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During the three years of her PhD, Ylea Vlamidis focused her research activity on the study of
different electrode supports modified with layered double hydroxides (LDHSs) or conductive
polymers for energy applications (energy conversion and storage processes). The scientific
work carried during the first year mainly concerned the electrochemical synthesis of poly(3,4-
ethylenedioxythiophene) (PEDOT) on Indium Tin Oxide (ITO) in order to estimate the
possibility of an alternative route to fabricate bulk heterojunction solar cells with similar
performances but less expensive than those obtained from casting of a commercial polymer
having polystyrene sulfonate as the counter ion. Furthermore, the electrochemical approach
was also tentatively applied to the photoactive layer deposition by trying the synthesis of a
polythiophene copolymer functionalized with a porphyrin derivative, previously synthesized
by chemical route. Later, LDHs modified electrodes were studied as catalysts for the oxygen
evolution reaction (OER) and as pseudocapacitor materials for which capacitance derives from
the redox reactions occurring at the electrode. Again, the electrochemical approach was used
for the deposition of thin films of LDHs on Pt and glassy carbon (GC). Due to the slow Kinetics
of electrochemical oxidation of water it is necessary to find efficient catalysts, preferably
cheaper than the ones employed nowadays (IrO, e RuO,). Four LDHs, based on Ni/Al, Ni/Fe,
Co/Al and Co/Fe, were taken into account and the role of Fe instead of Al was deeply
investigated. The best performances were displayed by the Co/Fe LDH for both applications
demonstrating the positive effect played by the presence of iron.

The electrochemical behaviour of the LDHs modified electrodes was studied by cyclic
voltammetry and electrochemical impedance spectroscopy. The morphologies and composition
of the coatings were investigated by FEG-SEM and EDS, and atomic force microscopy, the
structure was confirmed by recording X-ray diffraction spectra and the mass deposited on the
electrode surface was estimated by Electrochemical Quartz Crystal Microbalance.

In the second part of her PhD, the LDHs modified electrodes were employed also for sensing,
taking into account the electrocatalytic oxidation of sugars. Glucose determination is
fundamental in food industry and in clinical applications; consequently, there is a considerable
interest in the development of new methodologies for its simple, rapid and selective
determination. Ni/Al or Ni/Fe LDHs were studied with the aim to investigate again the effect
of Fe on the electrocatalysis. In this research LDHs prepared both by chemical and
electrochemical syntheses were employed, obtaining film with good adhesion to the support.
The reason why different syntheses were tried was to study the effect of the order degree on the
LDHs performance since this parameter is crucial to improve the “sensing” properties. Finally,
the glucose determination was investigated with GC electrodes modified with carbon-based
nanomaterials (reduced graphene oxide and/or multi wallet carbon nanotubes).
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"The important thing is not to stop questioning.
Curiosity has its own reason for existing.

One cannot help but be in awe

when he contemplates the mysteries

of eternity, of life, of the marvelous structure of reality.
It is enough if one tries merely

to comprehend a little of this mystery every day."
Albert Einstein
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1. PREFACE AND AIM OF THE RESEARCH WORK

The climate change, the environmental pollution and the depletion of fossil fuels have
greatly affected the global economy and ecology [1]. With a growing market for
electronic devices and the development of hybrid electric vehicles, there has been an
increasing and urgent demand of environmentally friendly high-power energy resources.
Nowadays it is particularly important to exploit alternative power resources, and from
this point of view the challenge is to develop new technologies and materials to obtain
more efficient devices for water splitting and to improve renewable energy systems and
components.

Electrochemistry can offer solutions to energy challenges in several ways. Energy
conversion in electrochemical processes is often limited by high overpotentials, which
means high activation barrier [2]. For example, in the case of water splitting,
electrocatalysts are often applied as electrodes modifiers, in order to lower activation
energy and increase the conversion rate [3]. Due to the expensive and scarcely available
raw materials which constitute the most commonly used catalysts for oxygen evolution
reaction (OER) [4,5], in the last decade many efforts have been made to develop new
materials displaying high efficiency, low cost and environmental friendliness [3,6].
Sustainable and renewable resources such as hydrogen and energy production from sun,
wind, hydro and geothermal heat, unfortunately cannot provide the energetic autonomy
required for new systems such as portable electronics, hybrid electric vehicles and so on
[7]. For this reason the development of efficient systems, allowing to storage the surplus
energy when electricity supply is higher than demand and to release it when necessary, is
becoming more and more important [8]. In this regard, electrochemical devices with
desired energy and power output characteristics, long cycle life, high efficiency and low
cost are under study and the new generation of supercapacitors seems to offer a
promising alternative to batteries and fuel cells due to many advantages such as higher
power density and longer lifecycle [9,10].

Among the electrochemical capacitors, the so called pseudocapacitors, containing
electrochemically active materials such as metal oxides and hydroxides, are attracting
particular attention [11,12]. In this kind of devices the capacitance derives from a redox

reaction occurring at the electrode which is responsible for much higher specific
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capacitance (Cs) and energy density than electrochemical double layer capacitors [13].
Even for these applications precious metal-based compounds are the most employed,
thus the research for new suitable low-cost materials able to enhance the performances is
still going on [14].
Chemically modified electrodes (CMEs) [15] are conducting or semiconducting
materials, coated with a selected film of a chemical modifier which, by means of
Faradaic reactions or interfacial potential differences, confers them peculiar chemical,
electrochemical, and/or optical properties. CMEs allow fabricating electrochemical
devices and systems for applications in chemical sensing, energy conversion and storage,
corrosion protection, biosensors, electrocatalysts, etc [16].
The first part of the research activity carried out during my PhD program was focused on
the study of different electrode supports modified with layered double hydroxides
(LDHSs) or conducting polymers for energy applications. In particular, LDH modified
electrodes were studied as oxygen evolution reaction catalysts and as pseudocapacitor
materials. Moreover, an electrochemical synthesis of poly(3,4-ethylenedioxythiophene)
(PEDOT) on indium tin oxide (ITO) was investigated in order to estimate the possibility
of an alternative route to fabricate bulk heterojunction solar cells [17] with similar
performances but less expensive than those obtained by casting.
The following researches were carried out and are presented below:
e LDHs based on Co or Ni as M(Il) and Al or Fe as M(l11) were electrosynthesized
in potentiostatic conditions and characterized.
LDHs consist in a class of lamellar compounds with positively charged brucite-
like layers and charge balancing anions located in the interlayer region. LDHs are
commonly represented by the formula [M(I1)1.«M(I11)x (OH)2]% (X" )gn-yH-0,
where M(I1) and M(II1) are the divalent and the trivalent cations, respectively
[18].
The experiments were carried out employing as electrode support highly
conductive materials, i.e., Pt electrodes, but also glassy carbon (GC) electrodes in
order to study the LDHs synthesis conditions on a cheaper electrode material
which could represent an alternative to Pt. The electrochemical behaviour of the
LDHs modified electrodes was studied by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). The morphologies and
composition of the coatings on both supports were investigated by field emission

scanning electron microscopy (FE-SEM) and energy dispersive spectroscopy
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(EDX), and the structure was confirmed by recording X-ray diffraction spectra
(XRD). X-ray photoelectron spectroscopy (XPS) experiments were performed in
order to study the oxidization states of the metal cations in the four LDHSs just
synthesized and after oxidation. Furthermore, X-ray absorption spectroscopy
(XAS) was applied to pristine and oxidized Ni/Fe LDHs in order to gain
information about the structural and electronic changes in the local environment
around the selected metallic site.
LDHs modified electrodes were tested as OER catalysts using a rotating disk
electrode in alkaline solutions. The onset potential was determined by recording
polarization curves, and the catalysts stability was checked by
chronopotentiometry. The performances in terms of onset potential, Tafel slope
and current density of the LDH coatings on GC as OER catalysts were compared
to those obtained for Pt.
The specific capacitance and long-term stability of the LDHs modified electrodes
were investigated in alkaline solutions (0.1 and 1.0 M NaOH). The former was
calculated using the data obtained from three techniques, i.e., CVs, EIS and
charge-discharge galvanostatic curves at different current densities. The latter was
tested by calculating the Cs before and after performing 1000 charge-discharge
cycles at 5.0 mA g™,
Concerning the modified electrodes for energy applications, organic solar cells
were fabricated employing different PEDOT buffers [19]: one deposited by
electrochemical potentiostatic synthesis (PEDOT:CIO,) and the other by casting a
commercial polymer having polystyrene sulfonate (PSS) as the counterion
(PEDOT:PSS) on ITO electrodes. As reported in the literature, the best properties
of PEDOT are obtained in the presence of LiClO,4 as the supporting electrolyte
since this salt leads to an increase of electroactivity and crystallinity of the
polymer [20]. To exploit the potentialities of the electrochemical approach a
detailed study to find the best experimental conditions for PEDOT:CIO,
electrosynthesis was carried out.
The advantages of the electrochemical synthesis are the rapid obtainment of
PEDOT films directly on the electrode surface with tunable electroactivity and
thickness, the consuming of very low amount of monomer and the interesting
possibility to introduce different counterions to compensate the polymer positive
charge in dependence on the employed electrolyte [21]. PEDOT:PSS and
3
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PEDOT:CIO4 were characterized using electrochemical techniques and recording
UV/Vis spectra, with the aim of studying the oxidation degree of the two
materials and the performances of the cells containing electrosynthesized
PEDOT:CIO, were compared to the ones displayed by cells where the hole
extracting layer was obtained by casting the commercially available PEDOT:PSS.
The photoactive layer was composed by [6,6]-phenyl-C61 butyric acid methyl
ester (PCBM) as electron acceptor in the blend, while as donor polymer it was
employed either the most commonly employed regioregular poly(3-
hexylthiophene) (P3HT) [22] or a polythiophene copolymer, functionalized with a
porphyrin derivative. The regioregular thiophenic copolymer (poly[3-(6-
bromohexyl) thiophene - o- (3 -[5- (4- phenoxy)- 10,15,20- triphenylporphyrinyl]
hexylthiophene)] (rr-P(T6Br-co-T6TTP)), ad hoc synthesized by the Polymers
group of the Department of Industrial Chemistry “Toso Montanari” at the
University of Bologna, was employed in order to improve the absorption in the
UV/Vis region in terms of both wideness and intensity [23]. The HOMO and
LUMO energy level of rr-P(T6Br-co-T6TTP) were calculated from CV data and
taking into account the optical energy gap estimated from the UV/Vis spectra.
Emission spectra of the photoactive layer containing rr-P(T6Br-co-T6TPP) and
PCBM were carried out in order to confirm the possibility of charge transfer
between the donor and the acceptor molecules in the photoactive layer. Moreover,
the morphologies of the PEDOT and the photoactive layers were extensively
investigated by atomic force microscopy (AFM) in order to correlate the particles
size and film compactness with the cells performances, and the performances of
all the devices will be reported in this thesis.
Another topic of my research concerned the application of the CMEs as electrochemical
sensors. These devices operate by reacting with the analyte of interest, producing an
electrical signal which is proportional to the concentration [24]. Since 1999, when Ni/Al
LDH modified electrodes were employed for the first time for the electrocatalytic
oxidation of methanol and ethanol in strongly basic solution by the research group of
Analytical Chemistry at the Department of Industrial Chemistry “Toso Montanari”
(University of Bologna) [25], many kind of amperometric sensors based on LDHSs
containing redox active metals (such as Co and Ni) have been proposed as sensors for
oxidizable analytes [26].
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In this work the LDHs modified electrodes were employed for the electrocatalytic
oxidation of sugars. In nature carbohydrates are involved in very important properties
related to fruits, honey and other natural matrices, such as flavor, maturity, quality and
storage conditions [27]. Thus, the knowledge of the qualitative and quantitative
distribution of sugars is essential and their determination is highly relevant in food
industry [28]. Besides industrial applications, glucose plays a central role also in clinical
applications because its concentration is a crucial indicator for many diseases, such as
diabetes and endocrine metabolic disorders [29]; consequently, there is a considerable
interest in the development of new methodologies for its simple, rapid and selective
determination.

Concerning sugar determination the following studies will be presented in this thesis:

e the behaviour toward glucose oxidation of Pt electrodes coated by Ni/Al or Ni/Fe
LDHs with the aim to investigate the effect of Fe on the electrocatalysis. LDHs
prepared by electrochemical and chemical syntheses were employed, obtaining films
with good adhesion to the support. The reason why different synthesis approaches
were tried was to investigate the effect of the order degree on the LDHSs performance
since this parameter is crucial to improve the ‘“sensing” properties. CV and
chronoamperometric curves were recorded in order to determine the main
parameters, such as the sensitivity and limit of linearity, of glucose analytical
determination. Furthermore, the catalytic process was deeply investigated
determining its efficiency and the catalytic constant. The percentage of electroactive
Ni centers was calculated for the four LDHs and EIS measurements were conducted
in order to study the materials conductivity. Furthermore, the particle size and the
crystallinity degree were estimated by XRD analysis, and the morphology of the
chemically and electrochemically synthesized LDHs was investigated by AFM and
SEM.

e A sensor for the amperometric detection of sugars in flow systems, based on Co/Al
LDH electrosynthesized on Pt electrodes, was developed. The best deposition time in
order to obtain a film with the desired mechanical properties and sensing
performances was investigated. The former were checked performing bending tests
and acquiring SEM images of films obtained for different deposition times. The
sensing responses were evaluated from the calibration curves. The efficiency of the
catalytic Co centres was studied in solutions with different pHs considering the most

important mono- and di-saccharides. A mixture of sugars was submitted to high

5
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performance anion chromatography with amperometric detection, using the CME as
the working electrode. Moreover, to assess the applicability of the device glucose,

fructose, and sucrose contents in real samples were successfully determined.
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INTRODUCTION

In the following chapters the state of art of the research concerning the modified
electrodes for energy and sensors applications will be discussed.

First of all the concept of the chemically modified electrodes (CMEs) will be discussed
pointing out the main ways of preparation and characterization. As to the modifiers a
particular attention will be dedicated to layered double hydroxides.

Later the topic will concern energy storage and conversion. In particular, the studies on
the oxygen evolution reaction, the electrochemical pseudocapacitors and the organic
solar cells will be discussed in details. The mechanisms, the materials and the main fields
of application will be also described.

Eventually, an application of the CMEs as electrochemical sensors will be presented
exploiting their property to act as redox mediators.

2. CHEMICALLY MODIFIED ELECTRODES

Chemically modified electrodes represent a relatively modem approach to electrode
systems that is useful for a wide range of electrochemical investigations, such as
electrostatic phenomena at electrode surfaces, electron and ionic transport phenomena in
polymers and design of electrochemical devices and systems for applications in chemical
sensing, energy conversion and storage, molecular electronics, electrochromic displays,
corrosion protection, and electro-organic syntheses.

A chemically modified electrode is a conductive material whose surface has been
modified in order to enhance the electrochemical performances in different applications
[1]. Generally, in a CME a quite thin film (from a molecular monolayer to a few
micrometers-thick multilayer) of a selected chemical is bonded to or coated on the
electrode surface to change properties of the conductor according to its targeted function,
since the modifier endows the electrode with the desired chemical, electrochemical,
optical, electrical features and other useful properties.

The modification of electrodes is performed to improve or facilitate the following

processes in analytical chemistry [2]:
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o enhance the selectivity of the electrodes;

« avoid the fouling;

e concentrate species;

e improve electrocatalytic properties;

o improve selectivity in complex samples.

For these reasons the electrodes modification allows for applications in many fields.
CMEs are commonly employed in electroanalysis because of their own electrocatalytic
properties or their ability to immobilize reagents that improve the sensitivity and
selectivity of the detection step. Furthermore, CMEs are particular useful in performing
trace analysis, since it is possible to preconcentrate the analyte confining it in a small
volume near the electrode surface, thus allowing lower concentrations to be measured
[3].

Most frequently, the layer coating on the electrode surface is electroactive, so it can

exchange electrons with the underlying substrate material being oxidized or reduced.

2.1 Main methods for electrodes modification

Modified electrodes can be prepared according to several different techniques [4]; the
main routes to modify the electrode surface are described below.

e Chemisorption. Some species attach spontaneously to the surface of the
electrode due to their higher affinity with the conductive material than with the
bulk solution. A chemical reaction between the surface and the species occurs,
due to the strong interaction, leading to new electronic bonds. For example,
organic species, such as those containing double bonds, are often hydrophobic
and strongly adsorb from aqueous solutions on carbon, graphite or platinum. In
these cases the amount adsorbed on the electrode surface is almost a monolayer.
Self-assembled monolayers (SAM) of organic molecules are molecular
assemblies formed spontaneously on surfaces by adsorption and are organized
into more or less large ordered domains [5]. SAMs are created by the
chemisorption of a molecular head group onto a substrate due to the strong
affinity with it. Commonly head groups are thiols, silanes, phosphonates, etc [6].

e Physical adsorption. Organic or organometallic complexes can be physically

adsorbed (by van der Waals forces) on porous carbon-based electrodes like glassy
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carbon, graphite and pyrolytic graphite by simple coating with non-aqueous
solution followed by droplet evaporation. For example, it is possible to obtain a
thin film of a polymer on the electrode surfaces by dipping the electrode into a
solution containing a dissolved polymer and allowing the solvent to evaporate [7].
In order to produce more uniform films a better method than "dip-coating™ is
"spin-coating"”, a technique that consists in the deposition of a drop of coating
material on the center of the substrate, which is then rotated at high speed in order
to spread the material by centrifugal force.

e Covalent bonding. Chemical reactions can be carried out to create bonds
between the substrate and a molecule of interest. Electrode materials such as Pt
and glassy carbon can be oxidized in order to form hydroxyl groups on the
surface [8]. This technique could give rise to a monolayer, but often, when
organic molecules are employed, the reaction causes the polymerization and
thicker layers are formed.

e Electrosynthesis. The electrode modification can be performed also by
synthesizing chemical compounds using electrochemical techniques. The main
advantages of the electrosynthesis are the selectivity, since it is possible to
precisely control the applied potentials, the short deposition times and the
possibility to carry out reactions also at low temperature, since the application of

a potential can cause the decrease in activation energy.

