode, diffusion of oxygen ions
from the electro-catalytic electrode to the YSZ disk takes place. Since the oxygen ions are a
charged species, their diffusion from the electro-catalytic electrode to the YSZ disk leads to
an equal flux of electrons from the cathode to the electro-catalytic electrode (Aronin et al.,
2005, Awano et al., 2004a; Bredikhin et al, 2006, Hiramatsu, 2004). As a result of
electroneutrality, a decrease in the flux of the electrons should lead to the same decrease in
the flux of the oxygen ions and the diffusion of oxygen ions should be stopped when the
transport of electrons is blocked. In accordance with this consideration we can conclude that
for effective reactor operation the cathode should be an electronic and oxygen ionic current
conductor with high electronic conductivity along the cathode plane and high oxygen ionic
conductivity from the electro-catalytic electrode through the cathode to the YSZ solid
electrolyte (Awano et al., 2004b).

In 2004 S.Bredikhin et al. (Bredikhin et al., 2004) studied the correlation between the efficiency
of NO decomposition by electrochemical cells with electro-catalytic electrode and the YSZ-
Pt cathode compositions. In this study, S.Bredikhin et al. (Bredikhin et al., 2004) examined
YSZx)-Pta-xy composite as a cathode for electrochemical cells with a functional multilayer
electrode. Electrochemical cells with electro-catalytic electrode and YSZx)-Ptu-x) composite
cathode with 0, 15.0, 24.8, 35.2, 45.4, 49.9, 55.0, and 64 vol. % of YSZ were obtained.
Investigation of the current-voltage (I-V) characteristics of the electrochemical cells with
multilayer electrode has shown a strong dependence on the composition of the YSZ-Pt
cathode (Bredikhin et al., 2004). The best performance was observed for electrochemical cells
with YSZ volume contents slightly lower than 50 vol %. To investigate this behavior in detail
the value of the current has been plotted as a function of the volume content of YSZ in the
YSZ-Pt composite cathode for different values of the electrochemical cell operating voltage.
These experimental data are shown in Fig. 7. From this figure, it is seen that an increase of
the YSZ content from 0 to 49.9% leads to a four to five times increase in the value of the
current through the cell at the same value of the cell operating voltage. At the same time a
small change in the composition of the YSZ-Pt cathode by increasing the YSZ content to
more than 50 vol % leads to an abrupt decrease in the value of the current passed through
the cells (Fig. 7) and at 55 vol % of YSZ current higher than 1 mA cannot be passed even at
applied voltages to the cells of more than 3 V. To describe these phenomena let us consider
the processes of electronic and ionic transport through the composite YSZ-Pt cathode. The
geometry of the employed electrochemical cell means that electronic transport take place
along the cathode through the network of Pt particles and from the cathode through the
three-dimensional network of pathways from NiO or Ni particles to three-phase boundary



Electrochemical Cells with Multilayer Functional Electrodes for NO Decomposition 187

(TPB) on the surface of the pores inside the electro-catalytic electrode. Oxygen ionic
transport takes place perpendicular to the YSZ-Pt cathode plane from the electro-catalytic
electrode through the network of YSZ particles to the YSZ disk.
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Fig. 7. The experimental dependence of the current on the volume fraction of YSZ in the
YSZ-Pt cathode for applied voltages of 1.4 Volts and 1.6 Volts, and comparison with
calculated dependencies.

Figure 8 shows the cross-sectional view of the electrochemical cells for different YSZ-Pt
cathode compositions. It is seen that the addition of YSZ particles to the cathode leads to the
formation of oxygen-conducting YSZ bridges through the electronically conducting Pt
cathode and that the number of such bridges increases with an increasing amount of YSZ in
the cathode. From Fig. 8 it is seen that the average size of the electronically insulating (YSZ)
particles and electronically conducting (Pt) particles are of the order of 2-3 mm and are the
same as the thickness of the cathode layers. These observations give us the possibility to
conclude that the YSZ-Pt cathode is a quasi two-dimensional system and that the two-
dimensional percolation model can be used to describe the electronic conductivity along the
plane of the YSZ-Pt cathode. In accordance with this model a sharp transition in electronic
conductivity along the cathode should be observed at 50 vol % of the electronically
conducting Pt phase (Bredikhin et al., 2004). This means that the electronically conducting Pt
phase is continuous when the volume fraction of the electronically insulating YSZ phase is
less than 50 vol % and the Pt phase becomes disconnected when the volume fraction of
insulating YSZ phase is greater that 50 vol %. This two-dimensional percolation model
prediction is in good agreement with the experimentally observed sharp threshold of the
value of the current through the electrochemical cell as a function of the volume content of
YSZ in the YSZ-Pt composite cathode (Fig. 7) (Bredikhin et al., 2004).
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Fig. 8. SEM images of the cross-section of the multi-layer cells with different YSZ-Pt cathode
compositions (a - 15vol% of YSZ, b - 25vol% of YSZ, c - 35vol% of YSZ, d - 45vol% of YSZ).

As follows from Figs. 7 and 8 an increase of the YSZ content leads to an increase in the
oxygen ionic current through the cell at a given value of the applied external voltage. At the
same time when the YSZ content exceeds the percolation threshold (50 vol %) the Pt phase
becomes disconnected, and the flux of electrons from the cathode to the electro-catalytic
electrode is blocked. As a result the oxygen ionic diffusion from the electro-catalytic
electrode to the YSZ-disk is stopped. In accordance with the above results it is seen that the
most critical place for oxygen ion diffusion from the electro-catalytic electrode to the YSZ-
disk is the oxygen transport through the composite YSZ-Pt cathode, and that compositions
with a volume fraction of YSZ slightly lower than the two-dimensional percolation
threshold (1/2) should have the highest efficiency for charge transport through the
electrochemical cell (Bredikhin et al., 2004).
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4.2 Electro-catalytic electrode
a. Peculiarity of ambipolar conductivity of the electro-catalytic electrode

The external voltage (Vo) in the electrochemical reactor is applied between the cathode and
the anode (Fig. 4), and the voltage drop is equal to the sum of the polarizing voltage (Vpol)
and to the Ohms voltage (Vohm = Ryszxlox) drop through the YSZ disk

Vo= Vpo + Vonm= Vpal + Ryszxlox, (6)

where Rysz is the resistance of the YSZ disk and Iox is the value of oxygen ionic current
through the cell. The formation of the gradient in the concentration of the oxygen ions in the
YSZ disc under the DC polarization voltage Vpo can be described in accordance with the
well-known equation (Hamamoto et al., 2007; Kobayashi et al., 2000; Schoonman, as cited in
Chowdari & Radakrishna, 1998; Wagner, as cited in Delahay & Tobias, 1966)

Hecathode = Hanode + 26><VP01 = o+ %2 kT 1n(POZ/Po) + 26><Vp01, (7)

where 1, and P, are standard values and where the chemical potential of the oxygen at the
surface of the electro-catalytic electrode (ncg) and in the anode region of YSZ disc (Manode) is
fixed by the oxygen gas pressure (Po2) (ULCE = Manode = Ho + Y2 KT In(Poz/P,)). Then the
difference in the chemical potential between the near cathode region and the surface of the
electro-catalytic electrode should result in the Nernst potential formation (A¢) through the
electro-catalytic electrode

A¢ = Vpol= (VO - RYSZXon) (8)

The value of the oxygen ionic current through the electro-catalytic electrode depends on the
value of the Nernst potential and on the value of the electro-catalytic electrode ambipolar
conductivity (Gamb) as

Iox = Ad)XGamb (9)

As follows from equations (8) and (9) the value of ionic current through the electrochemical
cell depends on the value of ambipolar conductivity of electro-catalytic electrode (Gamb) and
on the value of oxygen ionic conductivity (Rysz) of YSZ disc as

Iox = (V0XGamb)/ (14+Rysz XGamb)- (10)

It is seen that when RyszxGamp < 1, there is a linear dependence between ionic current
through the cell and the value of ambipolar conductivity

Iox = (VOXGamb) . (11)

In the year 2001 S.Bredikhin et al. (Bredikhin et al., 2001a, 2001b, 2001c) have shown that for
electrochemical cells with nano-porous electro-catalytic electrode there is a linear
dependence between the value of NO conversion (ANO) and value of oxygen ionic current
passed through the cell

ANO = (1/ (Fxvxn))x nxlox, (12)
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where n=2 is the charge of the oxygen ions, F- is a Faraday constant, v is a total gas flow rate
and n is current efficiency. From equations (11) and (12) it is follows that the rate of NO
decomposition depends on the external voltage applied to the cell and on the value of
ambipolar conductivity as

ANO = (1/(Fxvxn))xnx VoXGamb (13)

It is obvious that for optimization of the electrochemical cell for NO decomposition it is
necessary to design the cell with the highest value of the ambipolar conductivity. To analyze
the specific features of the ambipolar conductivity of the NiO-YSZ composite electrode the
calculated value of camb (see Eq.11) has been plotted as a function of the volume content of
NiO in the NiO-YSZ composite electrode. These data are shown in Fig.9.
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Fig. 9. The dependence of the value of the ambipolar conductivity on the volume fraction of
NiO in Ni-YSZ electro-catalytic electrode

It is seen that when the external voltage is higher than 1.5 volt, the two percolation
transitions of electronic and ionic conductivities lead to a composition range from 1/3 to
2/3, in which the ambipolar conductivity is much higher than those in the other regions.
This suggests that in order to achieve high value of ambipolar conductivity, the volume
fractions of each phase have to be within 1/3 ~ 2/3 and external voltage should be higher
then 1.5 volt. It should be noted that in the composition range from 1/3 to 2/3 the value of
ambipolar conductivity increases with increasing of the voltage applied to the cell. As an
illustration Fig.10 shows the dependence of the value of the ambipolar conductivity on the
voltage for two NiO-YSZ composite electrodes with NiO volume content 82.5% and 35%.
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Fig. 10. The dependence of the value of the ambipolar conductivity on the cell operating
voltage for two NiO-YSZ composite electrodes with NiO volume content 82.5% and 35%.

From Figs.9 and 10 it is seen that for the composition range from 1/3 to 2/3 the application
of external voltage leads to 6-10 times increase of the value of ambipolar conductivity. Such
unusual dependence of the value of conductivity on the applied voltage shows that change
of the chemical composition of NiO-YSZ electro-catalytic electrode takes place under the cell
operation.

b. Reduction-oxidation processes and the structure of the electro-catalytic electrode

The distinguishing feature of such reactors is the artificial nano-structure formed in the
NiO/YSZ interface of the electro-catalytic electrode under operation. The essential changes
occur in the interfacial boundary region between NiO and YSZ grains. After the
electrochemical cell operation for 22 hours at a cell voltage lower than 2.2 Volts they are as
follows (Aronin et al., 2005).