2.2 Modified electrodes characterizations

A wide range of analytical techniques are frequently used to characterize the modifying
materials, among them the most common are X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and Raman spectroscopy. The thermal properties of the
electrode coatings are commonly studied using thermogravimetry (TG), differential
scanning calorimetry (DSC), differential thermal analysis (DTA), while the
morphologies are usually observed through scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and atomic force microscopy (AFM). Using
these techniques it is possible to obtain the direct evidence of the dimension of the
particles and of the layer thickness. Among the specific techniques there are electron spin

resonance (ESR), nuclear magnetic resonance (NMR), X-ray absorption spectroscopy
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(XAS), Mdssbauer spectroscopy, UV/VIS spectroscopy, wide and low angle X-rays
photoelectron spectroscopy (XPS), energy dispersive spectroscopy (EDX), etc.
The most employed characterization techniques will be described in the next sections.

2.2.1 X-rays diffraction

This technique is probably the most widely used method for solid characterization. The
diffraction pattern allows the crystal structure analysis as well as the determination of the
crystallite size and distribution. The method is based on the Bragg’s law of diffraction
which expresses the condition of constructive reflection. Since the energy of a photon is
related to its wavelength (¢ = h-v = h-c/A), phonon with energy of 10 to 50 keV are
required for the study of crystals. The X-rays are usually emitted during the friction of
accelerated electrons or by inelastic excitation of the inner electrons of the target (see
scheme in Figure 2.1). From the latter process thin lines are normally obtained,
superimposed to a broad emission band, which are used as analytical beam (the most
commonly used are the Kal and Ko2 lines of copper). Considering the crystalline
material as an infinite recurrence of parallel atoms planes (with interplanar distance d),
reflected beams interact constructively only if the Bragg condition (2d sen® = nA) is
respected (0 is the incident angle, and n must be an integer number). The copper Kal line
corresponds to 1.541 A. The intensity of a single peak of the pattern expresses the

probability of a single diffraction order.
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Figure 2.1 — Schematic representation of a XRD apparatus.

The powders method is usually applied for the analysis of a huge number of

monocrystals randomly oriented, in a polycrystalline sample. Powder samples show
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diffraction patterns with peaks given by the Bragg relationship for each crystal
orientation, and, therefore, XRD provides a method to identify crystallographic phases in
a sample.

XRD only provides information on the bulk crystals present in the sample. Furthermore,
the shapes of the peaks give additional information, and the width is a measure of the
amplitude of thermal oscillations of the atoms at their regular lattice sites [9]. The
crystallite size is related to the peak broadening, and Scherrer equation explains the
phenomena in terms of incident beam divergence which makes it possible to satisfy the
Bragg condition for non-adjacent diffraction planes:

L= K}L/ﬁl/z COSB (21)

where L is the nanocrystallite size, calculated by XRD radiation of wavelength A (nm)
from measuring the full width at half maximum of peaks (Bi1/,) in radian located at any 26
in the pattern [10].

Unfortunately, there are other sources of signal broadening, in addition to instrumental
distortion (already taken in account in the Scherrer equation), such as lattice microstrain
effects. To overcome these aspects is possible to apply the Warren and Averbach’s
method which takes into account not only the peak width, but also the shape of the peak.
This method is based on a Fourier deconvolution of the recorded peaks and the
instrument broadening to obtain the true diffraction profile. Using this approach it is
possible to obtain both the average crystallite size and the lattice microstrain using the
characteristic averages of any distribution.

As an example, the layered double hydroxides phase can be confirmed by XRD
measurement using Ni-filtered Cu-Ka radiation with a graphite diffracted beam
monochromator. This technique gives information also about the interlayer distance and,
hence, about the nature of the interlayer anion originally present or coming from a
possible ion-exchange reaction. For example, the interlayer distance when NOj™ is the

charge-balancing anion is about 8.7 A.

2.2.2 X-ray absorption spectroscopy

X-rays have a wavelength ranging from 0.01 to 10 nanometers, corresponding to energies
in the range 100 keV to 100 eV. This range of wavelengths values is of the same order of

magnitude as atom-atom separation in molecular structures, so XAS is a useful tool to
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deduce local structure of atoms. Furthermore, the method leads to a direct determination
of the absolute valence of the metal atoms.

X-rays are absorbed by matter giving the photo-electric effect (Figure 2.2). In particular,
an X-ray is absorbed by an atom when the energy of the X-ray is transferred to a core-
level electron (K, L, or M shell) which is ejected from the atom. The atom is left in an

excited state with an empty electronic level (a core hole).
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Figure 2.2 — Scheme of X-ray photoelectric effect.

Any excess energy from the X-ray is given to the ejected photo-electron. After the
occurrence of the photoelectric effect, the excited core-hole will relax back to a “ground
state” of the atom. A higher level core electron drops into the core hole, and a fluorescent
X-ray or Auger electron is emitted. X-ray fluorescence and Auger emission occur at
discrete energies that are characteristic of the absorbing atom, and can be used to its
identification (EDX techniques).

We refer to X-ray fluorescence when an X-ray with energy equal to the difference of the
core-levels is emitted and Auger effect when an electron is promoted to the continuum
from another core-level.

The principle of XAS measurements is how the absorption coefficient varies with the X-
ray energy. The absorption coefficient (i) depends on the atomic number Z, density p,
atomic mass A and energy E (u =pZ*/AE®). It gives the probability of the absorption of
X-rays and is related to the X-ray intensity by Beer’s Law:

It = Ioe_”X (2.2)

where Iy is the incoming X-ray intensity to the sample, I; is the intensity transmitted

through the sample and x is the sample thickness.
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If x is expressed in cm, p results in cm™. In this case the equation can be expressed as

follows:
[ =I,e "mPX (2.3)

where p is the atom density expressed in g/cm® and pm = (u/p) is the mass absorption
coefficient. It is more convenient to use pum since this quantity is not dependent on the
physical or chemical state of the element as X-ray absorption is primarily an atomic
property.

The absorption coefficient has a characteristic value depending on both the atomic
number of the element and on the wavelength of the incident X-ray radiation. The

typical trend is shown in Figure 2.3.
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Figure 2.3 — Characteristic trend of mass absorption coefficient (absorption cross section) vs X-ray radiation
energy.

The discontinuity of photoelectric absorption values is due to absorption edge. The
values of mass attenuation coefficients are dependent upon the absorption and scattering
of the incident radiation caused by several different mechanisms such as Rayleigh
scattering (coherent scattering), compton scattering (incoherent scattering), photoelectric
absorption, pair production, electron-positron production in the fields of the nucleus and
atomic electrons. The photoelectric absorption is dominant for photon energy between a
few electronvolts to over 1 MeV in elements with a high atomic number.

The X absorption is expressed in electronvolt (eV). One electronvolt is the amount of
energy gained (or lost) by the charge of a single electron moving across an electric
potential difference of one volt (1eV=1.602:10"° J).
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XAS is the modulation of the X-ray absorption coefficient at energies near and above an
X-ray absorption edge. The explored energy range is divided into two regimes: X-ray
Absorption Near-Edge Spectroscopy (XANES), and Extended X-ray Absorption Fine-
Structure (EXAFS) which contain related, but slightly different information about a local
atomic coordination and oxidation state. In Figure 2.4 is reported as an example, the
typical absorption spectrum K edge transitions) of iron.

XANES concerns the features in the XAS of condensed matter due to the
photoabsorption cross section for electronic transitions from an atomic core level to final
states, in the energy region of 50-100 eV above the selected atomic core level ionization
energy, where the wavelength of the photoelectron is larger than the interatomic distance
between the absorbing atom and its first neighbor atoms [11].

The EXAFS oscillations result from the interference between the outgoing photoelectron
wave and components of backscattered wave from neighboring atoms in the molecule,
which starts immediately past an absorption edge and extends to about 1 keV above the
edge.

XANES region

EXAFS region

Normalised Absorption (arb. units)

pre-edge

7100 7200 7300 7400 7500 7600
Energy (eV)

Figure 2.4 — XAS spectrum near-edge of iron. The main regions of the spectra are evidenced.

The general definition for the EXAFS phenomenon, which is the oscillatory portion of
the absorption coefficient, is the difference between the observed absorption coefficient u
and the free-atom absorption coefficient po, normalized by the free-atom contribution.

The XANES spectra describe electronic structure and symmetry of the metal site
(numbers, types, and distances to ligands and neighboring atoms from the absorbing

element), while EXAFS studies the fine structure in the absorption at energies greater
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than the threshold for electron release. These two methods give complementary structural
information.

The experimental setup and data acquisition required to perform XAS experiments
involve X-rays sources with high energy and with very collimated beams (synchrotron
radiations). Synchrotron radiation is the name given to the radiation which occurs
when charged particles are accelerated in a curved path or orbit. In Figure 2.5 a
schematic image of a synchrotron is shown. The main elements which constitute the
apparatus are the bending magnets, which are placed at a number of locations on the
ring to guide the beam along the reference path, the wiggler and the undulators
magnets, that deflect the electron beam in alternate directions, producing an angular

excursion of the beam.
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Figure 2.5 — Schematic image of a synchrotron.

Synchrotron radiation emitted by electrons in particle accelerators is extremely intense
and extends over a broad energy range from the infrared through the visible and
ultraviolet, into the soft and hard X-ray regions of the electromagnetic spectrum.

Due to these and other characteristics, nowadays synchrotron radiation is used to study
many aspects of the structure of matter at the atomic and molecular scale, from surface

properties of solids to the structure of protein molecules [12].
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2.2.3 Scanning electron microscopy

The scanning electron microscopy is an advanced technique derived from the older
optical microscopy. Regarding the dualistic nature of wave-particle, electrons possess the
optimum wavelength to probe conductive surfaces with a high magnification. The
capability of resolving between two points is called ‘resolution’ and it is expressed by the
Abbe’s equation (Eq. 2.4) [13].

r=—2 (2.4)

2nsin a

where r is the minimum resolved distance, A is the illumination wavelength, o is the
aperture angle, and n is the refractive index of the considered medium.

According to the De Broglie’s equation:

A= (2.5)

mv

where h is Planck’s constant, m is the mass of the electron, and v its velocity of
propagation. If the accelerating voltage (V) is equal to 100 keV the electrons possess a
wavelength of 0.004 nm. So if the resolution is around 240 um for an optical microscope,
it is 0.002 um for an electron microscope. In a transmission electron microscope the
accelerating voltages are of the MeV order and the resolution is even lower than 0.2 nm,
for this reason the SEM images provide surface information. The SEM apparatus is
shown in Figure 2.6.

In SEM, a primary electron beam is produced, usually from a cold Field-Emission gun,
and focused on a sample and either the secondary or backscattered electrons emitted
from the sample, are measured. Other sources of deactivation can also be cathode
luminescence, Auger electrons, and characteristic X-rays. Secondary electrons are due to
non-elastic collisions between the primary electron beam and the outer electrons of the
sample. These electrons are ejected and usually recovered by the objective lens
(detectors).

The apparatus is completely under vacuum (10-11 torr) and a complex system of electron

lens permit both magnification and movement for the topographical analysis.
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Figure 2.6 — Schematic image of SEM

The backscattered electrons are primary electrons which, conserving the 80 % of the
initial energy, through elastic interactions are re-emitted. Because this elastic effect is
proportional to the square of the atomic number, usually this information can be used to

clarify doubts from the secondary electrons map.

2.2.4 Energy dispersive X-rays analysis

EDX is a semi-quantitative analytical technique useful for the elemental analysis or
chemical characterization of a sample, and it is generally coupled with SEM. The
analysis is based on the interaction of a source of X-ray excitation and the sample. The
number and energy of the X-rays emitted after the collision of the electron beam with the
sample can be measured by an energy-dispersive detector. With an internal standard it is
possible to obtain the relative abundances of several elements, especially the heaviest

ones. This is a powerful method of analysis especially because of its fast data collection.

2.2.5 Atomic force microscopy

The Atomic Force Microscope is more versatile than SEM because it is not necessary

any conductivity property from the sample. By using AFM it is possible not only to
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obtain an image of the surface with an atomic resolution but also to measure the force at
nano-newton scale.

The AFM principles are very simple, the general setup is shown in Figure 2.7. A tip is
scanned over a surface with feedback mechanisms that enable the piezoelectric scanners
to maintain the tip at a constant force (to obtain height information), or height (to obtain
force information) above the sample surface. Tips are typically made from SisN4 or Si,
and extended down from the end of a cantilever. Generally the force between the tip and
the sample surface is very small, usually less than 10 N. The detection system does not
measure force directly but it records the deflection of the microcantilever. There are
many categories of detecting systems for monitoring such a deflection. In the beam-
bounce method a diode laser is focused onto the back of a reflective cantilever. As the tip
scans the surface of the sample, moving up and down with the contour of the surface, the
laser beam is deflected off the attached cantilever into a dual element photodiode. In this
arrangement a small deflection of the cantilever will tilt the reflected beam and change its
position on the photodetector [14].

Photodiode
L

~ beam

Cantilev
Samplef_ujr‘face - E:Illé;;er

" e
Piezoelectric
scanner

Figure 2.7 — Schematic setup of atomic force microscopy.

The photodetector measures the difference in light intensities between the upper and
lower elements, and then converts the difference to voltage. Feedback from the
photodiode difference signal, through software controlled by the computer, enables the
tip to maintain either a constant force or a constant height above the sample. In the
constant force mode the piezo-electric transducer monitors real time height deviation. In

the constant height mode the deflection force on the sample is recorded. According to the
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interaction of the tip and the sample surface, the AFM can be classified as repulsive or
contact mode and attractive or non-contact mode.

The primary information that can be obtained by this instrument is the quantitative
measure of the samples surface roughness and also the determination of the coatings
thickness.

2.2.6 Electrochemical methods of analysis

The electrochemical measurements on chemical systems involve transport of charge
across interfaces between chemical phases. Measuring and controlling the cell potential it
is possible to accelerate reactions, according to thermodynamics, or reverse them. Two
types of processes occur at those electrodes: one kind involves the movement of charges
across the interface causing oxidation or reduction (governed by the Faraday’s law); the
other one is connected to the structural changes coupled with the change of potential or
solution composition. These two phenomena are called Faradaic processes and non-
Faradaic processes, respectively.

Electrochemical methods are often used for the assessment of batteries, capacitors and
their components. Cyclic voltammetry is useful for a rapid determination of the domain
of electroactivity, the redox peak systems, the reversibility and the capacity. In order to
study the performances of electrochemical capacitors materials, besides CV,
galvanostatic measurements and electrochemical impedance spectroscopy (EIS) are
especially useful for the determination of the capacity, cyclability, cell resistance and
Kinetic parameters. Linear sweep voltammetry using rotating disk electrodes is the most
commonly employed technique to study the properties of OER and HOR (hydrogen
oxidation reaction) catalysts. In the following sections the mentioned techniques will be

briefly described.

2.2.6.1 Cyclic voltammetry

Performing cyclic voltammetry it is possible to study the electrochemical behaviour of a
chemical system or a modified electrode. CV is the most widely used technique to gain
qualitative information about electrochemical reactions. Using this technique it is

possible to rapidly provide considerable information on the thermodynamics of redox
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processes and the kinetics of heterogeneous electron transfer reactions and on adsorption
processes. In this potentiodynamic electrochemical experiment, as shown in Figure 2.8
A, the working electrode potential is ramped linearly versus time and after the set
potential is reached, the working electrode’s potential is ramped in the opposite direction
to return to the initial value [15]. The current at the working electrode is plotted versus

the applied voltage to give the cyclic voltammogram trace (Figure 2.8 B).
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Figure 2.8 — A) Applied potential vs time, B) typical cyclic voltammogram recorded in the presence of
electroactive species.

If a species is initially present in a reduced form (R), as the applied potential approaches
the characteristic E° for the redox process, an increased anodic current is recorded until a
peak is reached (Ea). After traversing the potential region in which the oxidation process
takes place, the direction of the potential sweep is reversed. During the reverse scan, the
oxidized molecules (generated in the forward half-cycle, and accumulated near the
electrode surface) are reduced back to R, resulting in a cathodic peak (Epc).

Some applications will be reported in the results and discussion section.

2.2.6.2 Capacitance and charge

The electrodes for which no net charge transfer occurs across the solid-solution interface,
are called ideally polarizable electrodes, but this is just an ideal behaviour. In a limited
potential range, some electrodes can approach this ideal polarizability. Since no charge
passes the electrode-solution interface, it is analogous to a capacitor. For an ideal

capacitor, the charge (q) is directly proportional to the potential difference:
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C= q/E (2.6)

where C is the capacitance (in Farads, F), specifically, the ratio of the charge stored to
the applied potential.

During this process a charging current will flow. In the case of solutions the charge
carried by an array of charged species and oriented dipoles, generates the so called
electrical double layer, usually divided in an inner layer (the compact layer or Helmoltz
layer) and an outer layer (called the outer Helmoltz layer).

The centres of specifically adsorbed ions constitute a compact layer which is called the
inner Helmoltz plane, whereas the centres of nearest solvated ions (species which are not
able to overcome the energetic barrier necessary to lose their solvation shell) generate the
so called outer Helmoltz plane. The charge density involved in these two layers is equal
and opposite to the local excess of charge density in the electrode. Of course the
thickness and the structure of these layers depend on the solution characteristics and,
once defined the reciprocity, depends even on the surface which has generated it. A
solution can be approximated by the electrical circuit of a resistor, Rs, and a capacitor, C,
representing the double layer, in series. According to physics the behaviour of the

current, i, in the time, t, when applying a potential step of magnitude E is [16]:

i = d—q = ie_t/RCdl (27)
dt Rs

By recording linear scan voltammograms at different scan rates, and plotting the
charging current (at a given potential) versus the scan rate, one would obtain a straight
line, with a slope corresponding to CqA. When Faradaic processes are permitted,
reactions occur at the electrode so the current can flow beyond the simple charging

process. The net resultant is the i = f(E).

2.2.6.3 Galvanostatic charge-discharge experiments

Galvanostatic techniques are suitable for the characterization of supercapacitors. Charge-
discharge measurements are critical for the analysis of the active materials performance
under practical operating conditions. The working electrode is submitted to a constant
current and voltage vs time is recorded between fixed potential values. The main
parameters obtained from this experiment are the capacity of the electrode, the change of

potential in function of the state of charge, the cyclability and the estimation of the ohmic
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drop. A pure capacitive behaviour leads to the same charge-discharge times. Otherwise,
an irreversible Faradaic reaction occurs. Galvanostatic curves are often recorded at
current densities between 0.5 and 20 mA cm™.

Long term cycling is often employed to test the cycling stability and Faradaic efficiency
over long periods of time. This kind of measurements is considered more reliable than
CV for the determination of capacitance during charge and discharge because the current
can be kept rigorously constant and the time can be evaluated with accuracy.

2.2.6.4 Polarization curves

The so-called polarization curves are a particular case of linear sweep voltammetry
(LSV) [17]. These techniques record the current vs potential trend under steady state
conditions, at very slow sweep rates and in a potential region very close to the
equilibrium potential for the reaction of interest. In these conditions a reversible
(Nernstian) system is at equilibrium and the interface is governed only by
thermodynamic aspects. In these cases i-E curves are useful for obtaining thermodynamic
properties such as standard potentials, free energies of reaction and equilibrium
constants.

The Butler—\VVolmer equation can be written in terms of the exchange current [18]:

—oan/RT_e(l—a)nFn/RT

i=i (2.8)

where n = E — E¢q IS the overvoltage (i.e., the extra potential beyond the equilibrium
value leading to a net current i). The overvoltage is always defined with respect to a
specific reaction, for which the equilibrium potential is known. Equation 2.8 can be used
for extracting information on iy and o, which are important Kinetic parameters.

When the equilibrium is reached, no net current flow is detected so we have to recall two
kinds of approximation [18]: linearization at high overpotentials and linearization at
small overpotentials.

a) Linearization at large overpotential (Tafel behaviour)

For sufficiently large overvoltages (n > 118mV/n), one of the exponential terms in Eq.
2.8 is negligible compared to the other. For example, at large negative overpotentials, i.

>> |, and EqQ. 2.8 becomes:

—anFn

i=1iye RT (2.9)
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hence, we get:
Ini =Iniy, — anFn/RT (2.10)

This logarithmic current—potential dependence was derived by Tafel, and is known as the
Tafel equation. By plotting log i against n it is possible to obtain the Tafel plots for the
cathodic and anodic branches of the current—overvoltage curves. Such plots are linear
only at high overpotential values; severe deviations from linearity are observed as m
approaches zero. Extrapolation of the linear portions of these plots to the zero
overvoltage gives an intercept, which corresponds to log io; the slope can be used to
obtain the value of the transfer coefficient a. Another form of the Tafel equation is
obtained by rearrangement of Eq. 2.10:

n=a-—blogi (2.11)

with b, the Tafel slope, having the value of 2.303RT/anF. For a = 0.5 and n =1, this
corresponds to 118 mV (at 25°C).

From the Tafel slope we can extract information about the mechanism of reaction (if the
electrochemical step is before the rate determining step), and sometimes information
about the involved chemical steps (i.e., the adsorption/desorption, if there is any).
Equation 2.11 indicates that the application of small potentials (beyond the equilibrium
potential) can increase the current by many orders of magnitude. In practice, however,
the current could not rise to an infinite value because of the restrictions imposed by the
rate at which the reactant reaches the surface.

b) Linearization at Small overpotential

For small departures from E°, the exponential term in Eq. 2.9 may be linearized:
i = ignFn/RT (2.12)

which shows that the net current is linearly related to overpotential in a narrow potential
range near Eeq (the ratio n/i has the dimensions of a resistance and is often called the
charge transfer resistance Ry, when the reaction has very high k° this resistance
approaches zero). Hence, the net current is directly proportional to the overvoltage in a

narrow potential range near E°.
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2.2.6.5 Rotating disk electrode

Let’s consider an overall electrode reaction O + ne” = R composed of a series of steps. It
causes the conversion of the dissolved oxidized species to a reduced form. The current is
governed by the rates of processes as:

a) Mass transfer

b) Electron transfer

c¢) Chemical reactions preceding or following the electron transfer

d) Other surface reaction, such as adsorption, desorption, velocity profiles as a function
of rotation rates, solution viscosities, and densities.

It is possible to carry out electrochemical measurements under defined mass-transport
conditions using a rotating disk electrode (RDE) which induces a forced convective
mass-flow into the electrolyte.

The RDE consists of a smooth circular electrode embedded in an insulator. The electrode
surface normal, z, denotes the rotation axis. While rotating the electrode acts like a pump,
that draws the electrolyte solution from the bulk to its surface and propels it outwards
radially, following the streamlines shown in Figure 2.9. The knowledge of the velocities
in vertical and radial directions allows for the determination of the mass-transport rate to
the disk surface through a diffusion layer with thickness, drpg, calculated according to
[19]:

1 11
6 =1.61D3w 2vs (2.13)

where v, D and o denote the kinematic viscosity of the electrolyte, the diffusion
coefficient of the reactant in the electrolyte, and the angular velocity or rotation rate of
the electrode (in rad/s), respectively. According to the previous equation the thickness of
the RDE diffusion layer only depends on the rotation rate, in contrast to the diffusion
layer thickness of a stationary electrode, which grows with time into the electrolyte until
natural convection becomes the controlling one. Therefore, the thickness of the diffusion
layer for a RDE is roughly one or two orders of magnitudes smaller than for a stationary
electrode.

The limiting current (for a reversible system) is proportional to the square root of the

angular velocity, as described by the Levich equation [14]:

i, = 0.62nFAD /30 /2v~/sC (2.14)
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-

Elsutrode

Figure 2.9 - Sketch of a rotating disk electrode with the schematic streamlines (side view) in the electrolyte. Z
denotes the rotation axis.

When working with low reactant concentrations the time-independent small diffusion
layer thickness for a RDE results in increased and constant current densities compared to
stationary electrodes.

Overall, the RDE provides an efficient and reproducible mass transport and, hence,
analytical measurements can be made with high sensitivity and precision. Such well-
defined behaviour greatly simplifies interpretation of the measurement. The convection
induced by the electrode results also in very short response times.

This kind of electrode was used for the experimental determination of the onset potential
related to the layered double hydroxides modified electrodes when tested as OER

catalysts.

2.2.6.6 Electrochemical quartz crystal microbalance

Electrochemical quartz crystal microbalance (EQCM) is a powerful tool for studying
interfacial reactions based on the simultaneous measurement of electrochemical
parameters and mass changes at the electrode surface. The principle is based on the
piezoelectric properties of a slice of quartz crystal wafer which is sandwiched between
two electrodes (Figure 2.10) that apply an oscillating electric field, resulting in a standing
wave within the wafer and in mechanical oscillation at resonant frequencies (generally in
the range from 2 MHz to 20 MHz). Such a field produces a mechanical oscillation in the
bulk of the wafer. Surface reactions, involving minor mass changes, can cause
perturbation of the resonant frequency of the crystal oscillator. The bare quartz crystal

has a particular mechanical resonant mode depending upon its size and thickness, and it
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oscillates at a frequency, fo, when a sinusoidal electrical signal of this frequency is
applied to the gold contacts.

-+ 5 —

Figure 2.10 - Quartz crystal microbalance: (1) the quartz crystal, (2) the Au or Pt electrode, (3 and 4)
connecting metal wires, (5) the base.

Typical quartz crystals used in EQCM experiments have a 1.37 cm? area and fo= 5 MHz.
At this frequency a mass change of 18 ng cm™ of an electrode causes a frequency change
of 1 Hz, a resolution attainable with good frequency counters. The frequency change (Af)

relates to the mass change (Am) according to the Sauerbrey equation [17]:
Af = —2AmnfZ /A./pp = —Cgm (2.15)

where n is the harmonic number of the oscillation (e.g., n = 1 for 5 MHz crystal), f, the
base resonant frequency of the crystal (prior to the mass change), A is the area (cm?), p is
the shear modulus of quartz (2.95 x 10 g cm * s %), and p is the density of quartz (2.65
g cm®). Cy is the sensitivity factor for the crystal used. As expected from the negative
sign, decreases in mass correspond to increases in frequency and vice versa. The EQCM
is very useful for probing processes that occur uniformly across the surface. Numerous
surface reactions have been investigated, including deposition or dissolution of surface
layers and various uptake processes (such as doping/de-doping of conducting polymers
or ion exchange reactions. Such changes can be probed using various controlled-potential
or controlled-current experiments. In these experiments, one of the electrodes is
employed as working electrode in the electrochemical cell, to allow simultaneous

frequency and current measurements.
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3. LAYERED DOUBLE HYDROXIDES (LDHs)

The natural mineral hydrotalcite belongs to the class of materials of layered double
hydroxides and for this reason LDHSs are also known as hydrotalcite-like compounds
(HTLCs). The natural hydrotalcite, which was discovered in Sweden around 1842, is a
hydroxycarbonate of magnesium and aluminum and can be considered a prototype of this
class of materials. The correct formula for hydrotalcite, [MgsAl,(OH)16CO3 % 4H,0],
was suggested by Manasse, who was the first who realized that carbonate ions were an

essential feature of the mineral [1].

3.1 Structure

LDHs are a class of layered materials having a structure closely related to brucite
(Mg(OH),), which consists in Mg®* ions octahedrally surrounded by six OH™ ions. The
octahedral units share edges to form an infinite 2D layer and the layers stack on the top
of one another forming the three-dimensional structure. An LDH can be obtained by the
substitution of a fraction of the divalent cations in the brucite layer with trivalent cations.
The resulting structure, shown schematically in Figure 3.1 consists of a positively
charged brucite-like layers and the charge is balanced by the intercalation of anions in the
interlayer region. The chemical composition of LDHs is generally expressed by the
following formula [M(11)1xM(111)x(OH)2 " (A™)xn x yH20, where, M(I1) is a divalent
cation, M(I11) represents a trivalent one, A is the interlayer anion, n is the charge of the
interlayer ion, x represents the molar ratio [M(II1)/(M(11)+M(I11))] and y is the number of
water molecules located in the interlayer region [2,3]. Both inorganic and organic anions

can be introduced among brucitic layers by ion exchange or during the precipitation.

O AN AN AN
geg‘ hydroxide layer [M'1_ M (OH),}**
M or M
metal cation
@ interlayer A™ anions
© water molecules OH- anions

Figure 3.1 - Structure of a Layered Double Hydroxide.
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LDHs may be synthesized with a wide range of compositions varying M(1l) and M(I1I)
cation combinations and also inserting different anions in the interlayer. By virtue of this
opportunity materials with widely tunable properties can be obtained. Concerning the
cations, the only restriction is the size of the radius since only M(Il) and M(lIl) ions
having ionic radii not too different from those of Mg?* and AI**, respectively, may be
accommodated in the octahedral sites of the brucite-like layers to form LDH compounds
[4]. For this reason, the positively charged layers are constructed employing divalent
cations such as Ni**, Mg?*, Ca?*, Mn**, Co®*, Cu*" or Zn*" and as trivalent cations AI**,
Co**, Fe* or Cr**. The cations which are too small or too large give rise to other types of
compounds. Furthermore, the most reliable molar fraction M(111)/(M(I1)+M(ll1), in order
to have a LDH structure, corresponds approximately to stoichiometric values between
0.2 and 0.4 [5]. The intercalated anions are typically carbonate (COs*), but other
common anions are SO,*, OH’, F, CI, Br_ and NO3 ™ [6]. Therefore, the LDH structures
are attractive for use in electrochemical processes since they are highly accessible to
electrolytes by anion exchange (on the basis of this peculiarity they are also called
anionic clays).

Due to the possibility to insert cations which can undergo a redox reaction within a
certain range of potential and the peculiar property of fast and easy exchange of
interlayer anions, LDHs are attracting for applications in many fields of research such as
catalysis, photochemistry, polymer additives, drug carriers for many different
pharmaceutically active compounds, and electrochemical applications (sensors based on
chemically modified electrodes, biosensors, energy storage devices, etc). LDHs can be
synthesized according to many different methods; the main synthesis strategies and the

applications will be illustrated in the following paragraphs.

3.2 Synthesis methods

Several synthetic techniques have been developed and reported in literature for LDHs
preparation. The most commonly employed are the simple coprecipitation and
hydrothermal methods, but other methods include urea hydrolysis, glycine assisted
hydrothermal synthesis, topochemical oxidation and reconstruction, which is based on

the so-called “memory effect”. Furthermore, some other synthetic approaches such as
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microemulsion method and electrochemical synthesis have been successfully employed.

In the following the methods will be briefly described.

3.2.1 Coprecipitation at a constant pH

This synthesis is one of the most commonly employed and consists in the following
procedure [7]: typically the solutions of two different metal salts (commonly nitrates or
chlorides) are prepared with a total cationic concentration of 0.1 M in order to keep a
constant M(I1)/M(111) ratio of about 2-3. The solution is then added dropwise to an
aqueous solution containing organic guest species. Throughout the addition, the pH is
maintained constant at a value of ~9 by the simultaneous addition of a 0.2 M NaOH
solution in order to induce the co-precipitation. The reaction is carried out under N,
atmosphere to avoid carbonate contamination, with vigorous stirring. The addition of the
salts solution is completed within about 3 hours and then the suspensions is immediately
centrifuged at 4500 rpm without any ageing in order to quench the crystal growth and,
therefore, obtain small platelets. The solids recovered by centrifugation are washed a few
times with deionized water and dried in air at 30°C overnight.

Otherwise, in order to obtain bigger particles, the precipitate is aged at room temperature
for 24 h, filtered, washed carefully with decarbonated water and finally dried under

vacuum.

3.2.2 Urea hydrolysis method

Urea has a number of unique properties such as its very weak Brénsted base
characteristic (pK, = 13.8), high solubility in water, and a hydrolysis rate that can be
easily controlled, making it an attractive agent to precipitate several metal ions as
hydroxides or as insoluble salts in the presence of a appropriate anion. The hydrolysis of
urea consists in two steps, the formation of ammonium cyanate (rate determining step)

and the fast hydrolysis of the cyanate to ammonium carbonate:
CO(NH,), — NH,CNO (3.1)

NH,CNO + 2H,0 - 2NH} + C0%3~  (3.2)
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The acid-base reactions of ammonium and carbonate to give ammonia and hydrogen
carbonate lead to a pH of about 9, depending on the temperature. This pH is suitable for
precipitating a large number of metal hydroxides. Costantino et al. [8] investigated the
best conditions in terms of temperature, total metal cations concentration, molar fraction
Al/AI+M(11) and molar fraction urea/M(I1)+Al to prepare Mg, Zn or Ni/Al-carbonate
LDHs by this method.

A well crystalline LDH phase can be prepared in a relatively short time using the
homogeneous precipitation method based on urea hydrolysis, dissolving solid urea in an
aqueous solution of the chosen metal chlorides to give the chosen urea to ion ratio [9].
The precipitation of the LDH is achieved by thermal hydrolysis of urea with formation of
ammonium carbonate. The obtained solid is separated from the mother solution, washed
with deionized water and 0.1 M sodium carbonate in order to exchange residual chloride
ions incorporated during the synthetic procedure, with carbonate anions. Eventually, the
solid is dried at room temperature overnight.

Alternatively, the so obtained precipitate can be submitted to a hydrothermal treatment,
at 90 °C for 24-48 hours at pH 9.

The compounds prepared using this method display homogeneous sizes and platelet-like
primary particles with well-defined hexagonal shapes, which may be very interesting
from the viewpoint of nanotechnology since LDHs provide nano-size two-dimensional

spaces for the creation of functional materials.

3.2.3 Hydrotermal method

The hydrothermal method is usually employed when organic guest species with low
affinity for LDHs are required to be intercalated into the interlayers or when the anion-
exchange reactions or the coprecipitation using soluble metal salts cannot be applied.
This method is particularly interesting because only the desired organic anions can
occupy the interlayer space under the hydrothermal condition since insoluble hydroxides
are used as precursors and no other competing species are present [10].