1. New grains nucleate and grow in the pore zone of NiO near-boundary regions. The zone
of new grains spreads into the depth of the NiO grain (Fig. 11). In some cases this zone of
new grains devours “old” NiO grain completely (Figs. 12a and 12b). The electron diffraction
patterns from these regions contain ring reflections of Ni in addition to NiO reflections
(Aronin et al., 2005). The size of Ni grains is 5-20 nm and they are seen in the dark field
electron microscopy image (Fig. 12b). This image was obtained in the reflection marked by
the arrow in the electron diffraction pattern (Fig. 12a, insert). The new grains are both Ni
and NiO phases.
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Fig. 12. Bright field TEM image (a) and dark field TEM images (b) of new NiO and Ni grains
zone devoured “old” NiO grain.

2. In the region with new NiO grains the pores are located both in the interfacial vicinity and
before the front of new growing grains. Sometimes small NiO grains are surrounded by the
pores on all sides. Separate pores are also observed in the region of new grains, located
between the new grains (Fig. 11). The high resolution electron microscopy images of the
near-boundary region of YSZ grain and small NiO grain formed during the cell operation at
different magnifications are shown in Fig. 13. The size of the new NiO grains varies from 10
to 100 nm depending on the location.
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33

Fig. 13. HREM images of a near-boundary region of an YSZ grain and small NiO grains
formed during the cell operation (a and b different magnification).

3. An orientation relationship has been found to exist between the lattices of YSZ and new
NiO grains:

(310)ysz |1 (110)nio, [001]ysz |1 [1T1] nio

The presence of the orientation relationship between the lattices of YSZ and NiO grains
indicates that the new NiO grains may nucleate on the YSZ grains as on the substrate and in
this case their surface energy will decrease. This result is a direct evidence of the process of
oxygen spillover from YSZ to Ni grains even in the presence of oxygen in the surrounding
gas.

The distinguishing feature of the microstructure of the YSZ/(Ni-NiO) interface is the 10-50
nm Ni grains reversibly produced during the reactor operation. Schematically the
microstructure of the YSZ/NiO interface reversibly produced during the cell operation is
represented in Fig.14. It is well known that adsorption and decomposition of NOx gas
molecules occurs in preference to oxygen gas molecules on Ni grain surfaces (Lindsay et al.,
1998; Miura et al., 2001; Rickardsson et al., 1998). In addition, we should mention that rough
surfaces and nano-size Ni grains are much more active for breaking of NO chemical bonds
than smooth, flat surfaces (Garin, 2001; Lindsay et al., 1998). Based on the above results, the
following reaction mechanism was proposed for NO decomposition on the nano-size Ni
grains produced during the reactor operation.

NO + Ni - Ni-NO (14)

2Ni-NO - 2NiO +N, (15)

NO gas molecules are first chemisorbed on Ni. As a second step the chemisorbed NO
decomposes to form Ny, oxidizing Ni to NiO.

Oxygen ionic current passed though the network of YSZ particles surrounding the Ni
grains. This process removed oxygen species from the electrode and permitted the reactions
(14) and (15) to reoccur. The regeneration reaction of the reduction of NiO to Ni takes place
at the NiO/YSZ interface under the reactor operation
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NiO + Vo(ZrOs) + 2 — Ni +02(ZrOy) (16)

Therefore, the reduction of NiO grains into Ni grains and the oxidation of Ni grains into
NiO take place continuously during reactor operation. As a result the catalytic activity for
NO decomposition is independent of the operation time.

At the same time oxygen gas molecules have a preference for adsorption by F-type centers
on the surface of YSZ.

O + 4™ +2 Vo(ZrO,) - 2 02 (ZrOy) 17)

From this consideration it follows that under the reactor operation adsorption and
decomposition of NO and O, gas molecules occur on the surface of Ni grains and by F -
centers on the surface of YSZ grains, respectively. The design of an electrochemically-
assembled electrode with two kinds of active sites provides a way to suppress the unwanted
reaction of oxygen gas adsorption (Eq.(17)) and to increase the desirable reaction of NO gas
decomposition Eqgs.(14,15).

NO adsorption som O, adsorption
sites sites
100nm-‘ %f

Ny YSZ

Fig. 14. Schematic representation of the microstructure of the YSZ-NiO interface and of the
sites for NO and Oxygen gases adsorption in the self-assembled electro-catalytic electrode.

4.3 Covering layer

The deposition of a thin (2-3 nm) covering YSZ layer leads to a suppression of the oxygen
adsorption and decomposition. Additionally, the deposition of the covering layer leads to an
increase of the amount of nanosize Ni grains located in the near interface boundary porous
region between the grains of NiO and YSZ. As a result, electrochemical reactors with the
functional multilayer electrode show much better selectivity for NO gas decomposition even
with respect to the electrochemical cells with electro-catalytic electrode but without a
covering layer.
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To optimize the characteristics of the electrochemical cells with multi-layer electrode, we
have carried out the investigations of rate of NOx decomposition depending of the upper
layer microstructure. Our investigations has shown that the best characteristics of the cells
for selective NO decomposition can be reached for the electrochemical cells with the thin
upper YSZ layer (2-3 pm) sintered at temperature 1450°C.

SH 32.2 3-th layer
Fig. 15. TEM images of the structure of the covering YSZ layer sintered at 14500C.

The transmission electron microscopy investigations of the upper layer and of the electro-
catalytic electrode were carried out on a JEOL 4000 FX microscope. Foils for the electron
microscopy investigations were prepared by mechanical polishing followed by ion milling.
The structure of the upper YSZ layer sintered at temperature 1450°C is shown in Fig.15. This
figure shows some typical microstructures of the upper layer. It is seen that upper layer is
porous and that the pores form channels with a size of 200-500 nm, or they have ellipsoidal
shape with a size 50-100 nm.

The structure of the electro-catalytic electrode in the electrochemical cell with multi-layer
electrode is shown in Fig.16. This figure shows a typical structure of electro-catalytic
electrode after the cell operation. Data of chemical composition of this structure obtained by
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EDS method are also displayed in the same figure. From Fig.16 it is seen that the structure
consists of NiO, Ni and YSZ grains. The Ni grins are located in the near interface boundary
porous region between the grains of NiO and YSZ. From above consideration it follows that
this structure is the same as a structure of the field-quenched electro-catalytic electrode in
the cells without upper layer (Aronin et al., 2005; Bredikhin et al, 2006). It is obvious that
deposition of the upper layer leads to suppressing of the oxygen gas adsorption and to an
increase of the concentration of the oxygen vacancies in the YSZ grains. As the result both
the rate of the reduction of the NiO to Ni and of the amount of new Ni grains increase in the
YSZ/(Ni-NiO) interface region. Therefore the electrochemical cells with multi-layer
electrode should show a much higher selectivity for NOx gas decomposition in the presence
of excess oxygen than all known cells.

0. 5 U

Fig. 16. TEM image of the structure of the electro-catalytic electrode (A) and the chemical
composition of this structure obtained by EDS method (B).

One more important advantage of the electrochemical reactor with multi-layer electrode
should be discussed. Our investigations have shown that electrochemical cells with multi-
layer electro-catalytic electrode effectively operate even at low concentration of NOx (300-
500 ppm) and at the high concentration of oxygen (10%) in the exhaust gas. In Fig.17 the NO
conversion is plotted as a function of the current for one compartment electrochemical cell
with multi-layer electrode at different concentration of NO (500 ppm or 1000 ppm) and
oxygen (2% or 10%) at a gas flow rate 50 ml/min and at temperature 560°C. From this figure
it is seen that the decrease of the NO concentration from 1000ppm to 500ppm leads to the
two times decrease of the value of the current required for 30% NO decomposition for both
2% and 10% of oxygen in the gas mixture. Direct proportion between NO concentration in
the exhaust gas and the value of the current required for NO decomposition confirms our
proposal that the process of NO gas adsorption and decomposition is practically
independent of the oxygen gas adsorption and decomposition. Additional we should
mention that increase of the oxygen content in the investigated gas from 2% to 10% at fixed
NO concentration leads to the 1.5 times increase only of the value of the current required for
NO decomposition. This result shows that the oxygen adsorption and decomposition in the
electrochemical cells with multi-layer electrode is suppressed. In accordance with above we
can conclude that new type of electrochemical reactor with multi-layer electro-catalytic
electrode can be used for effective NO decomposition even in the presence of high oxygen
concentration.
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Fig. 17. The dependence of NO conversion on the value of the current for electrochemical
cells with multi-layer electro-catalytic electrodes in the presence of 2% of Oxygen (-@®-
500ppm and -O- 1000 ppm of NO gas) and of 10% of Oxygen (-M- 500 ppm and -[1-
1000ppm of NO gas).

The design of the self-assembled electrode with two kinds of active sites provides a way to
suppress the unwanted reaction of oxygen gas adsorption and to increase many times the
desirable reaction of NO gas decomposition. For the first time, an electrochemical cell with
multi-layer electro-catalytic electrode for selective NO decomposition in the presence of
excess oxygen (10%) operating at a low value of electrical power was designed. These
results indicate that electrochemical reactors with multi-layer electro-catalytic electrode can
be used for practical applications.

5. Intermediate and low temperature electrochemical reactors with multilayer
functional electrode

In 2006 K.Hamamoto et.al. (Hamamoto et.al., 2006, 2007) proposed to use an electrochemical
rector with multilayer functional electrode for intermediate temperature operation. The cell
performance represented on (5b) was used for intermediate temperature operation.

8YSZ (8 mol % Y203-doped ZrO,), 10YSZ (10 mol % Y»Os-doped ZrO,) and ScCeSZ (10 mol
% Sc203 and 1 mol % CeOr-doped ZrO2) were selected as solid electrolytes. The electro-
catalytic electrodes with compositions NiO-8YSZ, NiO-10YSZ and NiO-ScCeSZ (with 55
mol % of NiO) were deposited on the surface of 8YSZ, 10YSZ and ScCeSZ solid electrolyte
disks, respectively. Figure 18 shows the values of current efficiency (n) plotted as a function
of applied voltage for such electrochemical reactors operated at 475°C. The value of
selectivity (vsel) of such reactors for NO gas molecules decomposition is also displayed in
Fig. 18 (Hamamoto et.al., 2006). From Fig.18 it is seen that in electrochemical reactors with
electro-catalytic electrodes the probability for NO gas molecules to be adsorbed and
decomposed is at least 5 times higher than for oxygen gas molecules.
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Fig. 18. Dependence of current efficiency for NO decomposition and NO/O; selectivity on
operating voltage at 475°C.

In 2008 K.Hamamoto et.al. (Hamamoto et al., 2008) proposed to use an electrochemical reactor
with additional NOx adsorption layer deposited on the top of the multilayer electro-
catalytic electrode. Such type of cell can be represented by following cell arrangement:

NOx adsorbent | (Covering layer | Cathode |Electro-catalytic electrode) | YSZ| (Anode)  (18)

The authors (Hamamoto et al., 2008) tested three systems which are generally used as NOx
adsorber catalyst. The Pt/K/AI203, Pt/Na/AlI203 and Pt/Cs/ Al203 adsorbents were
prepared from a Al1203 (Merck, p.a., specific surface area = 10 m2 g-1) support suspension
in water, to which a solution containing KNO3 (NaNO3, CsNO3) and with aqueous
solutions of platinum nitrate (Pt(NO3)2) was added, in order to obtain a load of 10 wt% of K
(Na, Cs) and 3 wt% of Pt. The mixture was heated while being vigorously stirred until a
paste was achieved, which was dried in an oven for 24 h at 200°C and crushed and calcined
at 600°C for 2 h.