The following is a typical synthetic procedure: the hydroxides precursors and the organic
species are mixed and stirred in de-ionized water at room temperature. Then the

suspension is transferred into an autoclave and heated at 100-150 °C for a few days. The
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solid precipitate is collected by filtration using a membrane filter and subsequently
washed with ethanol.

The hydrothermal synthesis is particularly useful when LDH-like materials are prepared
using powders as starting materials and it has been found out that the temperature
influences the crystal structure of the resulting material. Structures synthesized at
different temperatures, despite having identical main layers, show a different

arrangement of water molecules and carbonate groups forming the interlayer region.

3.2.4 Glycine assisted hydrothermal synthesis

LDHs are usually prepared by glycine assisted hydrothermal method, according to the
following procedure [11]. In a typical experiment, glycine (NH,CH,COOH; pKa = 2.3,
pKa2 = 9.6) and sodium sulfate are dissolved in a solution of Ni(NOs3), and AI(NOs)sz in a
fixed molar ratio. After a few minutes of stirring a clear green solution is obtained. Then
5 M NaOH is added under stirring, to induce a pH increase from ~3.5 to ~13.5.
Afterward, the solution is transferred into an autoclave and heated at 120 °C for 24 h.
After the hydrothermal treatment, the autoclave is allowed to cool to room temperature,
the resulting precipitate is recovered by centrifugation, and the supernatant is removed.
There is no change in the solution pH before and after the hydrothermal treatment. The
precipitate is then washed a few times with de-ionized water and dried at room
temperature.

Depending on the reactants ratio in this method (the metal salt and the glycine amounts)

it is possible to obtain different shapes and sizes of the particles.

3.2.5 Topochemical oxidation

Taking the example of a Co-based LDH, through a topochemical oxidative reaction
under air, a B-Co(OH), brucite-like structure can be converted into a monometallic
Co(I11)/Co(111)-COs3 layered double hydroxide [12].

The synthesis of the LDH consists in the partial oxidation of B-Co(OH), and is carried
out for 60 hours at 40 °C, in 0.5 M NaOH. The modification of the electrodes can be
performed by casting the colloidal suspension and drying it at ambient temperature

obtaining stable and homogeneous films.
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3.2.6 Reconstruction method

Another common method to produce LDHs is rehydration/reconstruction using the
structural “memory effect”. This method involves calcination of LDHs to remove the
interlayer water, interlayer anions, and structural water, resulting in mixed metal oxides.
It is interesting to note that the calcined LDHs are able to regenerate the layered structure
when they are exposed to water and anions [13]. Again in addition, the included anions
do not need to be the same species originally present in the interlayer of the uncalcined
LDHs, and, therefore, this is an important method to synthesize LDHs with the desired
inorganic or organic anions in order to accomplish specific application requirements [14].
Metal salts are calcined at 500°C for 4 h, under nitrogen, at a heating rate of 5 °C/min.
The solid is then added to a solution containing decarbonated water with the guest
molecule. The desired pH value (7-8) is adjusted by adding NaOH. Then, the precipitate
is aged at room temperature, filtered, washed with decarbonated water thoroughly, and

finally dried under vacuum.

3.2.7 Microemulsion method

Colloidal aqueous dispersions of LDHs can be prepared by the double-microemulsion
method according to literature data [15]. This method utilizes two water-in-oil
microemulsions containing cetyl trimethylammonium bromide as surfactant, n-butanol as
cosurfactant and isooctane as oil phase, mixed together. One solution contains the
reactants M(Il) and M(III) salt precursors in aqueous phase and the other one a
precipitating agent such as NHs. In this case, the intermicellar exchange of solutes is

essential to the formation and precipitation of the product.

3.2.8 Electrochemical synthesis

The electrodeposition of LDHSs is an appealing route of synthesis since it allows the
simultaneous synthesis and modification of the electrode surface [16]. The
electrochemical synthesis can be performed starting from a solution containing the nitrate

salts of the metal M(Il) and M(III) in a proper molar ratio and KNO3 as supporting
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electrolyte, then a cathodic potential is applied for a fixed time, usually between 30 and
90 seconds [17].

The method is based on the electrochemical production of hydroxide anions necessary to
induce the LDH precipitation on the electrode surface by the cathodic reduction of nitrate
ions [18].

During the cathodic reduction of nitrates the following reactions occur near and on the
electrode surface, leading to the disappearance of H* and to the generation of OH", and
contribute to the precipitation of the LDH.

H* + e~ > Hygs (3.3)
2HY +2e” - H, (3.4)
NO3 + 2H* + 2e~ - NO3 + H,0 (3.5)
NO3 + 10H* + 8¢~ - NHJ + 3H,0 (3.6)
2H,0 + 2e~ - H, + 20H" (3.7)
NO3 + H,0 + 2e™ —» NO; + 20H~ (3.8)
NO3 + 7H,0 + 8e~ - NHf + 100H™ (3.9)

Recently, it has been proved that a pre-treatment of the Pt electrodes can lead to a more
adherent film and avoids the addition of KNOj3 as further nitrates source [19]. On the
activated Pt surface the LDH films are electrodeposited by cathodic reduction of a
freshly prepared 0.03 M solution containing M(I1) and M(IIl) at a molar ratio of 3:1.
After performing the modification, the electrode is immediately rinsed with bi-distilled

water in order to avoid the dissolution of the LDH due to the local acidity.

3.3 LDH modified electrodes applications

LDHs have been studied for their potential use in a wide range of important areas, i.e.
catalysis, biomedical science, and environmental applications [20-22]. For example,
LDHs have been applied for the catalysis of acid—base processes, for the production of
basic chemicals [23], and for the catalysis of redox processes [24]. Furthermore, LDHs
have demonstrated to be suitable materials for applications in photochemistry and

photocatalytic degradation of toxic compounds has been reported [25,26]. LDHs have
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also been investigated for their use to prevent metal alloys corrosion [27] and as
reinforcing materials in nanocomposite polymers [28]. In medical applications, LDHs
have been studied as components in pharmaceutical formulations and in the development
of new delivery systems [29]. Moreover, LDHs have been used as heat stabilizing and
UV absorption additives in polymers [30,31], flame retardants [32,33] and precursors to
magnetic materials [34].

In the next paragraphs the most important fields of LHDs application will be discussed.

3.3.1 Biochemical and medical applications

Many of the divalent and trivalent metal cations which can form LDHs have low toxicity.
Mg/Al LDHs are most frequently used as a LDH-based drug carrier and further studies
have also been carried out with Zn/Al LDHs. Novel biohybrids of LDHs and
biomolecules are designed and organized on nanometer scale to provide opportunities for
reservoir and delivery carriers of functional biomolecules in gene therapy [35] and drug
delivery since LDHs can act as inorganic vectors. Negatively charged biomolecules
intercalated in the gallery spaces would gain more stabilization energy due to the
electrostatic interaction with the cationic brucite-like layers [36]. Such biomolecules
incorporated between hydroxide layers can be intentionally dissolved in an acidic media,
which offers a way of recovering encapsulated or intercalated biomolecules [37].

Hosting of biologically active molecules inside LDHs can protect host from degradation.
The addition of LDHs to a solution of a chosen pharmaceutical in water at room
temperature results in intercalation of these molecules between the layers. LDHSs are able
to swell up to 20 A in order to accommodate new guest molecules. Additionally, hosting
of a negatively charged species could provide improved ways of drugs and genetic
material to be introduced into cells [29]. If ingested, biomolecules-LDH nanohybrid can
move across mucous membrane of intestine into bloodstream. Neutral hybrids can then
enter cells by moving across negatively charged membrane without repulsive
electrostatic interactions that would be experienced by the guest anions alone. Once
inside the cell, LDH is broken down by lysosomes resulting in the release of intercalated
molecules. These features will allow LDHSs to be applied as new drug or gene carriers if

transfer efficiency of biohybrids to target organs or cells is proved. It has been
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demonstrated that hybridization between cationic layers and anionic biomolecules greatly
enhances transfer efficiency of biomolecules to mammalian cells or organs [38].

It will be possible to control the point of release and pharmacokinetic profile by selection
of metal ions in host layers. Drugs like Ibuprofen, Naproxen, 2-Propylpentanoic acid
have been reversibly intercalated into LDHs [39] and LDHs containing magnesium and
aluminum have already been used as antacid and antipepsin agents due to their basic
properties and biocompatibility [40]. Antacid performance and pH stability is
controllable by choosing the metal inside the layers, which restricts molecular
interactions and dynamics and should improve long-term stability. For example antacids
products such as Talcid™ and Altacitetm™ contain [MgsAl,(OH)16]COs.

Furthermore, layered double hydroxides show beneficial properties in the controlled
release of different types of drugs [41]. It is generally observed that suspending a drug
LDH-hybrid system in aqueous solutions, the release of the drug undergoes a two step
process. First, a rapid release occurs, and secondly a slow one, usually related to the
anionic exchange with anions of the medium. For this reason, a number of
cardiovascular, anti-inflammatory agents, being either carboxylic acids or their
derivatives, could be by ion exchange intercalated into a LDH, to have a controlled
release [42]. In vitro studies show that the drug is released by a de-intercalation process
due to its exchange with ions present in dissolution medium [43]. Kinetic analysis shows
the importance of diffusion through particles in controlling drug release rate. Hence,
reversible intercalation of a number of active cardiovascular and anti-inflammatory
agents into LDHSs can lead to novel tunable drug delivery systems. At the present time, it

has been reported even anticancer drug therapy using LDHSs [44].

3.3.2 Environmental applications

As in the recent decades the environmental pollution has emerged as an important issue,
the application of LDHs to remove environmental contaminants has become more and
more interesting. Thanks to the relatively weak interlayer bonding of LDHSs, these
materials exhibit excellent ability to capture organic and inorganic anions.

LDHs have been evaluated and successfully used to bind and remove, by the process of
adsorption and ion exchange, inorganic contaminants such as oxyanions (phosphates

[45], arsenates [46], arsenites, iodides [47], dichromates [48], selenites [49], selenates,
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borates [50], nitrates [51], etc.) and monoatomic anions [52,53] (e.g. fluoride, chloride,
bromide, and iodide) from aqueous solutions. In addition to these applications, calcined
LDHs have been used to concentrate anions in aqueous solutions as a result of
reconstruction [54].

However, because of their strongly hydrophilic surface, LDHs seem to be less effective
in binding hydrophobic organic compounds, such as phenols or pesticides. To adsorb
organic pollutants in aqueous environments is commonly employed activated carbon, but
this process is very expensive. To enhance the application of LDHs for processing
aqueous contaminants, intercalating anionic surfactants can induce a more hydrophobic
character to their surface and increase their sorptive capacity for organic pollutants [55].
While extensive studies on the adsorption behaviour of anion pollutants onto LDHs have
been conducted, only little information is available on the use of LDHSs as adsorbents for
heavy metals. Among the main conventional techniques used for heavy metals removal
from aqueous solutions, adsorption is generally considered to be one of the most
frequently used and promising techniques due to its low cost, easy operation, high
efficiency, simplicity of the equipment and easy regeneration. The adsorbent species
should have high surface areas and more binding sites are required. Using LDHs as
adsorbent material, beside the chelation with the functional ligand in the interlayer, the
adsorption mechanisms of metal cations include the precipitation of metal hydroxides or
insoluble metal carbonates on the surface of the LDH, and the adsorption or surface
complexation through bonding with surface hydroxyl groups of the LDH [56]. As an
example, in literature a Mg/AlI-CO3 LDH was studied as adsorbent for easy Cd(ll)
removal and a Fe3O4/Mg/Al-CO3; LDH was synthesized in order to introduce magnetic
properties to the adsorbent, so enhancing the final separation of the powdered adsorbent

from the suspension, using an external magnetic field [57].

3.3.3 Detection

Amperometric sensors and biosensors based on electrodes modified with LDHSs represent

one of the most interesting and relevant applications in the field of analytical chemistry.
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3.3.3.1 Electrocatalysis and sensors

The use of LDHSs containing electroactive transition bivalent metals (Co, Ni, Mn) in the
field of amperometric sensors, arises from their conductive character and is based on the
occurrence of a redox reaction involving the bivalent metal itself in a suitable potential
window, in basic solution [58]. Such LDHs are able to enhance charge transport within
the clay structure by using acceptor/donor sites in the lattice as relays to transfer
electrons from the intercalated ions to the conductive substrate; this aspect makes the
LDH capable of improved charge transfer properties. The LDH-based sensors show
interesting enhancing performances in terms of sensitivity and detection limit, especially
when the analyte is an anion, since the catalytic properties are favored by the capability
of pre-concentrating the substrate inside the interlayer domains. Moreover, the transition
metal can display electrocatalytic properties which allow the amperometric detection of a
wide group of oxidizable analytes, such as alcohols, amines, polyhydric compounds and
complex molecules, such as pesticides [59-62]. The sensitivity of the measurements
depends both on the number of oxidizable sites and on the steric hindrance of the analyte
and, thus, on the interlayer spacing.

Ni/Al LDHs show also good performance as amperometric sensors for the determination
of alcohols, alditols, and sugars, through an electrocatalytic mechanism involving the
Ni(Ill) centres. The substitution of Ni with Co as M(Il) induces a selectivity in the
electro-oxidation of molecules containing hydroxyl groups; indeed Co/Al LDH modified
electrodes do not display electrocatalytic activity towards monohydric compounds due to
the lower redox potential of the Co(l11)/Co(Il) couple. Therefore, the different behaviour
of Co and Ni based LDHs has offered the interesting opportunity to develop an analytical
method for the selective determination of alcohols in the presence of polyhydric

compounds [59].

3.3.3.2 Biocatalysis and biosensors

Biosensors have been extensively studied for the determination of analytes of interest in
many application fields such as food quality, medical diagnostics and environmental
monitoring. Biosensors are chemical sensors in which the recognition system exploits a
biological sensing element, e.g., enzymes or proteins. The stable immobilization of an

enzyme on an electrode surface, with the retention of its biological activity, and good
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diffusion properties for substrates, are the major problems related to the development of
biosensors. Various methods for enzyme immobilization have been reported, such as
cross-linking of proteins by bifunctional reagent, covalent binding, and entrapment in a
suitable matrix. Among all the inorganic and organic matrices reported in the literature,
clays and in the last decade, LDHSs in particular, have become attracting materials due to
their hydrophilic, swelling, and porosity properties. The biosensor fabrication procedure
consists of the adsorption of an enzyme/clay aqueous mixture onto the electrode surface
and the addition of cross linking agents, such as glutaraldehyde and bovine serum
albumin or polymethyl methacrylate (PMMA) on the coating film [63]. This method of
deposition offers the possibility of entrapping an established amount of enzyme into the
clay film and can be tailored for the conductive supports.

As an example, a very sensitive glucose amperometric biosensor was developed
entrapping the enzyme glucose oxidase (GOx) within a Ni/Al-NO3; LDH during the phase
of electrosynthesis [64]. Amperometric detection of glucose is an important topic mainly
due to the physiological importance of this analyte, the stability of glucose oxidase, and
the variety of the relevant sensing methods. In the presence of oxygen the enzyme
catalyzes the oxidation of glucose to gluconolactone with the concomitant production of
hydrogen peroxide which is electrochemically oxidized and detected at a sufficient
anodic potential.

Furthermore, biosensors were developed based on a wide selection of enzymes entrapped
into LDHs such as on laccase [65], cholesterol oxidase [66], alkaline phosphatase [67],

and also other biomolecules such as DNA or hemoglobin [68].

3.3.4 Energy

3.3.4.1 Production: fuel cells and metal-air batteries

Due to their high energy-conversion efficiency, low emission, and high energy and
power density, fuel cells and metal-air batteries have drawn remarkable attention as
potential efficient power sources for both electric vehicles and portable electronics
[69,70]. The oxygen reduction reaction (ORR) occurring at fuel cells cathode and metal-
air batteries plays a key role in controlling the performance of those devices, and

efficient ORR electrocatalysts are essential for practical applications of fuel cells and
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metal-air Dbatteries [71]. Noble metal-based materials are the most -effective
electrocatalysts for both ORR and oxygen evolution reaction (OER) in fuel cells or
metal-air batteries due to their excellent properties, but the prohibitive cost and the
scarcity of the noble metals prevent the development of efficient and inexpensive
electrocatalysts and this remains one of the main topics of the current research in the
field of energy production devices.

LDHs and their nanocomposites can be employed as electrocatalysts [72,73]. They
represent low cost materials with a high catalytic activity, and high chemical stability; for
these reasons LDHs are becoming ideal materials in the fields of electrocatalysis. Up to
now one of the main research topics concerns the improvement of the performances of
LDH-based electrocatalysts by developing an easy and rapid preparation method to
obtain nanomaterials with well defined morphology, dimension and microstructure. It has
been demonstrated that Ni/Fe LDHs have an important effect on the OER which can be
improved by tuning the Ni/Fe ratios in the structure. When Ni/Fe = 1.5, the Ni/Fe LDHs
show a combination of paramagnetic and ferromagnetic interactions which enhances the
catalytic activity on the electrochemical process in alkaline media, and the LDHs do not
exhibit structural changes after the electrochemical processes [74]. The 2D porous
architecture can offer several significant advantages, such as facilitating electron
transportation, promoting electrolyte penetration, and increasing the electrochemically
active surface area. For example, coatings of Ni/Fe LDH nanoplates on nickel foam
exhibited significantly reduced onset potential, yielded high current density at small
overpotentials, and showed excellent stability in OER [75]. The synthesis of a well-
defined hierarchical architecture with high surface area and proper pore-size distribution
is necessary for preventing the aggregation of LDHs and ensuring an efficient electron
transfer and a fast mass transport of electrolytes, improving the Faradaic redox reaction
[76].

Moreover, carbon nanomaterials have an excellent electrical conductivity and can
provide a support for anchoring LDHs, enhancing the specific surface area and
improving the conductivity of LDHs. Therefore, LDHs/carbon-based materials showed a
very high activity as OER and hydrogen evolution reaction (HER) electrocatalysts. Dai et
al. described the nucleation and growth of ultrathin Ni/Fe LDH nanoplates on mildly
oxidized CNTs. The resulting Ni/Fe LDH/CNT composite formed interconnected
electrically conducting networks and exhibited higher electrocatalytic activity and

stability for OER than commercial Ir catalysts. The enhancement of the performance can
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be ascribed to the high activity of Ni/Fe LDHs and the improved electron transport
induced by CNT network [77].

Also LDHs-reduced graphene oxide (rGO) composites were studied; by electrostatic
attraction, the GO nanosheets with multifunctional oxygen groups were intercalated into
the Ni/Fe LDHs, forming charge balancing interlayers in the resulting hybrid sheets. The
Ni/Fe LDH/rGO hybrids exhibited advanced electrocatalytic activity and stability on
OER in alkaline solution. The high catalytic performance is mainly attributed to the
intrinsic catalytic activity of the Ni/Fe LDHs and the strong interactions between LDHs
and rGO, which assisted in exposing the catalytically active sites and improved the
charge transport through the rGO layers [78]. Ni/Fe LDH/carbon quantum dot
composites used for OER have also been reported to improve the electrocatalytic activity
of Ni/Fe LDHs [79].

LDHs can also represent precursor materials for the synthesis of electrocatalysts since
after a thermal treatment they lead to various mixed metal oxide nanocomposite materials
consisting of interdispersed metal oxide and spinel-like phases [80,81]. Those oxides
have been demonstrated to be efficient electrocatalysts since they give rise to a very high
electrocatalytic activity and chemical stability if compared to similar materials prepared
by traditional methods. The calcination method provides also an efficient synthesis
strategy for the production of electrocatalysts on a large scale for industrial applications.
Furthermore, as a result of the possibility to change the composition of the LDH
precursors, the nanocomposite catalysts possess tunable catalytic activities for ORR and
OER. Wang et al. reported a new class of Co304/Co,MnO, nanocomposite bifunctional
catalysts, which were synthesized by calcination of a Co/Mn LDH precursor [82]. They
exhibited excellent activities both for ORR and OER in alkaline solution, which compare
with those catalysts based on precious metals and better ORR durability than the one
exhibited by the commercial Pt/C catalysts. The enhanced performance can be attributed
to the high surface area and well-dispersed heterogeneous nanostructure of the
nanocomposites.

LDHs can also be employed as modifier material for polyelectrolyte membranes.
Methanol crossover occurring in the direct methanol fuel cell (DMFC) results in direct
oxidation of methanol at the anode, and hence, leads to decreased fuel efficiency, anode
voltage, fuel loss and CO corrosion. Commercial membranes, such as Nafion, are
expensive, and more than 40 % of the methanol is often lost through crossover during

fuel cell operation [83].
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When LDH is incorporated into Nafion polymer chains, the negatively charged sulfonic
groups in Nafion polymer chains intercalate into the positively charged LDH phase
resulting in a well-dispersed composite structure. The composite gave rise to an
increment of the maximum power density compared with the pristine Nafion membrane,
meaning that the methanol crossover was highly suppressed by the incorporation of LDH
[84], due to the modified diffusion rate of methanol crossover and the hindering effect of
LDHs for the transport of methanol molecules. In addition, also other composites based
on LDHs and new membrane materials, less expensive than Nafion, have been recently
investigated. For example, low-cost membranes based on sulfonated poly(ether ether
ketone) (SPEEK) and Mg/Al-LDHs displayed good chemical, thermal and mechanical
stability and higher proton conductivity if compared to the pure SPEEK membrane due
to the structural water inside the LDHs [85]. In the reported cases, well-dispersed LDH
particles act as physical barriers and hinder methanol diffusion in the hybrid membrane

further improving the properties of these materials.

3.3.4.2 Storage: supercapacitors

Transition metal (Mn, Fe, Co, Ni, etc.) oxides or hydroxides are common electrode
materials for supercapacitors [86]. Active transition metal ions into LDH layers can
improve the specific capacity of active materials, and enhance structural stability (cycle
life) of electrode during the charge-discharge process. Thereby, LDHSs are considered one
of the most promising electrode materials for developing high-performance
electrochemical capacitors.

The microstructure is a key factor for these applications since it is extremely important to
obtain a high surface area and a mesoporous distribution. The main problem related to
LDH materials in electrochemical capacitors is that they show a poor electrical
conductivity which, consequently, results in lower energy output. The realization of
LDH/carbon nanocomposites is a good way to put together the advantages of LDHs and
carbon nanomaterials. Carbon nanomaterials have an excellent electrical conductivity
and provide a support for anchoring well-dispersed LDHs with a higher active surface
area. Graphene nanosheet/NiAl LDH composite [87], exhibited a specific capacitance of
781.5 F g~ and more excellent cycle life compared with pure Ni/Al LDHs. The reason
could be related to the presence of graphene that provides the high electrical conductivity

of the overall electrode due to its peculiar characteristics.
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Co-based LDHs also show a high activity due to the Faradaic redox reaction and have
been used as component for Co/Al LDH/carbon nanocomposites, which have been
prepared by several methods. As an example through a one-step method, Ni/Co LDH
films was grown on nickel foam by hydrothermal co-deposition using
cetyltrimethylammonium bromide as nanostructure growth assisting agent [88]. Ultrathin
nanosheets and porous nanostructures were obtained, and the as-obtained modified
electrodes displayed a high specific capacitance (2682 F g' at 3 A g') and energy
density (77.3 Wh kg™ at 623 W kg™'). Moreover, the asymmetric supercapacitor,
realized using the Ni/Co LDH film as the positive electrode material and porous rGO as
the negative one, exhibited a very high energy density (188 Wh kg™') at an average
power density of 1499 W kg .
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4. ENERGY STORAGE AND CONVERSION

The increasing demand for energy and the decrement of natural energy resources have
led to a lot of efforts aimed to discover earth-abundant energy alternatives and designing
efficient energy-storage devices [1,2]. Energy storage and conversion with high
efficiency and cleanliness have a great effect on the sustainable development of world
economics and ecology. To replace the traditional fossil fuels, electrochemical energy
storage and conversion systems, which include batteries such as rechargeable lithium-ion
and magnesium-ion batteries, and fuel cells, offer promising alternatives [3].

The energy utilization efficiency and the renewable energy implementation represent a
fundamental issue. Primary renewable energy sources, such as wind and solar power,
having the advantages of being sustainable should be further improved and exploited.
However, renewable energy sources have a significant disadvantage that is their
intermittence on daily, seasonal and regional scales too, with considerable variability in
supply. This problem can be overcome by connecting a local energy storage system to an
electricity producing element [4]. Employing electrochemical energy storage devices
would allow for the storage of the surplus energy when electricity supply is higher than
demand and for it release when demand becomes higher than supply [5]. From this point
of view, water electrolysis can play a fundamental role in the development of a
sustainable energy system. Water electrolysers are electrochemical energy conversion
devices producing hydrogen. The hydrogen energy vector represents an alternative to
electricity storage in batteries since its reconversion into electricity via fuel cells opens
up independent scaling of power and energy due to the separation of the hydrogen
storage from the conversion device [6].

In many application areas, beside fuel cells and batteries, one of the most employed
electrical devices for energy conversion and storage are the electrochemical
supercapacitors. In recent years, these devices have attracted considerable interest,
mainly due to their high power density and long lifecycle. The performance of such
devices depends intimately on the properties of the functional materials [7], for this
reason, currently the challenge is to address the demand of new functional materials with

higher and faster storage and conversion efficiency.

51



INTRODUCTION — Energy storage and conversion

In the next paragraphs the attention will be focused sequentially on the mechanism,
materials and state-of-the-art of oxygen evolution reaction, electrochemical capacitors
and organic solar cells.

4.1 Oxygen Evolution Reaction

Hydrogen is a promising energy source and a good candidate to substitute fossil fuels due
to its high energy density/mass-specific ratio [8]. At present H, production still mostly
depends on the fossil fuel industry from which it is obtained with low purity and high
cost [9]. One of the most efficient ways to obtain high purity and inexpensive H; is water
splitting into hydrogen and oxygen by electricity or sunlight [10,11].

The oxygen evolution reaction has been deeply investigated for decades [12,13] since it
is one of the half-reactions involved in water splitting. Oxygen evolution reaction is a
complex reaction that includes four proton-coupled electron transfers and oxygen-—
oxygen bond formation, it is Kinetically not favored so requiring an efficient catalyst to
expedite the reaction [14]. Iridium and ruthenium dioxides (IrO, and RuO;) have been
proposed as anodes for this application since they display the best OER electrocatalytic
efficiencies in terms of overpotential and Tafel slope [15].

However, due to their scarcity and high cost, they cannot find industrial applications to
obtain economic H, energy resources.

Water oxidation is a reaction generating molecular oxygen through several
proton/electron-coupled processes [16]. In acidic conditions, the reaction operates
through oxidation of two water molecules to give four protons and one oxygen molecule
by losing a total of four electrons (Eqg. 4.1) [17]. In basic solutions the oxidation of
hydroxyl groups takes place, and they are converted into H,O and O, with the same

number of involved electrons (Eqg. 4.2).

2H,0 o 4H* +0, +4e~  (4.1)

40H™ & 2H,04 0, + 4e~  (4.2)

Since OER is a redox reaction, electricity is usually used to drive it. The standard
potential for OER at pH 0 is 1.23 V vs the normal hydrogen electrode (NHE) [18]. In

Figure 4.1 the Pourbaix diagram for water is shown.

52



INTRODUCTION — Energy storage and conversion

+1 4 2H20 =02+ 4H+ + 4e-
Eo:lgg\f—'h‘_\_\_ Wth% }13.'].“
1.0 \\\ 2
+06 x‘“‘a-a
EH - —
+0 2 | thermodinamically stable water
o= 0.0 y—f_
02 T
— e
_0gkeH+ 2o- = Hy
P wthR >tam ]
_1_|:|||]||FIIII|||

o 2 4 6 8 10 12 14
pH

Figure 4.1 — Pourbaix diagram of water.

The reaction involves H* or OH", so the potential is pH-dependent by shifting of 59 mV
for each pH unit increase (T = 298.15 K) according to the Nernst equation (4.3), where E
is the half cell potential, E° is the cell potential in standard conditions, R is the ideal gas
constant, T is the temperature in Kelvin, n is the number of moles of electrons involved
for each mole of reaction, F is the Faraday constant, areq is the activity of the reduced
molecules and aox is the activity of the oxidized ones, respectively.

RT
nF

E=E°— lnere: (4.3)

To avoid the problem connected to the applied potential dependence on pH, researchers
have introduced a reversible hydrogen electrode (RHE) as reference [19] by taking into
account the pH shift, and hence the theoretical potential required for OER is always 1.23
V vs RHE at all pHs. As shown in Egs. (4.1) and (4.2), the production of each O,
molecule requires a transfer of four electrons, and as multiple electron transfer in one
step it is not Kinetically favored, OER usually involves multiple steps with one electron
transfer per step [16]. An accumulation of the energy barrier in each step leads to the

slow kinetics of OER with large overpotential to overcome [20].
4.1.1 Catalytic activity and kinetic parameters for OER

To quantitatively compare the activity of catalysts and study structure/

composition/activity relationships, common performance parameters are required. The
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Tafel slope is often used to compare the catalytic activity for OER [21]. Its value (slope
of the experimental linear dependence of E on log j, where j is the current density) is
particularly important from an applicative point of view and gives significant information
about the reaction mechanism providing the current density changes with increasing
overpotential. To evaluate the Tafel slopes, the measurements should be carried out at
low scan rate (below 5 mV s™') so obtaining a quasi-stationary current/potential curves.
However, different kinetic parameters can be used in combination with the Tafel slope to
better define the activity of catalysts for oxygen evolution.

In particular, it is evaluated as activity parameter the current density value at a certain
potential, normalized to the catalyst mass. The potential at a steady-state current density
(with geometric surface area normalization) cannot be used as an activity parameter
because it does not take into account the catalyst loading.

In addition the turnover frequency (TOF) represents a good parameter providing the
intrinsic catalytic activity. The TOF is defined as the number of times per second a single
active site (which we assume to be a single metal cation) evolves an O, molecule (by
accepting four electrons from solution). TOFs are typically potential dependent [22], so
the overpotential at which the TOF is measured must be reported [23]. At present TOF
represents the activity parameter less affected by experimental inaccuracies together with

the Tafel slope.

4.1.2 Requirements for oxygen evolution catalysts

Besides a high catalytic activity, an optimal catalytic material must also address other
requirements. A high surface area is generally required since it allows minimizing the
amount of employed catalyst, and this aspect is particularly important when noble metal-
based catalysts are used [24].

In order to achieve a high surface area, porous powders should be employed. Beside the
specific surface area, a high electrical conductivity at high electrode potentials is also
necessary to minimize the ohmic drop in the material [24]. Another fundamental aspect
in the development of suitable catalytic materials for OER is the resistance to corrosion,
since anodic currents at high potentials (i.e., above 1.4 V vs RHE) can result even from

the occurrence of the catalyst and/or support oxidation/corrosion [25].
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It is possible to estimate the catalyst selectivity using the rotating ring-disk electrode
(RRDE) technique. Oxygen evolved by the catalyst can in principle be reduced on the
surrounding Pt-ring electrode when it is potentiostatically kept in a potential range where
oxygen reduction is entirely under diffusion control; the optimal conditions to minimize
the local oxygen saturation and bubbles formation at the disk electrode were suggested to
be 1 mA cm ™ at a rotation speed of 1600 rpm in a N saturated electrolyte solution [26].
Another topic concerning water splitting electrolysis is the wettability of the electrodes.
Gas bubbles are formed on both electrodes during water electrolysis due to the
development of molecular hydrogen and oxygen, but as long as the bubbles are not big
enough, they will not separate from the electrode surface, leading to a high ohmic
resistivity. If the surface is covered by gas bubbles, the electron transfer is momentary
prevented so the involved catalyst surface area cannot contribute to the electrocatalytic
process. Due to this situation, a high local current density can flow through a fraction of
the electrode area, affecting the catalyst stability. The removal of gas bubbles can be
accelerated mechanically by a circulating electrolyte. This can be improved either by
using additives in the electrolyte solution or by increasing the wettability of the material
since a higher hydrophilicity allows for an easier removal of small gas bubbles [27].
Another approach consists in the development of a nanostructured material with suitable
pore size in order to minimize the gas bubble growth and favour the detachment of small
bubbles in order to improve catalyst activity and stability.

Stability to corrosion is also necessary for the realization of a catalytic material, since in
an operative system the conditions are harsh and the anode side experiences severe
oxidative conditions.

Further important requirements for the future employment of electrocatalysts are the
health safety, availability and low cost of the raw materials to allow for an economical
large-scale production.

In the following sections the most studied materials will be discussed.

4.1.3 Trend of the catalysts activity for OER

The difference in the free binding energy between O" and OH" have been introduced as a
universal catalytic descriptor for the OER to construct volcano plots (Figure 4.2).

According to the Sabatier principle, an optimal, moderate binding energy of the OER
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intermediates assures the highest catalytic activity [28]. In the case of surfaces that bind
oxygen too weakly, intermediates cannot easily react and the potential is limited by the
oxidation of HO". In the case of strong oxygen bonding, the intermediate states and the
adsorbed products are quite stable and the potential is limited by the formation of HOO"
species. The obtained theoretical activity trends are, in general, consistent with old
experimental investigations, which showed that the activity toward the OER on rutile,
spinels, or perovskites follows a volcano-type dependence on the enthalpy change of the
transition from a lower to higher oxide or other similar activity descriptors. The optimum
case (top of the volcano plots) is therefore a mean bonding strength, such as in the case
of RuO,, Co304, NiO, PtO,, SrCo03, LaNiO3, SrCoO3 and SrNiOs.

Despite a good correlation between the theoretical and the experimental overpotential
toward the OER is generally observed [29], there could be a few discrepancies derived
from the simplification and/or from the model surfaces chosen for computational
predictions which do not completely capture all the characteristics of polycrystalline
surfaces (defects and changes in the surface state occurring during the reaction).
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Figure 4.2 - Theoretical overpotential for oxygen evolution vs the difference between the standard free energy of
two subsequent intermediates (AG°o+ — AG%0) for various binary oxides (A) and perovskite oxide (B) [29].