To clarify the capability of a NOx adsorption layer on the multilayer cathode, K.Hamamoto
et.al. (Hamamoto et al., 2008) carried out the NOx decomposition measurements of the YSZ
based cells with and without a NOx adsorbent at a fixed operating voltage, U=2.5 V, on the
cells under various O2 concentrations at 500°C by passing a mixed gas with 1000 ppm of
NO in He through the cell at a gas flow rate of 200 ml/min (Fig. 19). As a result, NOx
adsorption layers have improved the NOX decomposition properties though the current
values of each cell were almost the same.

From Fig.19 it is seen that the values of current efficiency (n) for electrochemical reactor with
the Pt/K/Al203 adsorbent are four - five times higher compared with the reactor without
adsorbent. The values of current efficiency in such reactors increase up to 20% and the
values of the NO/O; selectivity up to 25 (Fig.20). Additionally we should mention that such
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electrochemical reactors effectively decompose NOx even at low temperature range
(<300°C).

100 —O—without adsorbent
[~ " T 7 | —@—K-Pt-AlLO-Pt-Al,O; [T ]
L —=— Na-Pt-Al,0, —20
? 80 ; _._CS-Pt-A|ZO3 ?
S >
5 ool 115 3
@ N o
S ©
L b
g 40 | 410 ©
O B 1 T
() [}
© S ] =
') L 1 S
2 20 O‘\\\:‘@ P e
ol v v 1o

0 2 4 6 8 10
Oxygen concentration (%)
Fig. 19. Dependence of NO decomposition and of the value of current efficiency on the O,

concentrations for the YSZ based electrochemical reactor with and without a NOx adsorbent
at 500°C.
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Fig. 20. Dependence of NO/O; selectivity on the O, concentrations for the YSZ based
electrochemical reactor with and without a NOx adsorbent at 500°C.
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6. Conclusion

It was shown that the electrochemical reduction of nitric oxide in an atmosphere containing
excess oxygen is not effective due to the low selectivity of the cathode materials. To
solve the problem of effective electrochemical reduction of nitric oxide in the presence of the
excess oxygen S.Bredikhin et al. (Awano et al., 2004b; Bredikhin et al., 2001a, 2001b) proposed
the concept of artificially designed multilayer structure which should operate as an
electrode with high selectivity. Our investigations have shown that substitution of
traditional cathodes by the multilayer electro-catalytic electrode with an electrochemically
assembled nanostructure leads to a dramatic decrease in the value of the electrical power
required for NO decomposition. It was shown that multilayer electro-catalytic electrode
should consist at list from three main functional layers: Cathode; Electro-catalytic electrode;
Covering layer, in order to operate as an electrode with high selectivity. In 2008 K.Hamamoto
et.al. (Hamamoto et al., 2008) proposed to use an electrochemical reactor with fourth
additional NOx adsorption layer. The values of current efficiency in such reactors increase
up to 20% and the values of the NO/O; selectivity up to 25. These results indicate that this
new type of electro-catalytic reactor can be used for practical applications. From our point of
view, such systems should substitute traditional catalytic systems for exhaust gas
purification.
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1. Introduction

Arsenic is one of the most feared contaminants because of its high toxicity at low
concentrations. Exposure to high levels of arsenic can cause problems in humans ranging
from gastrointestinal symptoms to arsenicosis. Once this element is dissolved in water and
is ingested, it is accumulated in the body. Contamination of groundwater with arsenic is one
of the major environmental and public health problems on a global scale (NRC, 1999).

The World Health Organization guideline has established a concentration of 10 pg 1 as the
maximum residue limit for arsenic in drinking water (WHO, 2004). Well-known arsenic
contaminated regions include Bangladesh, India and other countries. In Mexico, sources of
drinking water exceeding 10 pg 1 have been found in Baja California Sur, Chihuahua,
Coahuila, Durango, Zacatecas, Hidalgo, Morelos, Guanajuato, Sonora and San Luis Potosi
(Camacho et al., 2011). In Spain, the presence of naturally occurring arsenic in groundwater
has been reported in the sedimentary Duero and Tajo Cenozoic basins, located in central
Spain (Garcia-Sanchez et al., 2005; Gémez et al., 2006; Vega et al., 2008) .

Arsenic is usually distributed as water soluble species, colloids, suspended forms and
sedimentary phases. Mobilized arsenic is most likely transported by water and accumulated
in downstream river sediments as a result of the great affinity of arsenic to iron rich phases.
The most common sources of non-naturally arsenic worldwide arise from the presence of
alloys used in manufacture of transistors, laser, semi-conductors and mining industry
(Smedley & Kinniburgh, 2002).

There are more than 20 arsenic compounds identified in environmental and biological
systems (Gong et al., 2002). The dominant forms of arsenic present in the environment are
As(IIl) (arsenite) and As(V) (arsenate) (Mondal, 2006). As(IIl) binds to sulfhydryl groups
impairing the function of many proteins and affects respiration by binding to the vicinal
thiols in pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase. As(V) is a molecular
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analogue of phosphate and inhibits oxidative phosphorylation, the main energy generation
system. As(V) is most frequently present in surface water while As(Ill) is commonly found
in anaerobic groundwaters. Redox potential, pH and organic matter control the species
present in water.

To determine the potential transformation and risk of arsenic in the environment, the
analysis of arsenic should include identifying and quantifying both, the total quantity of
arsenic present and the specific chemical forms, a procedure known as speciation (Bednar et
al., 2004; Burguera & Burguera, 1997; Gong et al., 2002).

2. Arsenic speciation

In-house laboratory assays are generally required to accurately measure arsenic in
environmental samples at the pg I level in waters. The preferred laboratory methods for
measurement of arsenic involve sample pre-treatment, either with acid addition or acidic
digestion of the sample. Pre-treatment transfers all the arsenic in the sample into an arsenic
acid solution, which is subsequently measured using techniques such as graphite furnace
atomic absorption spectroscopy (ETAAS), atomic fluorescence spectrometry (AFS),
inductively coupled plasma atomic emission spectrometry (ICP-AES), inductively coupled
plasma-mass spectrometry (ICP-MS), high performance liquid chromatography (HPLC)
coupled to ICP-MS, X-ray fluorescence (XRF), neutron activation analysis (NAA) and
capillary electrophoresis (CE) (B'Hymer & Caruso, 2004; Burguera & Burguera, 1997; EPA,
1999; Gong et al., 2002; Melamed, 2005).

The most commonly used speciation techniques often involve a combination of
chromatographic separation with spectroscopic detection. HPLC is the most used in the ion-
pairing and ion exchange modes (B"Hymer & Caruso, 2004; Gong et al., 2002). Such techniques
are expensive to operate and maintain and require fully equipped and staffed laboratories.

Anion- and cation-pairing chromatography techniques have been developed for separation
of arsenic species. Tetrabutylammonium is the common pairing cation for separating As(III)
and As(V) using reverse phase columns for the separation. The resolution depends on the
concentration of ion-pair reagent, the flow rate, ionic strength and pH of the mobile phase
(Guerin et al,, 1999). Anion-exchange chromatographic techniques have been used for
inorganic arsenic speciation analysis. A gradient elution using ammonium phosphate as
mobile phase allows the resolution of As(Ill) and As(V) from organoarsenic species
(Terlecka, 2005). Speciation of trace levels of arsenic in environmental samples requires high
sensitivity, then the use of HPLC-MS with electrospray ionization, or HPLC-ICP-MS are
often needed (B'Hymer & Caruso, 2004).

On the other hand, electrochemical assays, in particular stripping analysis, have
demonstrated to be useful for detection of arsenic traces in water samples. Cathodic
stripping voltammetry (CSV) or adsorptive cathodic stripping voltammetry (AdCSV) using
hanging mercury drop electrodes (HMDE) was used in the past for arsenic analysis (Ferreira
& Barros, 2002; Sadana, 1983). In the last years the analytical use of mercury has been
discouraged due to its toxicity. Different materials have been reported for the determination
of arsenic, including platinum (Williams & Johnson, 1992), gold (Forsberg et al, 1975),
bismuth (Long & Nagaosa, 2008), carbon substrates (Sun et al., 1997) and boron doped
diamond (Ivandini, et al. 2006).
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Anodic stripping voltammetry (ASV) provides an alternative technique for measuring
inorganic arsenic in water samples. ASV at gold film electrodes (Sun et al. 1997) or solid
gold electrodes (Kopanica & Novotny, 1998) have been extensively used for inorganic
arsenic speciation as they allow to determine separately As(III) and total As. The analysis by
ASV involves three major steps (Figure 1). First, the electrode surface is conditioned for
analysis (cleaning the surface of the solid electrode and/or plating a gold film). The As(III)
is then deposited as elemental arsenic on the working gold electrode by electrochemical
reduction. After the deposition step, the elemental arsenic is electrochemically oxidized
(stripped) back to As(Ill). As(V), the most stable form of the element in oxidizing
environments, is determined after chemical or electrochemical (Mufoz & Palmero, 2005)
reduction to As(Ill), total As is then determined and As(V) is calculated by difference
between total As and As(IlI). The Environmental Protection Agency (EPA) has approved an
analytical method (EPA, 1999) for arsenic determination in water samples based on the use
of ASV at gold film electrodes.
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Accumulation step
M™ + ne — M
Edeposition =
Time

Current

Potential

Fig. 1. Anodic stripping voltammetry: the potential-time waveform with the resulting
voltammogram.

The remarkable sensitivity, broad scope and low cost of stripping analysis have led to its
application in the determination of arsenic in water, soils and food samples. From early
years of stripping analysis two main different research areas have been considered. The use
of microelectrodes and disposable electrodes (Gibbon et al., 2010), and the development of
hyphenated techniques using flow manifolds (Economou, 2010). On-line stripping analysis
using flow analysis has demonstrated the viability and potentialities of this coupling such
as: a) lower consumption of sample and reagents, b) higher precision and accuracy and c)
higher degree of automation.
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3. On-line stripping analysis

Flow analysis methodologies are based on the measuring of a transient non-steady signal,
allowing a high sampling rate without the need for segmentation to limit analyte dispersion.
This concept has simplified the measuring systems, and has resulted in a rapid increase in
the interest of these techniques (Ruzicka & Hansen, 1988).

Continuous flow methodologies are the common approach for analysis by flow systems
coupled to stripping analysis. This coupling mode uses a selection valve (SV), different
streams of solutions are selected by the valve and pumped unidirectionally through the
electrochemical flow cell for electrode modification/conditioning, pre-concentration and
stripping (Fig.2). On-line medium exchange is an alternative to minimize the interference of
the analytical matrix. The continuous flow mode is based on simple instrumentation, but its
greatest drawback is the high consumption of sample and reagent solutions (Mufioz &
Palmero, 2004).
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Fig. 2. Continuous flow system. S, sample; CS, conditioning solution; SS, stripping solution;
PP, peristaltic pump; SV, selection valve; D, electrochemical flow cell; W, waste.

Flow injection analysis (FIA) is based on the injection of a known amount of sample in a
flowing carrier solution stream via an injection valve (IV); the flowing carrier transports the
sample to the detector. The main advantages of FIA compared with continuous flow
systems are the operational simplicity and the lower consumption of sample and carrier
(Bryce et al., 1995). However, the reduction in the amount of analyte deposited on the
electrode surface as a result of the decrease in the contact time between the sample and the
working electrode and the dispersion of the sample in the flow manifold results in a
decrease of the analytical signal. A typical FIA system is illustrated in Fig. 3.

Sequential injection analysis (SIA, Fig. 4.) is other flow methodology that has been coupled
to on-line stripping analysis. The heart of SIA manifold is the multiport selection valve;
solutions are aspired and transported as zones using a bidirectional pump. SIA advantages
are the low consumption of sample and reagents, the flexibility and the potential for
automated sample manipulation (Ivaska & Kubiak, 1997). The sample volumes used in SIA
are smaller than those employed for continuous flow systems and FIA, the amount of
analyte deposited is lower, thus yielding a decreased signal.
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PP

CS

Fig. 3. Flow injection analysis system. a) insertion of S into CS, b) dispersion phenomena. S,
sample; CS, carrier solution; PP, peristaltic pump; IV, injection valve; R, reactor; D,
electrochemical flow cell; W, waste.

Fig. 4. Sequential injection analysis system. a) sample and reagents aspiration, b) mixture
dispense. CS, carrier solution; LR, loading reactor; SV, selection valve; S, sample; R1 and R2,
reagents; RR, reaction coil; D, electrochemical flow cell; W, waste.

Another critical part of flow methods is the detector (electrochemical flow cell). An
electrochemical detector uses the electrochemical properties of analytes for determination in
the flowing stream. Electrochemical detection is usually performed by controlling the
potential of the working electrode at a fixed value and monitoring the current as a function
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of time. The current response thus generated is proportional to the concentration of the
analyte. During on-line stripping analysis the analyte is pre-concentrated on the surface
electrode in flowing conditions, whilst the stripping step can be done in flowing conditions
or stopped flow (Economou, 2010).

Different cell designs have been used for electrochemical detection. The cell design must
fulfil the requirements of high signal-to-noise ratio, low dead volume, well defined
hydrodynamics, small ohmnic drop, high contact area and easy of construction and
maintenance. In addition, the reference and counter electrodes should be located
downstream next to the working electrode, so that reaction products at counter electrode or
leakage from the reference electrode do not interfere with the working electrode detection.

The most widely used detectors are based on the walljet, thin-layer, and tubular
configurations (Fig. 5.) (Trojanowicz, 2009):

. inlet-
inlet outlet outlet inlet inlet

|

I_ outlet ~— ‘—. inlet —
WE WE WE WE
T

(@) (b) ()

Fig. 5. Schematic representation of front and side view of electrochemical flow cells
configurations. a) thin-layer, b) wall-jet and c) tubular. WE, working electrode.

In the wall-jet design, the stream flows perpendicularly to the working electrode surface,
and then spreads radially over it improving the contact between the analyte and the
electrode. The thin-layer cell consists on a thin layer of solution that flows parallel to the
planar electrode surface, the main disadvantage is the small contact area. Tubular
configuration provides minimal flow disturbance and a higher contact area, compared with
thin-layer configuration. This feature has enabled the application of tubular configuration in
flow injection systems with sequential determination in which the detector is relocated
inside the flow manifold (Catarino et al., 2002).

4. Experimental conditions
4.1 Reagents, equipment and analysis

All solutions were prepared by dissolving the respective analytical grade reagent in
ultrapure water (Milli Q, Millipore) with a specific conductivity lower than 0.1 uS cm?, and
used without further purification.

A stock solution of 1000 mg 1t As(V) was prepared by dissolution of NaxHAsO,-7H>O
(Panreac, Spain) in water and acidified with concentrated HCI (0.1% v/v). A stock solution
of 1000 mg 11 As(Ill) was prepared by dissolving As;Os (Sigma, St Louis, MO, USA) with
NaOH 1x10-2M (Panreac) and then acidified to pH 1 with concentrated HCI (Panreac). Stock
solutions were renewed weekly. Standard solutions of As(V) and As(Ill) of concentrations
ranging from 0 to 50 pg 11 were prepared daily by dilution of the respective stock solution.
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L-cysteine 1x103 M (HOOC-CH(NH,)-CH>-SH, Sigma) was used as reducing agent. A
supporting electrolyte solution of 2.0 M HCI was used for all the experiments.

Figure 6 shows a scheme of the sequential injection anodic stripping voltammetry system
(SI-ASV) used for inorganic arsenic speciation in water samples. The system consisted of a
MicroBu 2030 multisyringe burette with programmable speed (CS, Crison, Spain) used to
aspire and dispense the reagent solutions, an eight-way selection valve (SV, Crison), a
home-made tubular electrochemical cell (D), and a mixer chamber (MC).

The tubular electrochemical detection cell was made up of a Perspex body in which working
and auxiliary electrodes were placed. These electrodes were built from gold and carbon
discs (7.0 mm diameter) with length of 1.0 and 2.0 mm, respectively. Both have a tubular
channel (0.8 mm diameter) in the centre of the electrode. These electrodes were used in
connection with a saturated Ag/AgCl reference electrode (Metrohm, Switzerland). The
instrumental devices were controlled by means of the Autoanalysis 5.0 software (Sciware,
Spain). All tubing connecting the different components of the flow system was made of
Omnifit PTFE with 0.8 mm (i.d.). Electrochemical experiments were performed with an
Autolab PGSTAT10 potentiostat/galvanostat (EcoChemie) equipped with GPES 4.6
software. Unless otherwise stated, a frequency (f) of 25 Hz, pulse amplitude (Esw) of 50 mV,
step height (AEs) of 8 mV, and deposition potential (Eq) and time (tq) of —0.4 V for 40 s were
chosen as the square wave anodic stripping voltammetry (SWASV) parameters. A
conditioning potential and time (2 s at 2.0 V) was added to increase the reproducibility
(Kopanica & Novotny, 1998).

SV

92}

5 "
ébular electrochemical "-,"-I \

cell

Fig. 6. Schematic set up of the SI-ASV flow system: CS, carrier solution; R1, holding coil; R2,
reaction coil; SV, selection valve; R, reductant ; S, sample; MC, mixer chamber; D, detector;
W, waste. Components of the electrochemical cell: a, reference electrode; b, tubular gold
electrode; ¢, glassy carbon counter electrode; d, connector, e, O-ring.
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4.1.1 Sampling

500 ml polyethylene bottles were conditioned by filling them with 2% v/v HNOs for at least
three days. Once in the sampling site, bottles were rinsed several times with the water to be
collected. Groundwater samples were obtained from deep and shallow wells in the area of
Tierra de Pinares (Segovia, Spain), affected by arsenic contamination of aquifers. The well
was pumped for at least 10 min before a water sample was collected. Bottles were
completely filled with the sample to minimize the oxidation of As(IIl) by air. Inmediately
after sampling, the bottled water samples were acidified with HCl (pH<2), wrapped in
hermetic plastic bags, and transported to the laboratory in iceboxes. Water samples were
stored not longer than one week at 4°C prior analysis.

4.1.2 Analytical cycle

Initially, a 0.4 ml sample aliquot and a 0.2 ml of the reductant (L-cysteine, R-SH) are
aspirated sequentially to the holding coil (R1). The resulting solution is directed towards the
mixer chamber MC at 1.2 ml min?! (50 s), and is allowed to stand for 2 minutes to reduce
chemically As(V) to As(III) according to the following reaction:

2R-SH + As(V) — RS-S-R + As(lll) + 2H* 1)

Simultaneous to the reduction of As(V) to determine in a second step total As, the
measurement of As(IIl) was carried out. The sample was introduced in the system using a
binary sampling strategy consisting on intercalation of multiple small sample segments of
50 pl (aspirated to S channel) with small segments (50 pl) of carrier solution (dispensed by
CS to R2). The total aspirated volume was therefore 400 pl of sample and 250 pl of carrier
solution. The binary sampling strategy creates multiple reaction interfaces which contribute
to a faster homogenization of the sample media. The sample mixture is then propelled
towards the electrochemical cell by the CS at a flow rate of 0.6 ml min! to be
electrochemically deposited (40 s at -0.4 V).

As(IIl) + 3 & — As? ©)

After deposition of elemental arsenic, 2.0 ml of the carrier solution are pumped through the
detection cell at a flow rate of 30.0 ml min-l. The elemental arsenic is then stripped off in
stop flow mode using the CS as clean medium under the SWASV parameters mentioned
above. The exchange of the sample solution by the CS electrolyte solution minimizes the
interference produced by the chlorine generated at the auxiliary electrode (Billing et al.,
2002).

As0 — As(III) + 3e ©)]

For total As determination, the solution contained in the mixing chamber (port 4) is now
aspirated to R1 and then propelled through the detection cell at a flow rate of 1.2 ml min?
(40 s). The resulting As(IIl) (sum of As(IIl) plus reduced As(V)) is then electrochemically
reduced and stripped in a clean medium as described for As(Ill). The As(V) is then
determined as the difference between total As and As(III).



Sequential Injection Anodic Stripping Voltammetry
at Tubular Gold Electrodes for Inorganic Arsenic Speciation 211

5. Results and discussion
5.1 Optimization of the SI-ASV system for inorganic arsenic speciation

The optimization of the variables is a critical step in the design of new analytical methods.
Optimization involves the selection of the chemical and instrumental factors which may
affect the analytical signal, and the choice of the values of the variables to obtain the best
response from the chemical system. For this purpose, two different strategies can be used. In
the traditional univariate optimization, all values of the different factors except one are
constant, and this one is the object of the examination. The alternative to this strategy is the
use of chemometric techniques based mainly on the use of experimental designs (Tarley, et
al. 2009).

Factorial designs are used to identify the significant variables (factors) affecting the selected
response and as a tool to explore and model the responses as a function of these significant
experimental factors. Two-level full factorial designs are a powerful alternative to find the
adequate experimental conditions to produce the best response of the chemical system. This
type of design fits the response to a linear model. For a two-factor case, the response surface
is given by the linear model:

¥ =by +b1xy +byx, +bypxyx, 4)

If the interaction term bixx;x; is negligible, then the response surface is planar. The more
important the interaction term, the greater is the degree of twisting that the planar response
surface experiences. Chemometrical optimization commonly uses the following procedure:
a) choose a statistical design to investigate the experimental region of interest, b) perform
the experiments in random chronological order, c) perform analysis of variance (ANOVA)
on the regression results so that the most appropriate model with no evidence of lack of fit
can be used to represent the data.