4.1.3.1 Noble metal oxides

Among noble metal oxides, as already seen, RuO, is the most active but is fairly
expensive. The interest in RuO; electrodes started due to its reactivity at high current

densities in alkaline cells. This compound has metallic-like conductivity in basic and
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acidic media, but it is slowly attacked by alkaline electrolytes so losing its activity. Based
on the experimentally observed OER kinetics, several mechanisms have been proposed,
one involving the oxidation and reduction cyclic mechanism together with dissolution
[30]. The dissolution of RuO; electrocatalysts has been extensively studied and was
found to occur even if the electrocatalytic properties are good. One approach to improve
RuO, stability and corrosion resistance, is to mix it with other metal oxides (TiO; [31],
Sn0; [32], ZrO; [33], etc) to form mixed oxides. For example, several studies have been
conducted employing RuO; and IrO, mixed oxides as OER catalysts and it has been
evidenced that mixed oxides containing RuO; and IrO, are able to enhance the catalyst
stability [30,34]. Mamaca et al. [35] found that the presence of Ir contributed in the
stability against Ru dissolution.

Catalysts based on pure IrO, [36] exhibit the lowest overpotential for OER in acid
solutions, but have poor resistance to corrosion and display slightly lower activity than
RuO,. IrO, catalysts deactivation occurs under long-term polarization and is related to
the increase of the valence value of the Ir cation [37].

4.1.3.2 Non-noble metals for alkaline water electrolysis

Taking into account the volcano plot, a wide range of catalytic materials can be
investigated making it possible to replace noble metal catalysts with low-cost and
abundant transition metals.

Regarding OER catalytic materials, the most promising transition cations can be found in
the fourth row of the periodic table, especially Mn, Fe, Co and Ni [38,39]. Among them,
the catalytic activity trend is reported as Ni > Co > Fe > Mn [40]. In particular, the most
commonly employed materials are Ni-based hydroxides [41,42] and alloys, Co, Fe or
Mn-based oxides [43] and also perowskites [44,45].

Recently, Co and Ni-based layered double hydroxides are attracting attention for this
application and the literature has reported the development of LDHs and composite
materials with carbon nanotubes or graphene as support for OER electrocatalysis.
Furthermore, the presence of iron was discovered to have strong effects in catalyzing
oxygen evolution reaction, however, the active site of Ni/Fe LDH remains unclear and
further mechanistic studies could help to understand the structural relevance to OER
electrocatalytic activity and to further improve Ni/Fe LDH-based electrocatalysts by

constructing more advanced structures to tune the electronic properties.
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4.2 Electrochemical capacitors

In recent years, electrochemical capacitors (ECs), also called supercapacitors, have
attracted significant attention, essentially due to their characteristics to deliver high
power density in short times and to display a long lifecycle. Furthermore, ECs represent a
link between the traditional dielectric capacitors (which have high power output) and
batteries/fuel cells (which have high energy storage) [46].

ECs could be employed in batteries or fuel cells to be used in a hybrid electric vehicle in
order to provide the necessary power for acceleration, with the additional function of
recuperating energy [47]. From other studies it has been found that ECs can play an
important role in complementing lithium batteries or fuel cells in their energy storage
functions since they are able to provide back-up power supplies to protect against power
disruptions.

In the recent years, important progresses have been made in the research and
development of ECs, as evinced by the large number of research papers [48-50]. At the
same time, the disadvantages of ECs, including low energy density and high production
cost, have been identified as the main challenges for the future of EC technologies [51].
To overcome this problem, one approach consists in the search of new materials for ECs
electrodes. Concerning the material and thus the mechanism involved in energy storage,
ECs can be divided into two categories, i.e, the electrical double layer supercapacitors

and the pseudocapacitors [52].

4.2.1 Electrical double layer supercapacitors and pseudocapacitors

Electrical double-layer supercapacitors (EDLS) have a limited specific capacitance
(measured in Faradays per gram of the electrode material) and a low EC energy density
[53]. Carbon materials are typically employed as EDLS materials, since they have high
specific surface area for charge storage. Unfortunately, the charges physically stored on
the carbon particles in porous electrodes are limited. Reaching the desired energy target
implies further studies and the approach to increase the EC energy density consists in the
development of composite materials containing electrochemically active molecules
besides carbon-based materials or even in the replacement of the carbon materials with

electrochemically active materials [54]. ECs with electrochemically active materials as
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electrodes are called Faradaic supercapacitors (FS) or pseudocapacitors. The two EC
mechanisms are depicted in Figure 4.3.
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Figure 4.3 — Schematic image of an electrical double layer capacitor and a pseudocapacitor.

It has been demonstrated that pseudocapacitors can yield much higher specific
capacitance and energy density than EDLS [55].

Concerning advanced EC materials, metal oxides and hydroxides are considered the most
promising materials for the next ECs generation. In particular, high performances can be
obtained employing materials as ruthenium and manganese oxides. In the next paragraph

the attention will be focused on Faradaic capacitors and pseudocapacitor materials.

4.2.1.1 Faradaic supercapacitors

When a potential is applied to a pseudocapacitor, fast and reversible Faradaic reactions
(redox reactions) take place on the electrode materials involving the passage of charge
across the double layer, similarly to the charging and discharging processes that occur in
batteries. Materials undergoing such redox reactions include conducting polymers and
several metal oxides, such as RuO,, MnO,, and Co30,4 [56,57]. Three types of processes
occurring at FS electrodes can take place: reversible adsorption, redox reactions of
transition metal oxides, and reversible electrochemical doping—dedoping processes in
conductive polymer based electrodes.
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These Faradaic electrochemical processes extend the working voltage and increase the
specific capacitance of the devices [58]. The electrochemical processes occur both on the
surface and in the bulk near the surface of the electrode, so a supercapacitor exhibits
larger energy density and 10-100 times higher capacitance than materials based on an
electrical double layer mechanism [59]. However, the main problem connected to
pseudocapacitors is the relatively lower power density than an EDLS and this is due to
the Faradaic processes that are normally slower than non-Faradaic processes [60]. In
addition, since redox reactions occur at the electrode, similarly to batteries a
pseudocapacitor often lacks stability during the cycles.

To take advantage from both electrode materials and try to improve the cell voltage,
energy, and power densities, ECs with an asymmetrical electrode configuration (e.g., one
electrode consisting of carbon material and the other consisting of Faradaic capacitance
material) have been recently studied [61,62]. In this type of supercapacitor, both
electrical double-layer capacitance and Faradaic capacitance phenomena occur
simultaneously, but one of them plays a greater role. In both phenomena, large surface
area, appropriate pore-size distribution, and high conductivity are essential properties of

the electrode materials to achieve large capacitance.

e Electrode materials

The redox active materials, besides storing charges in the double layer region, undergo
fast and reversible surface redox reactions. As a result, in the recent years the challenge
is to develop electrode materials with high pseudocapacitance. The materials commonly
employed are classified into two categories: conducting polymers and electroactive metal
oxides.

Conducting polymers possess many advantages that make them suitable materials for
ECs, such as low cost, low environmental impact, high conductivity in a doped state,
high voltage window, high storage capacity, porosity, doping reversibility, and adjustable
redox activity through chemical modification [63]. The capacitance behaviour arises
from the redox processes: when oxidation takes place, ions are transferred to the polymer
backbone, and when reduction occurs, the ions are released from this backbone into the
electrolyte [64]. These redox reactions in the conducting polymer occur not just on the
surface but involve the entire bulk. Because the charging and discharging reactions do

not involve any structural alterations, the processes are highly reversible [65].
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In those polymers the electronic conductivity can be induced by oxidation or reduction
reactions (doping), which generate delocalized electrons on the polymer chains.

The most common polymers employed in supercapacitor applications are polyaniline
(PANI) [66], polypyrrole (PPy), polythiophene (PTh) and their corresponding
derivatives.

The conducting polymers are able to work within a strict potential window since they
could be degraded at high positive potential, while when the potential is too cathodic, the
polymer may be switched to an un-doped state. Unfortunately, ECs containing polymers
suffer from poor performance during cycling, since swelling may occur during the
intercalation/de-intercalation process leading to the degradation of the electrode. The
disadvantage due to the low cycling stability can be mitigated using composite electrode
materials with metal oxides/hydroxides or carbon-based materials (composite can
improve the polymer chain structure, mechanical stability and processability) and
controlling the morphology (for example nanofibers, nanowires, and nanotubes could
reduce cycling degradation) [67].

Another class of compounds suitable for EC applications is represented by metal
oxides/hydroxides that can provide higher energy density than conventional carbon
materials and better electrochemical stability than polymer materials. They store energy
like carbon materials do but also exhibit electrochemical Faradaic reactions within
appropriate potential windows.

The oxide should be electronically conductive, the metal should exist in two or more
oxidation states that coexist over a continuous range with no phase changes involving
irreversible modifications of the structure, and the protons can freely intercalate into the
oxide lattice on reduction and out of the lattice on oxidation. The best materials are
represented by ruthenium oxide, manganese oxide, cobalt oxide, nickel oxide, and
vanadium oxide [68,69].

RuO; has been the most extensively studied material due to its wide potential window,
highly reversible redox reactions, three oxidation states accessible within a 1.2 V voltage
window, high specific capacitance, good thermal stability, long cycle life and high
conductivity [70,71]. The pseudocapacitive behaviour of ruthenium oxides in acidic or
alkaline environments involves different reactions; anyway, the pseudocapacitance of
RuOy comes essentially from the surface reactions [72]. The higher the specific surface
area, the more the metal centres will be capable of providing multiple redox reactions

and the higher the specific capacitance will then be.
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As cheaper and environmentally friendly alternative to RuO,, other compounds were
found to exhibit similar performances and electrochemical behaviour; among them
MnO,, NiO, Fe;04, and V;0s. In particular Co/Ni composites should be promising
materials in EC applications, in particular by choosing a proper composition of the binary
oxides.

Manganese oxides present relatively low cost, low toxicity, and environmental safety, as
well as high capacities [73]. The pseudocapacitance of manganese oxides is attributed to
reversible redox transitions involving the exchange of protons and/or cations with the
electrolyte, as well as the transitions between Mn(I11)/Mn(I1), Mn(1V)/Mn(l1l), and
Mn(VI1)/Mn(IV) within the electrode potential window of the electrolyte [74].

Despite the redox nature of the energy storage mechanism, MnOy-based electrodes
display also typical rectangular-shaped cyclic voltammetry curves, analogous to non-
Faradaic energy storage mechanisms [75]. Both physical properties such as
microstructure and surface morphology, and chemical factors affect the pseudocapacitive
performance of Mn oxides so it is important to control the microstructure [76], while
their specific capacitance is influenced by their chemically hydrous state.

Other interesting compounds are Coz0,4 and Co(OH), which seem to exhibit excellent
reversible redox behaviour, large surface area, high conductivity, long-term performance,
and good corrosion stability [77,78]. Nickel oxide is considered an alternative electrode
material for EC in alkaline electrolytes due to its easy synthesis, relatively high specific
capacitance and low cost [79]. It has been determined that Ni(OH), and a Co(OH),—
Ni(OH), composite can yield much higher specific capacitances than NiO [80,81]. For
further improvement, much better performance can be achieved if the micropore
structure of this kind of materials is optimized.

Vanadium oxides have also been investigated for their potential use in EC due to their
variable oxidation states, which can yield surface/bulk redox reactions [82] and also iron
oxides, Fe,O3 and Fe3O, are other candidates as EC electrode material, offering low cost
and minimal environmental impact. The problem connected to these oxides is the poor
electronic conductivity, but recently it was found that the incorporation of MWCNTSs into
a-Fe,03 nanospheres seems to improve the conductivity of the material, leading to better
ion diffusion [83].

In order to find new suitable materials the challenge is still going on and, recently,

layered double hydroxides, a class of materials containing transition metals, are
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becoming much and much interesting due to their peculiar properties such as fast ion
exchange, redox activity and so on. [84,85].

4.2.2 Electrochemical studies of the EC materials

The electrochemical performances of the material coated on conductive supports can be
evaluated by recording cyclic voltammetry in the chosen electrolyte. The specific
capacitance too can be calculated from the CV curves but also from the charge-discharge
galvanostatic curves recorded in a stable potential window, at different current densities.
In addition to cyclic voltammetry, electrochemical impedance spectroscopy is a
technique commonly employed in order to determine the capacitance of EC materials
[86].

Generally EIS measurements are performed collecting the EC impedance data at the
open-circuit potential by applying small amplitude of alternative interrupting potential
over a wide range of frequency (e.g., 1 mHz to 1 MHz). This provides the relationship
between the imaginary part of impedance Z(f) and the frequency, f. The capacitance can
be calculated from the equation C = 1/(2xf|{Z|) using a linear portion of a log |Z| vs log f
curve, which is called the Bode plot [87]. As shown by the Bode plot, the capacitance
decreases with increasing frequency, and at the high frequency region the supercapacitors
behave like a pure resistance, indicating that the electrolyte ions probably cannot
penetrate into micropores, under these conditions. It is also possible to plot Nyquist
diagrams, where the imaginary part of impedance, Z(f)”’, is plotted against the real part
of impedance, Z(f)’ [88]. From the Nyquist plot, considering the diameter of the
semicircle, a charge transfer resistance can be obtained. At high frequency (more than
104 Hz), the impedance implies the conductivity of both active materials and electrolyte.
The high-to-medium frequency region (from 104 to 1 Hz) shows pseudocharge transfer
resistance, which is associated with the porous structure of the electrodes. At low
frequency ranges (less than 1 Hz), the impedance plot has the characteristic feature of a
pure capacitive behaviour. Theoretically, a pure capacitor should display a parallel line to
the imaginary axis of the Nyquist plot. However, in normal cases, the plot shows a line
with the inclined angle between 45° and 90° against the real axis, corresponding to the
ion diffusion mechanism between Warburg diffusion and ideal capacitive ion diffusion

(pseudocapacitance) [89]. This deviation from the parallel line may be attributed to two
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reasons: one is the different penetration depth of the alternating current signal in virtue of
pore size distribution at both electrodes, leading to abnormal capacitance, the other is the
redox reaction at the electrode, giving rise to pseudocapacitance [90].

4.2.3 Properties and applications of EC

ECs have many advantages such as high power density, long-term stability, reversibility,
high efficiency, wide range of operating temperatures, environmental friendliness, and
safety if compared to other energy storage systems such as batteries and fuel cells
[91,92].

In the case of EC the charging and discharging rates are much faster than the
electrochemical redox reactions inside batteries [93], because the charge—discharge
reaction is not necessarily limited by ionic conduction into the electrolyte bulk since an
EC stores electrical charges both at the electrode surface and in the bulk near the surface
of the electrode. These rapid rates lead to high power density in EC.

The storage of electrochemical energy in batteries is based on Faradaic reactions,
involving irreversible interconversion of the chemical electrode reagents and irreversible
phase changes. Differently from what happen in batteries, when energy is stored in an
EC, no or negligibly small chemical charge transfer reactions and phase changes are
involved during the charging and discharging, so an EC can have almost unlimited
cyclability (up to one million cylces with only small changes in its characteristics). Even
for pseudocapacitors, although fast redox reactions are involved during charging and
recharging, their life expectancy is also much longer than that of batteries [58].
Furthermore ECs can operate at extremely high and low temperatures; the typical
operating temperature ranges from 40 to 70 °C. This is advantageous for many
applications.

Although ECs display many advantages, they suffer from limited energy density (about
3-4 Wh kg™) when compared to batteries (>50Wh kg™) and this is the major challenge
for EC applications.

Moreover, the costs of raw materials and manufacturing should be further improved in
order to favor EC large-scale commercialization. The major problem is represented by

the high cost of the electrode materials. In fact carbon and noble metal oxide such as
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RuO,, that are the most common electrode materials used in commercial ECs, are really
expensive.

For the large-scale production it is also necessary to establish some general standards
such as performance, electrode structure, electrode layer thickness, porosity and so on,
but that is rather difficult due to the variety of applications.

4.3 Solar cells and organic solar cells

The solar cell is a device that converts the sun radiation to electrical energy. The sun
supplies us a clean and unlimited resource of energy, helping us to relieve the energy
crises and world pollution. The approach to efficiently utilize this precious source still
represents a challenge. Photovoltaic cells have become extensively studied since the
1950s when the first crystalline silicon solar cell, which displayed an efficiency of 6%,
was developed at Bell Laboratories [94].

In the last decade, the efficiency has reached about 24 % for crystalline Si solar cells,
[95] thus the technology is about to reach the theoretical limit of 30 % [96].

Beside silicon, solar cells have been fabricated using many other semiconductor
materials with a variety of device configurations such as single-crystal, polycrystalline,
and amorphous thin-film structures [97].

The conventional inorganic solar cells [98] are constituted by a semiconductor that is
doped to form a p-n junction across which the photovoltage is generated. The p side
contains an excess of the positive charges (holes), and the n side contains an excess of
the negative charges (electrons). In the region near the junction, an electric field is
formed and the electrons and holes, which are generated by light absorption in the
semiconductor bulk, diffuse to this junction where they are directed by the electric field
towards the proper electrode.