The factors investigated that could affect the response for As(Ill) and total As
determination are listed in Table 1. Two levels for each factor were selected for a complete
factorial design (replicates, i.e., 23+1) allowing to identifying the critical factors. Sixteen
experiments were performed in random order for each of As(Ill) and total As
optimization. The optimal values obtained for factors B and C from the optimization of SI-
ASV for As(IIl) were fixed for total As determination, and new factors related to the prior
reduction of As(V) were included in the second design of experiments. The current of the
stripping peak of arsenic (in pA) using a 10.0 pg 1-1 standard of arsenic was selected as the
response to be optimized.

The flow rate is critical in on-line stripping methods, as it controls the dispersion between
the sample and the carrier solution. This factor and the deposition time contribute to the
amount of analyte deposited on the electrode surface. With respect to the reaction coil
length, it has to be sufficiently long for loading and pre-treatment of sample previous to the
deposition step. In addition, for total As determination the chemical parameters such as
reduction time and reducer concentration must guarantee the complete reduction of the
As(V) contained in the sample to As(III).
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Analyte Variable Level "
A. Flow rate (ml min-1) 0.6 1.2

As(III) B. Deposition time (s) 20 40
C. Reaction coil length (cm) 40.0 80.0
A. Flow rate (ml min-1) 0.6 1.2

Total As B. Reduction time (s) 120 300
C. [L-cysteine] (M) 1x103 1x102

Table 1. Selected levels of each variable for the analysis of As(III) and total As.

The design matrix and mean values obtained for the peak height of the 10.0 nug I arsenic
solution are provided in Table 2.

Mean peak height (uA) and %RSD

Exp A B C

As(III) Total As
1 - - - 2.14(5.29) 0.63(1.13)
2 - - + 13.35(1.59) 0.66(9.72)
3 - + - 5.58(7.35) 0.70(5.09)
4 + - - 7.26(2.53) 3.99(2.84)
5 - + o+ 12.20(1.16) 0.73(6.83)
6 + + - 4.41(3.05) 4.01(1.06)
7 + - + 9.53(2.67) 3.30(7.29)
8 + + o+ 8.89(1.03) 3.06(2.08)

Table 2. Design matrix and experimental results (mean and RSD, in brackets; n=2). A, B and
C asin Table 1.

An Analysis of Variance of the results of the experimental design revealed the mean effect of
each factor on the stripping signal (Table 3). In turn, these values enabled to calculate the
variance of each factor using the Yates algorithm (column 3) (Massart, et al. 1997). By
comparing the variance shown by each factor with the variance of the residuals, a Fischer F-
test was then performed for each source of variation.

The F-test indicated that, at a significance level of p=0.05, the critical factors for As(III)
determination were the deposition time, the length of the reactor R2 and the binary
interactions flow rate-deposition time and flow rate-reaction coil length. The significance of
the binary interactions is a consequence of the influence of both factors in the correct
mixture of the sample solution and the electrolyte support solution. On the other hand, for
total As determination, the variable with major contribution was the flow rate.

Figure 7 shows the effect of the control factors on the peak height of the stripping signal,
among which the reaction coil length and the flow rate are the most important factors for
As(IIl) and total As determination, respectively. Based on the results shown in Fig. 7, the
combination of settings that generates the highest peak height was selected and is shown in
Table 4.
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As(IIT) Total As
Factor - -
Effect Variance  Feculated Effect Variance Feuculated
A -0.80 254 6.86 291 33.96 403.08*
B 292 34.13 91.98* -0.21 0.17 2.07
C 6.15 151.04 407.02* -0.40 0.63 7.45
AB -1.45 8.38 22.58* -0.09 0.03 0.40
AC -2.77 30.69 82.70* -0.43 0.73 8.63*
BC -0.60 1.42 3.82 -0.07 0.02 0.21
ABC 1.70 11.56 31.15* -0.07 0.02 0.21
Residual 0.37 0.08

Table 3. ANOVA of the results of the experimental design showing the factors and/or
interactions affecting significantly the peak height (Fearculated™>7.57 at 95% confidence level, in

bold). A, B and C as in Table 1.
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Fig. 7. Effect of control factors on the mean peak height of the stripping signal. (——) As(III)
and ( - - -) total As variables. A, B and C meaning as in Table 1. In circles the optimal level

for each factor.

Analyte Variable Value
A. Flow rate (ml min-t) 0.6
As(II) B. Deposition time (s) 40
C. Reaction coil length (cm) 80.0
A. Flow rate (ml min-t) 1.2
Total As B. Reduction time (s) 120
C. [L-cysteine] (M) 1x102

Table 4. Optimized experimental conditions of SI-ASV system for inorganic arsenic

speciation in water samples.
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5.2 Analytical properties of the optimized flow system

Calibration plots for As(Ill) and total As (added as As(V)) were obtained in the experimental
conditions described in Table 4. Three replicate measurements of each standard As solution
were made and average values were used for calculations. A linear dependence of the
height of the stripping signal with the injected concentration of arsenic was found in the
concentration range 2-40 pg 11 for both total As and As(III) (Fig. 8.).
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Fig. 8. SW-voltammograms for As(Ill) standards obtained by SI-ASV in 2M HCl.

The limit of detection calculated according to the IUPAC criterion as 3s./bi, where s, is the
square root of the residual variance of the calibration plot and by is the slope, resulted in
values of 1 pg I for As(IIl) and 2 pg I for total As. These limits of detection are adequate to
assess the compliance of the method with the maximum tolerable levels for As in drinking
water (WHO, 2004).

The reproducibility of the procedure, expressed as relative standard deviation of six
replicate determinations of a water sample containing 5.0 and 30.0 nug It of As(IlI) and total
As, were 3.6 and 7.6% respectively. The regression parameters of both regression lines are
tabulated in Table 5.

Parameter As(IIT) Total As
Square root of residual variance, se 0.60 0.63
Determination coefficient, R2 0.99 0.99
Intercept confidence interval, bott s(bo) 0.43+0.46  0.50+0.52
Slope confidence interval, bi£t s(b;) 1.2740.03  1.24+0.04
Linear range (ug 1) 3-40 6-40
Limit of detection (ug 1) 1 2

Table 5. Regression parameters of the calibration plots of peak current (in pA) vs. arsenic
concentration (in pg 1)
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. Electrode = Working Eq (V), ta 1

Technique geometry electrode () LOD (ug 1) Reference

Continuous Wall-jet Gold 030,300 0.15 Kopanica & Novotny,

flow 1998

Continuous . . Huang & Dasgupta,

flow Thin layer  Gold film -0.2, 80 0.5 1999

g(‘)’jvtm“ous Wall jet Gold film -0.65,60 100 Billing et al. 2002

Continuous . . Muiioz & Palmero,

flow Wall jet Gold film -0.1,120 0.55 2004

Continuous pp;n e SO 04 600 025 Majid et al. 2006

flow nanoparticles

SIA Tubular Gold -0.4, 40 1.0 This work

Table 6. Compilation of on-line stripping techniques for As(III) determination.

Listed in Table 6 there are some methods designed for on-line ASV determination of As(III).
Sample introduction by continuous flow is the main strategy used for on-line ASV. This
tendency is related with the effort to increase sensitivity by increasing the amount of sample
used. Tubular electrodes have higher contact area; this characteristic, in combination with
the use of binary sampling strategy, generates a robust and sensitive flow system which is
competitive with other flow systems proposed, but using less sample volume and shorter
deposition time.

The developed flow system was applied to the determination of the inorganic species of
arsenic in groundwater samples originating from Tierra de Pinares (Segovia, Spain) as
described in the Experimental section. Five replicate determinations of both total As and
As(IIl) were carried out on each sample by the standard additions method. Results are
displayed in Table 7. Total As was also determined in samples by electrothermal atomic
absorption spectrometry (ETAAS) for comparison.

Sample SI-ASV system ETAAS

As(III) As(V) total As | total As
1 12 24 36 30
2 37 16 53 57
3 18 19 37 39
4 41 96 137 127
5 21 17 38 38
6 44 120 164 174
7 14 4 18 24
8 116 104 220 218
9 75 85 160 164
10 42 84 126 129

Table 7. Contents (mean, n=5) of As(III), As(V) and total As, determined in groundwater
samples by the proposed SI-ASV system, and comparison between total arsenic
concentrations determined by SI-ASV and ETAAS. Concentration units, pg I-1.
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For each groundwater sample, average total As concentrations determined by both methods
were compared by means of a paired t-test. Calculated ¢ value was compared with the
tabulated t value for 9 degrees of freedom and a significance level of p=0.05 (t=2.26). The
calculated t value (1.00) is lower than the tabulated one, thus the null hypothesis that the
methods do not give significantly different values for the mean total As concentration is
accepted.

6. Conclusions

A sequential injection system with anodic stripping voltammetric detection for speciation of
inorganic arsenic has been exploited. The reagents consumption is minimal. Limits of
detection of 1 and 2 pg 11 for As(III) and total As can be achieved. The tubular configuration
of the working electrode, in combination with binary sampling strategy, was successfully
applied to determine As(Ill) and total As in groundwater samples without any pre-
treatment.

The LODs obtained for As(IlI) and total As were similar to those reported using continuous
flow as sample introduction method. The SI-ASV system uses 0.4 ml of water sample for
each determination, which is noticeably smaller than the sample amount reported using
other flow methodologies without loss of sensitivity.

The proposed SI voltammetric system is an alternative for cost-effective higher degree of
automation. The linearity and response achieved with the system makes it very suitable for
arsenic measurements in natural waters with usual concentrations. Samples with higher or
lower concentration can also be easily measured by varying the amount of sample aspirated
and/or the deposition time.
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1. Introduction

Pollution of top and subsurface soil, as well as underneath groundwater has been one of the
consequences of industrial activities; actually environmental professionals are facing a time
consuming issue when they look for potential solutions for heavy metals and organic
compounds removal. Although many soil remediation technologies are available,
electrokinetic processing has been an emerging technology offering advantages for a wide
variety of pollutants being either organic or inorganic; as well as its versatility of being
applied in soil wetting conditions ranging from unsaturated to saturated; one of the main
advantages of this technology is the fact that this process can be applied to low permeability
soils, like clays.

Initially electrokinetics was applied for soil consolidation, in this process water flux is forced
by an electrical field action, an approach to explain how it works is based on setting up a soil
structural change analysis based on modification of soil matrix, plasticity index and
crystalline state (Gray, 1970). For clayey soils it has been accepted that they behave like an
osmotic membrane, therefore it is important to understand how physicochemical factors
affect its response in regulating osmotic pressure into the soil matrix (Fritz, 1986). Another
report (Darmawan, 2002) reinforce the necessity of knowing how the solid matrix response
to the electric field, since obtained electrical current is function of electrolyte concentration,
buffering capacity, and chemical form of involved metals, these can be in either soluble,
electrostatically adsorbed, or surface complexed forms; also, metal migration is favored
when soil is dominated by clay minerals, otherwise migration is lowered when soil has a
high buffering capacity and/or high humic content, the last one acts like an additional
resistance to the current transference throughout the soil.

Electrokinetics as a remediation experimental procedure requires having a wetted soil in
which electrodes are inserted and terminals are connected to a power source. As soon as an
electric field is generated, electrode reactions take place producing protons (H*) at the anode
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and hydroxide (‘OH) at the cathode; concentration of these ions increases exponentially
creating and acid front which moves from anode to cathode, and a basic front moving from
cathode to anode; during its passage through the soil protons and hydroxides interact with
sorbed pollutants releasing them into solution. Soluble ion transport occurs by three
mechanisms: 1) Diffusion due to concentration gradients, 2) Convection due to fluid
movement and 3) Migration due to the electric field.

A sample of initial published results (Acar et al, 1994; Hamed et al, 1991; Khan & Alam,
1994; Kim et al, 2002; Pamucku et al 1990; Pamucku & White, 1992; Reddy et al, 1999) is
enough to claim that this method is highly efficient on restoration actions for clayey soils
having very low heavy metal concentrations, for which regular mining procedures would
result very expensive; although, for this method one of the minuses is the time required to
get metal removals above 90%. Most of these studies report soil characterization providing
information about: sand, clay, silt content; organic matter as well as hydraulic permeability.
Although, few reports have covered soil electrical resistance, which according to Vazquez et
al (2004), it could be used as a method for analyzing soil behavior in presence or absence of
an electrical field.

In order to improve the process and get shortening of experimental times, applied efforts
have covered a wide set of conditions. Some examples of reported research have addressed
for modifying pH and current density (Hamedé& Bhadra, 1997), chemical conditioning of
electrode wells (Reed et al, 1995; Murillo-Rivera et al, 2009), cation inclusion (Colleta et al,
1997), as well as addition of complexing (Yeung et al, 1996) and lixiviant agents (Cox et al
1996); another approach has been the inclusion of reactive barriers into the soil matrix
(Cundy & Hopkinson, 2005; Ruiz et al, 2011).

When treating PAHs (Polyaromatic Hydrocarbons) soil pollution it is important to care
about lateral effects like lowering the electroosmotic flow rate (EOFR), which can be
consequence of controlling pH at the electrode wells, by doing this an affectation of soil
and/or solution chemistry can be induced producing an accumulation at the neutral or
alkaline soil regions (Saicheck & Reddy, 2003). Another factor affecting EOFR derives from
surfactant inclusion, then it becomes necessary to evaluate if it is worthy lowering EOFR for
increasing PAHs removal (Kolosov et al, 2001). Also, pollutant mobilization should be
evaluated as a function of pH control and surfactant addition, since flow can occurs in
anodic direction (Ribeiro et al, 2005), or be enhanced in the cathodic direction.

Finally, organics and metal removal can be affected by geometry cell and flow direction, in
this sense a report about an upward electrokinetic soil remediation (Wang et al, 2007) points
out that removal efficiency is increased for organics when electroremediation cell is smaller
in diameter, or larger in height; otherwise for metals, removal is improved when the cell is
smaller in diameter or shorter in height.

Electrode materials are a key parameter to assure that electron transference takes place at
fast rates. Selection of materials should be based on thermodynamic and kinetic response, so
interface molecular interactions are fast enough to release the oxidant species. Also, it must
be considered aspects like mechanical, thermic and corrosion resistance; as well as the
procedures and solutions used in surface cleaning, pretreatment, and surface activation. In
this sense, materials which satisfy these requirements are: vitreous carbon, titanium,
stainless steel, platinum, gold and silver; but it must not be discarded that all materials can
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reduce its activity as experimental conditions favor metal deposition and so far electrode
passivation. Then, in order to increase active sites number, reduce passivation and increase
useful lifetime; some efforts had addressed electrode modification using oxide materials
such as Carbon | TiO,, Ti | SnO,-Sb, Ti | IrO,-TayOs, Ti ‘ RuO;. Electrodes prepared in this way
have been named Dimensionally Stable Anodes (DSA) and they have proven be effective in
organic degradation (Comminellis, 1994), because in addition to their high capacity to
generate hydroxyl radicals, they also are mechanically resistant to abrupt pH changes.

Titanium dioxide exists in three crystalline forms namely anatase, rutile, and brookite, from
which the first is the one exhibiting higher catalytic activity; which is highly dependent on
the surface specific area of the particulate form, a phenomena which is exemplified by Baiju
et al (2009), in their work they used anatase-TiO; in dye removal; these authors provide
evidence on how switching from a particulate form to nanotubes it results in a concurrent
change in the mechanism of dye removal from an aqueous solution. Although, other authors
(Yigit & Inan, 2009) have provided evidence on how a mixture anatase-rutile provides a
higher efficiency in humic acid mineralization.

In wastewater treatment use of Dimensionally Stable Anodes (DSA) made of a Ti mesh
covered with a film of iridium or tin has probed being an effective tool for organics
degradation while keeping its mechanical resistance (Leén et al, 2009); also, there is a
theory proposed by Comminellis (1991) in which it is shown that the iridium DSA posses a
highly reactive surface which directly oxidizes the substrate, at this respect an improvement
in oxidant activity is obtained when titanium mesh is covered with a film including a
mixture of oxides like Ir-Ta (Hu et al, 2002). Use of modified electrodes favors
electrocatalytic processes by supporting higher current densities and so far reducing the
corresponding oxidation potentials, because inner sphere mechanisms allow for hydroxyl
radicals generation at an interfacial level, by which there it is possible to increase organic
molecules decomposition reaching total mineralization levels. About the electrode matrix it
can be affirmed that DSA usually exhibit higher mechanical resistance because they are
prepared onto a rigid matrix, while the ones based on Reticulated Vitreous Carbon (RVC)
have higher reactive surface but a lower mechanical resistance.

Considering that few attention have been dedicated to the role that electrode material plays
on soil electroremediation, since a higher electrode activity would allow developing
conditions which could enhance pollutant removal, specially when the pollutant is an
hydrocarbon product. In this sense, this contribution presents results from two research
approaches in which it is tested how inclusion of a catalytic specie, like anatase (TiO») in a
reticulated vitreous carbon (RVC) or a titanium anode covered with IrO»-Ta;Os film will
help to improve occurrence of water electrolysis reactions; also, each experimental approach
allowed to elucidate the role played by materials used as anode and cathode, as well as the
influence exerted by additional resistance factors like electrode position in respect to the soil
interphase. Finally, it is an opportunity to test the theory by which it is expected an
enhancement of electrokinetic hydrocarbon removal as consequence of the higher electrode
activity.

Experimental work is organized as follows: 1) Electrodes made of Reticulated Vitreous
Carbon (RVC), in which anode was modified by inclusion of an anatase deposit (TiO), and
keeping constant a RVC cathode, this provides two combinations bare RVC electrodes and
RVC-TiO; anode with bare RVC cathode; 2) Anode made of a titanium plate covered with
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IrO,-Ta;Os, and two cathode materials carbon felt (CF) and titanium plate (Ti), plus a
variation of its position respect to the soil matrix. These experiments are described in the
following paragraphs.

2. Methodology

Results correspond to two independent experimental sets, so far methodology for each one
will be discussed in an independent section.

2.1 Anode modification

For this set of experiments soil was collected at 50 cm depth in an undisturbed site of
Guanajuato, México. Applying the ASTM D4318-10 methodology soil was characterized for
liquid (LL) and plastic (PL) limits, the water content difference between LL and PL provides
the plasticity index (PI), which is an indicator of soil response, because greater PI values
correspond to a soil which is more plastic and compressible and so far it exhibits greater
volume changes using LL and PI values on the plasticity chart (Helwany, 2007), can be
obtained a fast classification of soil type, providing an insight on the possible soil response,
before any electrical perturbation is applied. Also, textural classification was done following
the USCS-P13-B-2 procedure. This soil was artificially polluted by mixing it with a
phenanthrene solution, let stand overnight, and room temperature dried. Later on, it was
characterized for sorbed phenanthrene, which resulted in 12 mg Kg. For experiments
polluted soil was rewetted with deionized water.

This set of experiments considered electrodes made from 100 ppi (pores per inch) reticulated
vitreous carbon (RVC), impregnated with TiO; by a sol-gel method. Impregnating solution
was prepared dissolving metallic Ti in concentrated HCI; later on it was precipitated with
NH4OH, obtained product was filtered and washed before dispersing it into a 10% ethanol
solution; in this solution RVC pieces were immersed for 24 hours; after that, they were
dried and subjected to a 3 hours calcination, this procedure pursues formation of the anatase
phase in the deposit; confirmation of anatase presence was done by Raman spectroscopy
and some micrographs were obtained with a Leica S8APO stereomicroscope. The
electrochemical cell was a rectangular one (14 cm length, 10 cm width, 9 cm high).

Electrokinetic experiments were run for 24 hours, a 25 mA cm?2 electrical current density
was imposed with an electrophoresis power supply FR500-125 BIOELEC. Electrode
arrangement considered keeping constant a bare RVC cathode, and switching the anode
from bare RVC to RVC-TiO,, recorded parameters correspond to: pH and electric
conductivity measured with a Multipurpose Lab Interphase Vernier Software;
electroosmotic flow was registered with an illuminated multitester MUL-270 Steren.

In order to quantify residual phenanthrene concentrations, at the end of each experiment,
soil sample was cut in slices, room temperature dried, and phenanthrene was Soxhlet
extracted with ethylic ether. After that, the solvent was evaporated and phenanthrene was
solubilized in 5 mL of HPLC grade acetonitrile, this sample was centrifuged and injected
into an inverse phase Hypersil chromatographic column C-18 ODS (100 mmx4.6 mm, and 3
mm particle size); detection was done using a mobile phase made of a mixture
CHs;CN/H;O/CH3OH in proportions 30:15:55 % v/v; using a flow rate of 0.4 mL min-! and
254 nm detection wavelength.
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2.2 Cathode modification

Soil sample corresponds to a hydrocarbon polluted weathered soil, for which a physical
characterization is done by using the ASTM D4318 as well as the USCS-P13-B-2 procedure,
by which it was established soil type and textural composition. Since this soil has
hydrocarbon pollutants, its concentration was determined as oil and grease by the Soxhlet
technique. According to published results (Murillo-Rivera et al, 2009), 0.1M NaOH solution
is an electrolyte that works fine for hydrocarbon polluted soils, so this one was chosen as the
electrolyte for soil wetting, and wells replenishment.

Experimental cell was a rectangular one (10 cm length, 2 cm width, 4 em high), a current
density of 20 mA cm2 was imposed with a PDC-GP 4303DU Power Source, in a
galvanostatic mode during 4 hours.