Beside the most commonly employed inorganic semiconductors, in the last three decades
there have been strong efforts to develop devices based on organic semiconductors for
photovoltaic applications (OPVs) [99,100]. Organic semiconductors are conjugated
solids where both optical absorption and charge transport are dominated by partly
delocalized 7 and =" orbitals [101]. Candidates for photovoltaic applications include
crystalline or polycrystalline films of small molecules (low molecular weight),

amorphous films of small molecules prepared by vacuum deposition or solution
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processing [102], films of conjugated polymers or oligomers processed from solution,
and combinations of any of these materials either with other organic solids or with
inorganic materials. Organic semiconductors have become more and more interesting
due to their attractive properties such as low cost, high optical absorption coefficients
[103] and the possibility to easily coat any substrate, even flexible plastic. For these
features organic materials offer the potential to develop a technology that is economically
viable for large-scale power generation, based on the production of very thin
photovoltaic cells and also thin flexible devices.

In 1959 the first study concerning OPV cell was carried out; the cell was based on
anthracene single crystal and exhibited an extremely low efficiency that made it
unsuitable for any practical application [104].

An important development in OPV cells came out in 1986 when Tang obtained an
efficiency of about 1 % [105]. The result was achieved after the introduction of a new
cell architecture, called heterojunction, consisting in the introduction of an electron donor
(D) and an electron acceptor (A) in the cell. As it will be discussed in the following
paragraph, optical absorption in organic materials does not directly lead to free electron
and hole carriers. Thus, to generate an electrical current the hole-electron pair (exciton)
must first dissociate; this is the reason why a critical step in the OPVs architecture is the
design of the heterojunction between an electron-donor and an electron-acceptor
material. Due to the different electron affinities and ionization potentials of the two
materials, the resulting potentials at the interface are strong and may favour exciton
dissociation: the electron will be accepted by the material with the larger electron affinity
and the hole will be accepted by the material with the lower ionization potential, in the
case that the difference in potential energy is larger than the exciton binding energy.
After this discover, many efforts have been made in order to achieve the best device
configuration and to find the best donor and acceptor materials to improve the power

efficiency conversion of the cells.

4.3.1 Organic cells mechanism

The physical process of converting light into electricity in an organic solar cell consists
of three steps [106]: sunlight photons which are absorbed inside the device excite the

donor (1), leading to the formation of an excited state, consisting of electron-hole pair
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(exciton) in the conjugated polymer, the excitons start to diffuse within the donor domain
(2) and if they encounter the interface with the acceptor, then a fast dissociation takes
place (3) leading to charge separation.

In a conventional inorganic semiconductor, optical absorption results in the immediate
creation of free charge carriers, on the contrary in an organic semiconductor it leads to
the formation of an electron and hole with opposite spin, bound by their Coulombic
attraction in a singlet exciton state, i.e., a Frenkel-like localized exciton [107], which is
electrically neutral. This mechanism is due to the low dielectric constant (typically 2—4)
[108] of the organic materials compared to inorganic semiconductors. As a result, the
bound electron—hole pair either recombines or dissociates into free charge carriers when
the carriers are able to escape their mutual Coulombic attraction. In this case the thermal
energy at room temperature is not sufficient to dissociate a photogenerated exciton
(typical binding energy of 0.4 eV) into free charge carriers [109]. In Figure 4.4 the
charge transport mechanism and energy level diagram of an organic solar cell are shown.
The exciton diffusion length, which characterizes the effective width of the active area of
the polymer film at the acceptor interface, has been reported to be 5-8 nm in conjugated
polymers [110]. In the ideal case, the characteristic size of the polymer phase in the
active layer of the cell grants that all excitons are formed within the diffusion distance

from an electron acceptor interface.
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Figure 4.4 — Schematic image of the heterojunction organic solar cells.

As a result, the interpenetrating donor:acceptor network, typical of bulk heterojunction

(BHJ) cells, allows for a photon absorption improvement by a simple increase of the
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active-layer thickness, thereby maintaining an efficient dissociation of excitons. Exciton
diffusion is, therefore, a beneficial process for polymer-based cells because it governs the
transfer of the photoexcitation energy towards the electron donor/acceptor interface,
where charge carriers are formed. Improvement of the exciton diffusion allows for bigger
sized polymer domains leading to an enhanced absorption and solar cell performance
[108].

It is possible to study the quenching of the photoluminescence from polymer/fullerene
heterostructures [111]. In this approach, the change in the photoluminescence with
varying polymer layer thickness in a heterostructure directly reflects the change in

exciton population due to their diffusion and subsequent charge transfer at the interface.

4.3.2 Devices architecture

The first and simplest developed heterojunction cells architecture was the single layer,
then in order to improve the devices performances, different and more efficient design
were studied leading to the production of bilayer heterojunction and eventually bulk
heterojunction. The latter are the most efficient and thus, most commonly employed
architectures.

In the following paragraphs the main heterojunction cells structures, working principle

and properties are briefly described.

4.3.2.1 Single layer heterojunction

Single layer OPV cells are the simplest form. These cells are made of a layer of organic
electronic materials in between two metallic conductors [112].

The difference of work function between the two electrodes originates an electric field in
the organic layer. When the organic layer absorbs light, forming excitons, the potential
produced by the different work functions helps to separate the electron-hole pairs, pulling
electrons to the cathode and holes to the anode. Since in organic semiconductors the
electrical field developed by the asymmetric work functions of the electrodes does not
provide the necessary driving force for charge separation, the principal weakness of

single layer architectures is the high probability of charge recombination [113].
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4.3.2.2 Bilayer heterojunction

Bilayer cells contain two layers in between the conductive electrodes. One layer is
constituted of the electron-acceptor material and the other one of the donor, therefore,
electrostatic forces are generated at the interface between the two layers [114]. In the bi-
layer devices, also called a planar donor-acceptor heterojunction, the organic D/A
interface separates excitons much more efficiently than an organic/metal interface in the
single layer device. In this device the excitons should be formed within the diffusion
length of the interface, otherwise, the excitons will decay, yielding, e.g., luminescence
instead of a contribution to the photocurrent. Since the exciton diffusion lengths in
organic materials are much shorter than the absorption depth of the film, this limits the

width of effective light-harvesting layer.

4.3.2.3 Bulk heteriojunction

In the 1990s the first bulk heterojunction cells were developed [115], where the donor
and acceptor material are blended together (Figure 4.5); this architecture leads to an
increase of the interfacial area between D and A. If the length scale of the blend is similar
to the exciton diffusion length, the exciton decay process is considerably reduced since in
the proximity of every generated exciton there is an interface with an acceptor where fast

dissociation takes place. Hence, charge generation occurs everywhere in the active layer.

100

Sunlight

Figure 4.5 — Bulk heterojunction solar cell structure

Provided that continuous pathways exist in each material from the interface to the
respective electrodes, the photon-to-electron conversion efficiency and, hence, the

photosensitivity is dramatically increased [116].
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4.3.3 Common OPV devices materials

As already mentioned, one class of organic materials used as donor in the photoactive
layer in BHJ cells that have received considerable attention in the last few years are
conducting polymers since they combine the optoelectronic properties of semiconductors
with the excellent mechanical and processing properties of plastic materials [117].
Furthermore, it is possible to synthesize the polymer in different ways and to cast it on a
support from a solution, using techniques such as spin-coating, ink-jet printing and
screen printing. It is also possible to tune the polymer properties, such as band gap,
molecular orbital energy level, structural properties, as well as doping.

The first electron-acceptor material employed in the BHJ cells was buckminsterfullerene
(C60), then also fullerene derivatives have been studied and among them [6,6]-Phenyl
C61 butyric acid methyl ester (PCBM) is currently the most commonly employed
molecule.

The first BHJ OPVs, employed poly[2-methoxy,5-(20-ethyl-hexyloxy)-p-phenylene
vinylene) (MEH-PPV):C60 or the more easily processable components poly(2- methoxy-
5 -(30, 70- dimethyloctyloxy)- 1, 4- phenylenevinylene) (MDMO-PPV):PCBM [118].
Recently, the attention has been shifted towards cells based on polythiophene derivatives
such as poly(3-hexylthiophene) (P3HT) blended with PCBM. By optimizing the
processing conditions, efficiencies of 4-5% have been reported for this materials system
[119]. The relatively high efficiency of P3HT:PCBM devices has been partly attributed
to the ability of P3HT to self-organize into a two-dimensional lamellar structure in a
process mediated by the interpenetration of the side groups of adjacent polymer chains.
This ordered structure leads to a very small (3.8 A) [120] distance between the polymer
chains and a high charge mobility for a conjugated polymer.

The molecular structure of the most employed donors and acceptors are shown in Figure
4.6.

ro
kS . S 3 /n
-0 —0

A)MEH-PPV B) MDMO-PPV C)P3HT

E)PCEM

Figure 4.6 — Molecular structure of the main donor (A-C) and acceptor materials (D and E).
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An efficient solar cell should have a wide absorption spectrum, so as to create as many
excitons as possible. P3HT absorbs photons with wavelengths smaller than 675 nm (band
gap energy Eq4 ~1.85 eV) [121] but the introduction of aromatic macrocyclic compounds
inside the polymer could improve the blend absorption in the visible region spectrum.
For this reason, recently, polythiophenes bearing porphyrin groups have been considered
[122,123].

4.3.4  Structure of the OPV cells and role of the “hole extracting layer”

The BHJ cells are composed by an anode made of UV/Vis transparent material, which is
generally represented by a glass coated with Indium Tin Oxide (ITO). The active layer is
composed by the mix (blend) of the donor polymer (polythiophene or a derivative) and
the acceptor (fullerene, or derivatives such as PCBM). The cathode of the cells generally
consists in an Al film obtained by vacuum deposition of the metal.

In electroluminescence devices and solid-state solar cells it is important that the cell
anode is put in contact to a thin film (~50 nm) of a buffer layer which favours the holes
transport and extraction [124]. Poly(3,4-ethylenedioxythiophene):poly(4-
styrenesulfonate) (PEDOT:SS), whose structure is shown in Figure 4.7, is commonly
employed because of its suitable properties, such as high conductivity, stability, and
transparence [125].

The higher work function of the PEDOT:PSS in comparison with that of ITO, moves the
Fermi-level closer to the conjugated polymers HOMO [126]. For this reason the buffer
layer improves electronic junction and enhances charge injection at the interface of the

electrode, which plays an essential role in various electronic devices [127].

Figure 4.7 — PEDOT:PSS molecular structure.
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The buffer layer could be further improved in order to obtain more homogeneous films
with the suitable thickness and higher electrical conductivities. In fact, PEDOT:PSS
displays a good electrical conductivity (ca. 10 S cm™) and, even if by virtue of its
solubility, thin films can be easily prepared by many kinds of conventional techniques
(solvent-casting, spin-casting and dip-coating methods), the surface morphology of the
resultant film is not so good, because PEDOT:PSS is a colloidal dispersion in water as a
result of the emulsifier effect of PSS.

In literature higher PEDOT conductivities are reported when LiCIO; is employed as
dopant instead of PSS [128]. Furthermore, the buffer layer could be electrosynthesized
directly on ITO electrodes, and even in this case, the best properties of PEDOT, as to its
application in organic solar cells, are obtained in the presence of LiClIO, as the
supporting electrolyte [129].

4.3.4.1 Annealing treatments

To improve the cells efficiency, it is important to obtain a photoactive film with a high
crystallinity phase, and this goal can be reached performing a thermal annealing after the
blend deposition [130,131].

In the case of P3HT:PCBM blends, the annealing treatment leads to the formation of
P3HT long fibrils and enhances the hole mobility by an order of magnitude [132] while
micrometric PCBM aggregates are formed thanks to diffusion and crystallization of
PCBM [119,133]. After a treatment at 150 °C for 30 minutes, the best performances in
terms of cells efficiency have been reported in the literature [134].

A proper annealing treatment is necessary also for the PEDOT layer. In particular the
best conditions in order to obtain the desired morphology and properties of PEDOT films

consist of a thermal treatment at 120 °C, under vacuum for 2 hours [135].

4.3.5 Parameters and performances

The typical current-voltage curves of a solar cell in the dark (A) and under illumination
(B) are shown in Figure 4.8. In the dark, there is almost no current flowing, and the cell
behaves as a diode. Under illumination the device generates power and the highest

production of current (Impp) Occurs at the maximum power point. In the same figure, Isc
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is the short-circuit current, i.e., the current through the solar cell when the voltage (Voc)
across the solar cell is zero [136]. The short-circuit current is due to the generation and
collection of light-generated carriers. For an ideal solar cell at the most moderate
resistive loss mechanisms, the short-circuit current and the light-generated current are
identical. Therefore, the short-circuit current is the largest current which may be drawn

from the solar cell.
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Figure 4.8 — Characteristic 1/V curves relative to an organic solar cell in the dark (A) and under illumination

(B).

The photovoltaic power conversion efficiency (PCE) of a solar cell is determined by the

following formula [137]:
PCE = lscoctt (4.4)

where Voc is the open circuit voltage, Jsc is the short circuit current divided by the cell
active area, FF is the fill factor, and P; is the incident light power density.

Jsc is determined by the efficiency of the charge generation, separation and collection.
Voc is related to the gap between LUMO of acceptor and HOMO of donor. The fill
factor is defined as the ratio of the actual maximum obtainable power to the product of
the open circuit voltage and short circuit current. Fill factor is governed primarily by cell
resistances, i.e., internal shunt (parallel) and series resistances. In an ideal cell, parallel
resistances would be infinite and series resistances would be negligible. Such a cell

would be an ideal diode, for which the J/V plot follows an exponential curve and has a
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fill factor of 0.89 [138]. The overall solar energy conversion efficiency is the maximum
extracted power compared to the incident solar power.

This light intensity is standardized at 1000 W m™® with a spectral intensity distribution
matching that of the sun on the earth’s surface at an incident angle of 48.2°, which is

called the Air Mass (AM) 1.5 spectrum [139].
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INTRODUCTION — Electrochemical sensors

5. ELECTROCHEMICAL SENSORS

Amperometric sensors are advantageously applied in many important areas such as food
authentication or processing, environmental monitoring, quality control in a number of
productions, human health, and a wide number of industrial and natural sectors in which
sensing brings added value with respect to laboratory analyses.

Electrochemical sensors have typically small dimension, so they can represent even
portable devices, and in addition they allow performing measurements of short duration,
they present meaningless deterioration of all components, especially of the sensitive
element and require simple pre-treatment of the sample or none at all. Additionally, they
are typically low-cost devices. All these characteristics make the sensing systems suitable
to perform on-line or even in-line (in situ) measurements [1]. Sensors often allow for
continuous monitoring of an evolving or flowing system.

In the last two decades a lot of CMEs have been proposed in the literature for the
development of electrochemical sensors. Many materials are commonly employed as
electrode modifiers. Among the electrode materials suitable for amperometric sensing the
most common are polymers [2], organoclays [3], hexacyanometallates [4,5], carbon
nanomaterials (carbon nanotubes [6], graphene oxide [7,8], etc), clays [9], metal
nanoparticles [10,11], biological recognition elements in the case of biosensors [12,13],
zeolites [14], hydrotalcite-like compounds [15] and so on.

The key properties that an amperometric sensor should display are: a low overpotential,
high resolution of the individual responses, often gained by the activation of
electrocatalytic processes, high sensitivity and very low limit of detection (LOD) in
respect to the target analytes, rapid response time, response stability over time, long life
time, no occurrence of fouling in order to obtain repeatability of the responses and good

selectivity (thus the signals due to the interfering species should be minimized).

5.1 Electrocatalytic process at a CME

Electrochemically reactive molecules are the most interesting candidates to attach to a

functionalized surface since they allow for studying the nature of charge transfer and
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charge transport processes in thin films, and they can be also employed in
electrocatalysis.

By applying a potential to the modified electrode immersed in an electrolytic solution,
the redox active specie present in the modifier layer can undergo the same oxidation and
reduction processes it would exhibit if dissolved in solution. Thus, sweeping the potential
linearly, as in cyclic voltammetry, the reversible redox active specie becomes oxidized as
evidenced by an anodic current peak and it is reduced in the reverse potential sweep,
giving a cathodic current peak. In this application, the attached molecules act as fast
electron transfer mediators for a substrate, dissolved in the solution, and only slowly
reduced directly at the bare electrode [16].

In Figure 5.1 is shown a typical example of electrocatalytic process at a CME with
decrease in overpotential (v). The terms P and Q correspond to reduced and oxidized

states, respectively of the reversible mediator couple.

A. B. Homogeneous C. Heterogeneous
i electrode
1.4 =
- A
e o 2 A : A
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=10 == J - \‘
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Figure 5.1 - Schematic representation for the oxidation reaction of A — B on bare electrode (A) and in the
presence of a mediator (B and C). The Eqs, E’o, E°As and n correspond to the uncatalyzed process, P/Q
mediated process, standard and overpotentials, respectively. In homogenous catalyzed reaction, the P/Q
mediator and reactant are in solution phase, while for heterogeneous catalyzed reaction, the P/Q is bonded on
the electrode surface [17].

The reversible redox mediator Q/P with a standard potential of E°op is bonded to a
functionalized electrode to promote the irreversible oxidation reaction of A— B* +e". A

relatively high n is observed at a bare electrode while in the presence of Q/P the reaction
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is promoted by redox mediation at E%q with a low n. This type of CME is not only
selective and sensitive but also fast and reusable in analytical measurements.

Even if CMEs can operate both amperometrically and potentiometrically, they are
generally used as amperometric sensors, so a Faradaic (charge transfer) reaction is the
basis of the experimental measurement or study. In fact, amperometric sensors involve a
heterogeneous electron transfer as a result of an oxidation/reduction of an electroactive
species at a sensing electrode surface. A current is measured at a certain imposed voltage
to the electrode with respect to the reference electrode. Analytical information is
obtained from the current-concentration relationship at the chosen applied potential.