Considering that a DSA anode provides oxidant species at higher rates, then for this
hydrocarbon polluted soil electroremediation it was chosen an electrode arrangement,
considering a modified DSA made of a titanium plate covered with an iridium-tantalum
film (Ti | IrO,-Tax0s), and two types of cathode: carbon felt (CF) and a titanium plate (Ti).
Also, in these set of experiments it was considered two electrode positions: in the first one, a
physical barrier of filter paper was included between soil and electrode, while in the second
one the electrode was set in direct contact with soil sample.

Registered experimental parameters were: applied electrical current, developed electrical
potential, with these it was possible to calculate cell resistance and energy consumption. At
the end of each experiment soil was cut in 3 sections (anode, middle, cathode), hydrocarbon
removal was estimated from soil residual concentrations, which were extracted by the
Soxhlet technique, and later analyzed by UV-Vis (XLS, Perkin-Elmer) gas chromatography
coupled to mass spectroscopy (CG-EM, Agilent GC 19091-413).

3. Results
3.1 Anode modification

Soil characterization results are reported in Table 1. As it can be observed this soil is
classified as a Low plasticity Clay (CL), then it will no exhibit a great volume change during
experimentation; also, clay and silt content indicate that this is a low permeability soil.

Parameter Value Methodology

Liquid Limit (LL) % 36 ASTM D4318-10

Plastic Limit (PL) % 24 ASTM D4318-10

Plasticity Index (PL) % 12 ASTM D4318-10

Classification Low Plasticity Chart (Helwany,
plasticity | 2007, page 13)
clay (CL)

Sand % 34 USCS-P13-B-2

Silt % 53 USCS-P13-B-2

Clay % 13 USCS-P13-B-2

Table 1. Physical and textural properties of Guanajuato soil.
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Based on the above described soil characteristics, it was considered important to determine
how this type of soil responses to the action of an electric field. To accomplish this step,
clean soil was wetted with deionized water, and later on tested with the bare RVC
electrodes. Measurements of pH were done at the electrode interface (anode, cathode) and
two middle points (4 and 7 cm). Experimental pH profiles are presented in Figure 1. As it
can be observed, natural pH is slightly alkaline (pH=8); also, even though protons are
generated at the anode, its penetration is slow, and their amount is not enough to get a high
pH depletion at this position; otherwise intermediate points (4 and 7 cm) show an
alkalinization since its values are increased by up to 2 units; also, at the cathodic position,
pH response satisfies expectations of high alkaline values, since final pH is closer to 13.
Considering that alkaline pH favors organic pollutants removal (Murillo-Rivera et al, 2009),
then this soil is considered adequate to evaluate hydrocarbon removal.
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Fig. 1. Graph of pH evolution at anodic and cathodic wells during the electrokinetic
experiments for clean soil, applying a current density of 25 mA cm2, and using bare RVC
anode and cathode electrodes.

Artificial polluted sample was prepared as it is described in the methodology section. Next
step is to use this sample with different anode materials, and establish if these are useful on
improving electrokinetic process performance for removal of phenanthrene from polluted
soil. In Figure 2 it is shown the pH evolution at the anodic and cathodic wells, for a 24 hours
soil electroremediation experiment. It can be observed that using bare RVC electrodes
(Anode I and Cathode I) makes pH at the anode be slightly depleted during the first hours,
but later on occurs an increase of its value, which keeps it around 8 (the initial value) during
the rest of the experiment; otherwise, at the cathodic well a fast alkalinization is observed,
this remains around 10.5 during the whole experiment, but this value is lower than the one
obtained with clean soil.
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Otherwise, anode replacement by the RVC-TiO; option (Anode II, Cathode II), it enhances
proton production, so in short time pH goes to acidic values, and after 5 hours it stabilizes
around 5. Keeping the cathode as bare RVC makes that the cathodic well pH go to slightly
higher alkaline values, than those registered when the anode was bare RVC; but still pH
values are lower than the ones obtained with the clean soil. It seems that pollutant inclusion
makes a more resistive system by which hydroxyl production is lowered respect of the rates
achieved with clean soil.

pH
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Fig. 2. Graph of pH evolution at anodic and cathodic wells during the electrokinetic
experiments for clay soil contaminated with 12 mg Kg-1 of phenanthrene, applying a current
density of 25 mA cm-?, and using different electrode materials: (I) Bare RVC anode and
cathode; and (II) RVC-TiO; anode with RVC cathode.

For these experiments drained volume was collected, results are presented in Figure 3. As it
can be observed keeping a bare RVC cathode, and switching from (I) bare RVC to (II) RVC-
TiO, anodes, exhibit similar water transport during the first 3 hours; but after that water
transport is increased for the RVC-TiO; anode; therefore this modification it allows
enhancing the amount of water being displaced from anode to cathode. After 10 hours,
water transport reach and steady rate of transport, corresponding regression lines are
described as follows: for the RVC (system I) y= 72.31x-54.995, R2=0.995, while the RVC-TiO»
(system II) is described by y= 88.15x-2.0373, R2= 0.999.
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Fig. 3. Graph of collected cumulative volume at the cathodic well during electrokinetic
experiments for clay soil contaminated with 12 mg Kg-! of phenanthrene, applying a current
density of 25 mA cm2, having a bare RVC cathode and using different anode materials: (I)
Bare RVC anode; and (II) RVC-TiO; anode.
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Fig. 4. Comparison of cumulative electroosmotic flow registered at the cathodic well during
the electrokinetic experiments for clay soil contaminated with phenanthrene using different
anode materials: (I) Bare RVC anode and cathode; and (II) RVC-TiO; anode with RVC
cathode.
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Collected drained volume values, cell characteristics and soil mass were used to
mathematically obtain cumulative electroosmotic flow (mL cm=2 min! Kg?), results are
shown in Figure 4. From the plot can be established that effectively catalytic activity of TiO»
allows for getting higher electroosmotic flow. As it can be observed in three hours the RVC-
TiO, anode (II) reached steady response, while the bare RVC anode (I) provides a much
lower electroosmotic flow which seems to smoothly reach steady response at similar times,
but after 10 hours, a new perturbation takes place and it goes to a transient response, the last
taking place at an slower rate in respect to the initial one.

As it was mentioned in the methodology section, electroremediated soil sample was cut in
slices and recovered residual phenantrene was injected in an inverse phase Hypersil
chromatographic column. Elution time for phenanthrene was 5.8 min, while humic and
fulvic acids appear at about 2 min of elution time (Chongsan et al, 2006; Xing & Kang, 2005;
Yanzheng et al, 2007). In Figure 5 it is shown a chromatogram for the soil extracted
phenanthrene before any electrokinetic experiment, this reference signal is about 1 arbitrary
unit (A.U.).
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Fig. 5. Chromatogram of the Phenanthrene standard, reference signal obtained from the
artificially polluted soil.

Obtained chromatograms for each soil section, after the electrokinetic experiment with bare
RVC anode and cathode are shown in Figure 6, and those for the RVC-TiO, anode with bare
RVC cathode are shown in Figure 7.

As it can be observed in Figure 6, none of the positions amount concentrations higher than
0.25 A. U,, also there are several peaks between the humic and fulvic acids (2 min) and the
phenanthrene (5.8 min), these peaks are smaller than other signals, and they can be
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associated to a phenanthrene decomposition by products from lateral reactions, which take
place as electrolyte moves through the soil during the electrokinetic experiment; the higher
residual phenanthrene concentration for bare RVC electrodes was about 0.25 A.U. and it
occurs at the 0.7 dimensionless position, that is the section before to the one closer to the
cathode.
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Fig. 6. Chromatograms of residual phenanthrene concentrations in each soil slice for the
system of bare RVC electrodes.

Otherwise, when the experiment was run with the RVC-TiO; anode (Figure 7) the presence
of smaller peaks it is practically null; also, an opposite phenomena is observed since in this
case the higher residual concentration was about 0.9 A.U., while the lower one is not less
than 0.6 A. U., this last takes place at the 0.3 cm position (near the anode), In general, with
this option phenanthrene removal was lower than the one attained with the bare RVC
electrodes.

In order to make more explicit the above expressed, concentration was calculated from each
soil slice chromatogram, this was done by an integration of the area under phenanthrene
peak; in this way, its residual concentration was estimated. Results are reported in Figure 8
as percentage of the original concentration in soil (12 mg Kg-1=100%), it can be observed that
effectively higher removal was obtained with the bare RVC electrodes, an average of 80%;
and even though replacing the anode by the RVC-TiO; provides higher oxidation conditions
and a faster water transport; this fact does not allowed for getting a right residence time for
solubilizing and transporting phenanthrene, since removal amounts an average of 20%. It is
noticeable that for the bare RVC electrodes, higher residual phenanthrene concentration
took place at the same position where it is the lower one when the anode was RVC-TiO;.
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Fig. 7. Chromatograms of residual phenanthrene concentrations in each soil slice for the
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Correlating these results with corresponding pH data it can be affirmed that keeping a
shorter difference in pH wells, as it happens with bare RVC electrodes, it favors a soil
alkaline condition which, even though produces a slower liquid movement, so far this is
good enough for phenanthrene removal since it provides a higher residence time.

Up to here, it was shown that inclusion of one catalytic specie, like anatase, in the anode
allowed increasing the oxidant specie production and the electroosmotic flow rate, but
obtained phenanthrene removal was lowered. So next step is to analyze what happen if the
catalytic activity is maintained at the anode, but cathode is chosen between different
materials. Experimental set-up objective was data collection for two different cathode
materials, and also to clarify how much the system becomes affected by inclusion of
additional physical barriers like a thick filter paper.

3.2 Cathode modification

For this set of experiments soil sample was collected at an industrial area located in Nuevo
Teapa, Veracruz, México, this is a highly polluted and weathered area. Physical
characterization is reported in Table 2.

Parameter Value Methodology

Liquid Limit (LL) % 42 ASTM D4318-10

Plastic Limit (PL) % 28 ASTM D4318-10

Plasticity Index (PL) % 14 ASTM D4318-10

Classification Medium | Plasticity Chart (Helwany,
plasticity | 2007, page 13)
clay (CI)

Sand % 56 USCS-P13-B-2

Silt % 24 USCS-P13-B-2

Clay % 20 USCS-P13-B-2

Table 2. Physical and textural properties of Nuevo Teapa soil

For this set of experiments it was chosen a dimensionally stable anode (DSA) made of a
titanium plate with an iridium-tantalum film (Ti|IrOz-TaQO5) which was maintained
constant; considered cathode materials were: carbon felt (CF) and a titanium plate (Ti).
Physical barrier inclusion was evaluated considering two electrode positions: Array I:
placing the physical barrier at the soil interphase and the electrode after it; Array II:
electrode placed at the soil interphase.

An initial test of soil response was done with the combination DSA-Ti, pH profiles for the
option including a physical barrier between electrode and soil (Array I) are presented in
Figure 9. As it can be observed soil tends to be acidified, and after 4 hours it is reached a
stable pH condition which at the anode is about 2 units lower, and at the cathode is one unit
lower, in respect to the initial value. It seems that barrier favors a buffering effect by which
the system does not get a drastic pH drop. Although, having a pH variation is evidence of
getting a high rate for proton generation and transport throughout soil. It is important to
point out that after 3 hours, pH at the middle and cathode sections have similar values, fact
which reflects a strong neutralization of transported protons.
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Results for Array II are presented in Figure 10, pH profiles for the combination DSA-Ti
without barrier clearly show a fast pH drop, and after 1 hour, at the middle section seems to
occur an hydroxide accumulation, which could be a factor to accelerate proton penetration,
such that at two hours the anode section starts to lowering its pH, and even though it does
not reach an acidic condition pH drop is about 5 units at this section, but this pH does not
exert a strong impact over the other sections; since it seems that protons penetration
displaced hydroxyls to the middle and cathode sections, which suffer a temporary raise in
concentration. This behavior corresponds to a pulsed function being displaced from the
middle to the cathode section, since when pH starts to decay in the middle, the cathode one
start to raise its pH, which it gets a higher value than the initial one. At the final time, the
middle section has decreased its pH in 1 unit, while the cathode section has reached stability
at pH 12.

14
—_
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Fig. 9. Graph of pH profiles for array I of the DSA anode and Ti cathode, experimental
conditions: 0.1 M NaOH wetting electrolyte, current density 20 mA cm-2.

Experimental approach considered a follow up through the global electrical resistance (R,
Ohms), which was indirectly calculated from experimental values of electrical potential (E,
Volts) and applied current (I, Amperes), parameters related by Ohm’s law (R=E I'1). Results
are shown in Figure 11.
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Fig. 10. Graph of pH profiles for array II of the DSA anode and Ti cathode, experimental
conditions: 0.1 M NaOH wetting electrolyte, current density 20 mA cm-2.
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Fig. 11. Calculated resistance for soil electroremediation experiments using a modified IrO»-
Ta»O5 anode with either Carbon Felt (CF) or Titanium (Ti) cathode. Array I physical barrier
inclusion, Array II soil contact experimental conditions: 0.1 M NaOH wetting electrolyte,
current density 20 mA cm2.
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Observing Figure 11 it is evident that allowing electrodes make contact with the soil (array
II) provides a less resistive system; and also there is not a clear advantage between using CF
or Ti as cathode, since both systems provide similar initial values at 30 min, R=255 ohms for
CF, and R=275 ohms for Ti; final resistance values are identical for both systems R=350
ohms. Although, CF exhibit a slightly higher raise (95 ohms) in respect to Ti (75 ohms).
Applying a linear regression analysis to CF data, its slope corresponds to 0.462 ohm-min-,
while the Ti slope is 0.339 ohm-min-! then, even though initial resistance value is higher for
the Ti electrode, this electrode provides a more stable system.

As it can be observed inclusion of the physical barrier makes the experimental system to be
more resistive than that where electrodes make contact with the soil, also resistance trends
in this system are similar to those of the previous one; since at initial times system with a
CF cathode seems to be less resistive at 30 min, R=425 ohms, than that with a Ti cathode at
30 min, R=540 ohms, but at the end of the experiment (240 minutes), the resistance of the
system with CF was increased by about 185 ohms, while the one with Ti by only 140 ohms.
Applying a regression analysis the slope for CF is 1.087 ohm-min-, while the one with Ti has
a slope of 0.599 ohm-min; these values are higher than the ones observed when the
electrode is placed at the soil interphase; but again it is confirmed that using Ti as cathode
provides a more stable system. The failure of the CF electrode can be attributed to a
poisoning effect since there is a possibility that desorbed hydrocarbons get retained at the
cathode.

At the end of each experiment, residual hydrocarbon content in soil was estimated by a
Soxhlet technique at 3 points: 0.25, 0.5, 0.75 anode to cathode dimensionless distance;
concentration values are normalized respect to the initial concentration condition an
presented as percentage. Results are shown in Figure 12 for carbon felt (CF) cathode, and in
Figure 13 for titanium (Ti) cathode.

As it can be observed from both Figures (12 and 13) switching the cathode position
provides opposite trends in residual hydrocarbon concentrations, since when the physical
barrier is between soil and electrode, residual concentration goes from higher to lower in
the anode-cathode direction, it seems that transported hydrocarbons are no allowed to
accumulate near the cathode; also, CF cathode provides the best conditions for
hydrocarbon transport since in the anode-cathode direction hydrocarbon removal goes
from 36% to 65% (27% difference), while with the Ti cathode goes from 30 to 42% (12%
difference).

In opposite way, when electrodes are at the soil interphase it happens that residual
hydrocarbon concentrations increase from anode to cathode, and the higher ones are
registered near the cathode; in this case again CF cathode provides the best removal since
hydrocarbon removal goes from 60% to 40% (20 % difference), while the Ti cathode removal
goes from 40% to 30% (10 % difference).

Based on the cell resistance results, there is an assumption about carbon felt being
passivated due to adsorption of those transported hydrocarbon molecules. In order to assess
which type of hydrocarbons migrated, and accumulated at the cathode, CF cathodes were
washed with a dichloromethane solution, and eluted samples were used for PAHSs
estimation.
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Fig. 12. Graph of normalized residual concentrations for carbon felt (CF) cathode. Array I
physical barrier inclusion, Array II soil contact, experimental conditions: 0.1 M NaOH
wetting electrolyte, current density 20 mA cm-2.
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Fig. 13. Graph of normalized residual concentrations for Titanium (Ti) cathode. Array I
physical barrier inclusion, Array II soil contact, experimental conditions: 0.1 M NaOH
wetting electrolyte, current density 20 mA cm2.
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In order to assess risk exposition levels for oil exploration and production sites, it takes
relevance to detect the EPA’s 16 priority Polycyclic Aromatic Hydrocarbons (PAHs) (Bojes
& Pope, 2007). Analytical techniques that can be applied to PAHs detection consider HPLC
coupled with UV-Vis detection, with this technique the 16 priority PAHs can be detected at
wavelengths between 227 and 297 nm (Maureen, 2011); another useful technique is gas
chromatography (GC) coupled with mass spectroscopy (MS) (Amzad Hossain &
Salehuddin, 2011).

Based on this information, a first approach to PAHs detection was done with UV-Vis, in
Figure 14 are shown obtained results for CF cathode in array I (physical barrier included),
and array II (soil contact), from these spectra it is obvious that physical barrier presence has
enhanced PAHs partition at the interphase soil-water, so keeps hydrocarbon accumulation
low in the region nearby; also, the electrode behind the physical barrier has acted like a sink
for transported PAHs, so far it is logical to get lower concentrations in the position near the
cathode. Otherwise, having the cathode in contact with soil makes PAHs partition to occur
at slower rate since PAHs face the hydroxide production at the soil boundary.
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Fig. 14. UV-Vis spectra of sorbed hydrocarbons onto carbon felt cathode in Array I and
Array II. Experimental conditions 0.1 M NaOH, current density 20 mA cm2, experimental
time 4 hours.

Otherwise, observing the spectra, it can be notice that there is not a clear and unique peak;
which means there is a possibility of having more than one PAH in the desorbed material.
Therefore, a more refined technique should be used for PAHs detection and quantification,
requirements widely covered by GC coupled to MS; analytical detection was limited to three
of the 16 PAHs in EPA’s priority list, the ones chosen were one having three aromatic rings
(phenanthrene) and two with 4 rings ( fluoranthene and pyrene).
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In order to asses soil electroremediation efficiency in removal of phenanthrene, fluoranthene
and pyrene, GC-MS was applied to the soxhlet extracted samples including both original
and electroremediated soil. Concentration values were calculated from the area under the
curve, and these were converted to percentage taking as reference concentration the one for
each PAH registered in the extract from the original weathered soil. Results for the Ti
cathode are shown in Figure 15 for the array I (physical barrier inclusion), and Figure 16 for
array II (soil contact).

As it can be observed in Figure 15, (array with the physical barrier) there is a higher to lower
trend from anode to cathode for the three PAHs which were analyzed, and removals are
low; it seems that molecule size exerts an influence on their movement through the soil,
since the 3 rings molecule (phenanthrene) has reached removals between 80 and 90%, while
those with 4 rings (fluoranthene, pyrene) get similar removals between 60 and 85%.
Otherwise, in Figure 16 it can be observed that allowing the electrode to make contact with
soil enhances PAHs removal, getting similar residual concentrations for all, in this
experiment removals are above 90%.

Correlating these residual concentrations with pH observations (Figures 9 and 10) it seems
that the fact of having a physical barrier between soil and electrode, which produces a more
resistive system, does not allow for getting a high concentration gradient between
electrodes, resulting in lower removals than those obtained when the electrode make contact
with the soil; since the last arrangement produces a higher pH gradient between anode and
cathode, so far a higher driving force for PAHs transport.

% [CIIC,]

Phenanthrene Fluoranthene Pyrene

Fig. 15. Residual concentrations of representative PAHSs in Array I physical barrier included,
experimental conditions 0.1 M NaOH, current density 20 mA cm2, experimental time 4 hours.
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Array Il
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Phenanthrene Fluoranthene Pyrene

Fig. 16. Residual concentrations of representative PAHs in Array II, experimental conditions
0.1 M NaOH, current density 20 mA cm2, experimental time 4 hours.

4. Conclusions

For anode modification obtained results allows to claim that, effectively inclusion of anatase
into the RVC matrix makes electrode reaction being more efficient. Also, by using the
modified RVC-TiO, electrode it is possible to increase the rate at which protons are
generated and transported throughout the soil, and so far this influences pH at both
electrode wells: anodic and cathodic. Also, it provides a higher electroosmotic flow, but this
fast water transport does not allow for an adequate residence time, lowering phenanthrene
removal. So far, the bare RVC electrodes provided a lower pH gradient between anode-
cathode, as well as a lower electroosmotic flow, both parameters are providing a better
environment for phenanthrene removal, since with this option it was obtained up to 80%
lowering in soil phenanthrene concentration.

For cathode modification obtained results have shown that cell resistance is lower when
electrodes are in contact with soil sample, and this allowed for higher hydrocarbon mobility,
so residual concentration profile exhibits an increasing trend from anode to cathode.
Otherwise, physical barrier inclusion increased soil resistance and so far, hydrocarbon
mobility is lowered, this fact resulted in a decreasing concentration trend from anode to
cathode. From oil and grease extractions it was determined that CF provides higher
hydrocarbon removal, although this option is not the best because transported
hydrocarbons get adsorbed in the electrode, being difficult its recovery.

Even though Ti cathode provided lower hydrocarbon removal as it was estimated from
Soxhlet extractions, when extracted samples were tested by GC-MS for quantification of
three priority hydrocarbon pollutants, it happens that phenanthrene, fluoranthene and
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pyrene concentrations have been lowered in values higher than 60% when the physical
barrier was included; and higher removal was obtained more than 95% when cathode was
placed at the soil interface.
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