On the contrary, potentiometric sensors measure a potential under conditions of
equilibrium (zero current) which logarithmically related to the concentration of the
analyte in the gas or solution phase. For example, gas-sensing electrodes (e.g., for CO;
[18], NH3 [19], NOx [20]) are potentiometric sensors [21] with the exception of the
detection of oxygen, which is generally performed using amperometric electrodes [22].
Also biosensors can operate both amperometrically and potentiometrically. In such
sensors the electrode surface is modified by the attachment of a biological recognition
element (e.g., enzyme, antibody, DNA, etc.), and the electrodes detect the products of a
reaction between the immobilized biochemical receptor and a substrate [23].

Another type of chemical sensors is represented by field-effect transistor. Chemically
sensitive field effect transistors (CHEMFETS) are basically non-Faradaic electrode
systems in which electric field variations in the semiconductor gate region control the

magnitude of the source-drain current [24].

5.2 Carbohydrates electrochemical determination

Carbohydrates determination is fundamental in many practical applications such as
quality control in food industry, since they are the main constituents of fruits, vegetables
and other natural matrices and are involved in many food characteristics such as flavor,
quality and storage conditions [25].

Furthermore, glucose has attracted continuous attention in clinical applications. An
important issue is to determine directly the level of glucose in biological fluids since its
concentration is a crucial indicator for many diseases, such as diabetes and endocrine

metabolic disorders [26]. Thus, direct glucose sensing by portable electronic devices is
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recognized to be an important power source for evidencing diseases in initial steps. The
development of a reliable, accurate, sensitive, rapid, and low-cost glucose sensor is still
now very significant.

The direct electrochemical process of glucose oxidation at bare electrodes have been
deeply studied [27] but most methods suffer from low sensitivity, poor electron transport
reaction at the interface, small response stability in a wide range of solution
compositions, and high applied potential at which electron transfer takes place [28].
Glucose sensors can be divided into two classes: enzyme-based and non-enzymatic
sensors. Enzyme-based sensors have been widely employed as amperometric sensors
[29,30] but they suffer from some disadvantages such as instability, high cost of
enzymes, complicated immobilization procedures, and critical operating conditions
restrict their use.

Among the non-enzymatic sensors LDHs based sensors, as said before, are suitable for
glucose detection due to their noticeable electrocatalytic properties towards oxidizable
substrates. In addition, they show interesting features, in terms of sensitivity and
detection limit, because the catalytic properties are associated to the capability of
preconcentrating the analyte, when it is an anion, inside the interlayers domain [31].
Studies are still going on in order to further enhance the sensitivity and the LOD of such

Sensors.

5.3 Mechanism involved in LDHs electrocatalysis

Ni/Al and Co/Al LDHs have been deeply investigated as electrodes modifiers for
amperometric detection. The sensitivity of the measurements depends both on the
number of oxidizable sites and on the steric hindrance of the analyte and, hence, on the
interlayer spacing [32]. On the basis of all the results obtained on the charge transport
and electrocatalytic activity of the Ni**/Ni?* redox couple, the mechanism which involves

the Ni centres as redox mediators can be summarized as follows:

LDH — Ni(II) + OHZ,; & LDH(OH™) — Ni(IIl) + e~ (5.1)

LDH(OH™) — Ni(Ill) + analyte,eq = LDH — Ni(II) + OH_,, + analyte,, (5.2)
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where the second reaction is slower than the first one since it has been demonstrated that
the rate-limiting step for the oxidation of alcohols and sugars is the diffusion of the
substrate towards the Ni centres of the LDH material.

The electrocatalytic properties of LDHs containing Co as the bivalent cation were also
studied. The substitution of Ni with Co does not alter significantly the characteristics of
CMEs, but Co* is oxidized at slightly lower potential than Ni**. This fact induces
selectivity in the electro-oxidation of molecules containing hydroxyl groups. In
particular, Co/Al-NOs-modified electrodes do not display electrocatalytic activity
towards monohydric compounds and, consequently, only molecules containing more
than one hydroxyl functional group (e.g. glycerol, monosaccharides and polysaccharides)
can be oxidized at Co/Al LDH-modified electrodes.

In the case of Co/Al LDHs the sensor response is based on the analytes oxidation
catalysed by the Co(IV) centres of the LDH layers [33].
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EXPERIMENTAL SECTION

In this section the preparation of the modified electrodes, and the experimental setup for

the measurements will be described.

6.1 Chemicals

Table 6.1 List of all the chemicals employed.

Reagent Chemical formula Assay Brand /
manufacturer
Cobalt(Il) nitrate Co(NO3); - 6H,0 98 % pure Sigma-Aldrich
hexahydrate
Nickel(Il) nitrate Ni(NO3), - 6H,0 99.999 % pure  Sigma-Aldrich
hexahydrate
Aluminum nitrate AI(NO3); - 9H,0 > 96 % pure Sigma-Aldrich
nonahydrate
Iron(I11) nitrate Fe(NO3)s - 9H,0 99 % pure Riedel-de
nonahydrate Haenand
Sodium hydroxide NaOH 98 % pure Sigma-Aldrich
Sulfuric acid H,SO4 95-98 % w/w  J. T. Backer
Ni/Al, Ni/Fe, Mg/Aland  [M(1D)x.:M(111) Aqueous Synthesized by
gee yereddoule - ORMIBRACO) - colld Ressarnes o
containing CNR-ISOF of
3.5 mg/mL Bologna and
University of
Perugia.
Hydrochloric acid HCI 37 % (wiw) Merck
Hydrogen peroxide H,0, 35 % (w/w) Aldrich
Ammonia NH3 28 % (w/w) Normapur
Lithium perchlorate LiCIO, > 99 % pure Fluka BioChemika
Chlorobenzene CeHsCl 99% pure Carlo Erba
Acetonitrile CHsCN 99,8 % pure JT Baker
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Acetone CH3COCH;

Isopropyl alcohol CsH;OH

3,4- EDOT

Ethylenedioxythiophene CeHeO,S

Tetrabutylammonium TBAPF6

hexafluorophosphate

Poly(3,4- PEDOT:PSS

ethylenedioxythiophene- ¢ » ’: ’:

poly(styrene sulfonate)) @TM
\:V

[6,6]-Phenyl C61 butyric
acid methyl ester

Poly(3-hexylthiophene)

Poly[(3-(6-bromohexyl)]
thiophene)-co-(3-[5-(4-
phenoxy)-10,15,20-
triphenylporphyrinyl]
hexylthiophene)

rr-P(T6Br-co-P6TPP)

> 98.8% pure

>99.7% pure

MW=142.15
g/mol

d =1.334 g/cm®

> 99.0% pure

(2.8 % wiw,
dispersion in
water, PEDOT
content 0.14
%, PSS content
2.6 %, M.W.
1000-1500 g
mol™)

99 % pure

Nova Chimica

Sigma-Aldrich
Aldrich

Fluka

Aldrich

SES Research
Texas

Synthesized by the
Polymers
Research Group at
the Department of
Industrial
Chemistry,
Bologna.
Synthesized by the
Polymers
Research Group at
the Department of
Industrial
Chemistry,
Bologna.

6.2 Chemical equipments

e Analytical balance (AT21 Comparator, Mettler Toledo, accuracy: = 0.001 mg,

capacity up to 22 g).

e Analytical balance (SCALTEC SPB32, error: £ 0.0001 g, capacity up to 120 g).
e Micropipettes 0.5-10, 10-100, 100-1000 uL (Pipetman Gilson).
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e Laboratory glassware.
The electrochemical deposition and characterization were performed by using a PGSTAT
20 Autolab potentiostat (Ecochemie) controlled by a personal computer via GPES 4.9
software (Windows operating system) and by using a CH Instrument Mod. 660 C,
controlled by a personal computer via CH Instrument software, connected to a PINE
Research Instrumentation Modulated Speed Rotator (MSR).
All electrochemical experiments were carried out using a single compartment, three-
electrode cell composed by the following electrodes:
e Working electrodes:
% Pt or GC rotating disk electrode (0.5 mm diameter) for the applications of the
LDH modified electrodes as OER catalysts and as pseudocapacitor materials;
% Pt electrodes (BASI, 2 mm diameter) for the LDHSs sensors applications;
< 1TO coated glass slides (Rs = 4-8 Q cm ", size 2.5 cm x 0.8 ¢m, thickness 1
mm), purchased from Delta Tech, for the fabrication of BHJ solar cells.
e Reference electrodes:
% Hg/HgO electrode (Amel Instruments) to carry out the characterizations in
alkaline solutions;
% saturated calomel electrode (SCE, Amel Instruments), for the other
measurements (electrosynthesis, electrodes pretreatments, etc).

e Counter-electrode: Pt wire (Sigma Aldrich).

6.3 Modification of the electrodes with LDHs

During the experimental work Pt and GC electrode supports were employed and different
LDHs were electrosynthesized in order to study the performances of the modified
electrodes as OER catalysts and pseudocapacitor materials. The electrochemical
behaviour and the electrocatalysis performance of the LDHs containing Iron were deeply

investigated and compared with those of the better known Al-based LDHs.
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6.3.1 Electrodes modification procedures

6.3.1.1 Pt pre-treatment and electrode modification

Cleaning the electrode is a critical step to achieve a well adherent coating. A pre-
treatment of Pt electrodes was performed following the procedure described below. It
was demonstrated that the nitrate reduction needs a lower overvoltage for the Pt surfaces
submitted to the electrochemical pretreatments, so it can be avoid the addition of KNO3
as further nitrate sources [1]. The surface was polished to a mirror-like surface first by a
mechanical cleaning, using SiC sand-paper and aqueous alumina (0.05 um) slurry on a
wet polishing cloth, and then the electrode was submitted to the following
electrochemical treatment. First 250 cycles between -0.25 V and +1.30 V were
performed in 0.1 M H,SO, at the scan rate of 1 V s™. Afterwards the electrode was
polarized at the potential of -0.90 V vs SCE for 300 s (under stirring in order to remove
hydrogen bubbles) in 1.0 M H,SO4, followed by 3 CV cycles between -0.20 V and +1.30
Vin 0.1 M H,SO;.

The LDH films were deposited on the electrode surface by cathodic reduction of a
freshly prepared 0.03 M solution containing M(I1) and M(I11) at a molar ratio of 3:1 in
doubly distilled water. The electrochemical reaction was carried out by applying a fixed
potential (-0.90 V vs SCE) for 30 s. After performing the modification, the electrode was
immediately rinsed with water. An image of the electrochemical cell (on the left) and a
typical LDH film obtained by potentiostatic deposition on Pt (image on the right) are

shown in Figure 6.1.

Figure 6.1 — Left: image of the electrochemical cell during the Ni/Fe LDH electrodeposition, right: Pt electrode
coated with an electrochemically synthesized Ni/Fe LDH film.
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6.3.1.2 GC pre-treatment and electrode modification

Even in the case of GC electrode, a mechanical treatment followed by an electrochemical
cleaning was performed. The electrode surface was polished to a mirror-like surface first
by a mechanical cleaning with SiC sand-paper and aqueous alumina (0.05 um) slurry on
a wet polishing cloth. Afterwards the electrode was cycled between -0.50 V and +0.50 V
in 0.1 M H,SO; at the scan rate of 0.1 V s™ until the cycles were superimposable. For the
GC electrode the LDHs films were obtained in the same conditions as those used for Pt
with the only exception that the electrode was biased at -1.1 V vs SCE.

6.4 LDHs modified electrode characterizations

The electrosynthesized LDHs were characterized by several methods. The
electrochemical behaviours were studied by cyclic voltammetry to understand if the
presence of iron could affect the redox reactions occurring during the linear potential
ramp application. Structural characterizations were performed in order to confirm the
LDH phase and better understand the oxidation state of Iron and the possible interaction
between M(II) and Fe centres next to each other. The morphology and the adhesion of

the material were investigated by SEM.

6.4.1 Electrochemical characterization

The CVs were recorded in order to study the redox activity of the clays and determine the

stability of the modified electrodes.

6.4.1.1 Cyclic Voltammetry

The electrochemical behaviour of the LDH modified electrodes (Pt and GC) was studied
by cyclic voltammetry between 0 V and the solvent discharge potential at different scan
rate (0.005, 0.01, 0.02, 0.04, 0.05, 0.06, 0.08 and 0.1 V' s™), in 0.1 and 1.0 M NaOH. In

each experiment CV curves were recorded until the cycles resulted superimposable.
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6.4.1.2 Electrodeposition monitored by Electrochemical Quartz Chrystal

Microbalance

EQCM experiments were performed using a MAXTEK PM-710EQCM device,
connected to the Autolab potentiostat. The probe was equipped with a 5 MHz AT -cut
quartz crystal coated with sputtered Pt (surface area 1.37 cm?). Even in this case, before

the electrodeposition the electrode was pre-treated as described in paragraph 6.3.1.1.

6.4.2 Structural characterization

6.4.2.1 X-ray diffraction

The XRD patterns of the chemical and electrosynthesized LDH films were recorded,
after metallization with gold, using a Philips X’Pert Pro diffractometer with a Cu Ka
radiation (A = 0.15415 nm) operating at 40 kV and 40 mA and using an X’Celerator
detector. A step size of 0.0334 26 degree with a counting time per step of 650 s was used
for the electrochemically deposited LDHSs in order to increase the spectra resolution. The
samples were analyzed directly introducing the Pt electrode plates (area =1 cm?) in the
optical center of the diffractometer. In order to have films thickness suitable for this
characterization the electrodeposition step (previously described in paragraph 6.3.1.1)

was repeated 10 times at the same electrode (total deposition time of 300 s).

6.4.2.2 X-ray Photoelectron Spectroscopy

A PHI 5000 Versaprobe Il Scanning X-ray Photoelectron Spectrometer, equipped with a
monochromatic Al K-alpha X-ray source (1486.6 eV energy, 15 kV voltage and 1.0 mA
anode current), was used to investigate surface chemical composition. A spot size of 100
um? was used in order to collect the photoelectron signal for both the high resolution
(HR) and the survey spectra. Different pass energy values were exploited: 187.85 eV for
survey spectra and 23.5 eV for HR peaks. All the spectra were analysed by using the
Casa XPS software. Peaks shifts were normalized with the C1s peak set at 284.5 eV and
after calibration the background from each spectrum was subtracted using a Shirley-type

background. The core level spectra were deconvoluted with a nonlinear iterative least
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squares Gaussian fitting procedure. All survey scans were analysed to determine the
composition of the analysed samples by applying the proper sensitivity factors.

The samples were prepared on Pt electrode plates (area =1 cm?), with the same procedure
described for the XRD characterizations in the previous paragraph. Besides the films as
such, also samples of the same LDHs were prepared and oxidized in potentiostatic

conditions at the oxidation peak potential for 180 s.

6.4.2.3 X-ray Absorption Spectroscopy

XAS experiments were performed at ELETTRA Synchrotron Radiation Laboratory
(Basovizza, Trieste), at the XAFS beam line 11.1. The data were recorded in
fluorescence mode using a large area Si drift diode detector (KETEK).

Two samples were prepared, namely, Ni/Fe LDH pristine and oxidized. For these
experiments the Ni/Fe LDHs samples were electrosynthesized on ITO electrodes (Rs = 4-
8 Q cm ?, size 2.5 cm x 0.8 cm, thickness 1 mm), purchased from Delta Tech. Before the
film deposition the electrodes were cleaned as follows; ITO-coated glasses were soaked
in sequence in aqueous detergent solution, acetone and isopropyl alcohol for 15 min,
under sonication, and then dried. A Bandelin Sonorex Super Sonicator (RK 510 H) was
used for the cleaning of the ITO electrodes.

The electrodeposition of the LDHs was carried out performing two deposition steps of 30
seconds at the potential of -1.1 V vs SCE. One sample was then oxidized in potentiostatic
conditions, applying the anodic peak potential for 120 seconds.

XAS spectra were recorded at the Ni and Fe K-edge (8333 eV and 7112 eV, respectively)
using a Si(111) single crystal as monochromator. EXAFS and XANES curves were

recorded at room temperature.

6.4.3 Morphological characterization

The composition of the electrosynthesized LDHs was investigated by SEM/EDX
analysis, using an EVO 50 Series Instrument (LEO ZEISS) equipped with an INCA
Energy 350 EDX microanalysis system and INCA SmartMap for imaging the spatial
variation of the elements in a sample (Oxford Instruments Analytical). The accelerating

voltage was 25 kV or 10 kV, the beam current 1.5 nA and the spectra collection time 100

97



EXPERIMENTAL SECTION

s. FE-SEM images were acquired with a Zeiss Supra 55 FE-VP operating at 3 keV, after

metallization with gold.

6.5 Evaluation of the performances of LDH modified electrodes

6.5.1 OER catalytic activity and modified electrode durability

The OER catalytic activity of the electrodes coated with the LDHs was investigated in
alkaline solution (0.1 and 1.0 M NaOH) by linear sweep voltammetry, recording iR-
corrected polarization curves at the scan rate of 0.005 V s™.

The durability of the LDHs was studied recording chronopotentiometric curves by
applying for an hour three different current densities: 1.5, 2.0 and 2.5 mA cm™. During
both the LSV and chronopotentiometric experiments, the working electrode was
constantly rotated at 1600 rpm in order to remove the oxygen bubbles from the electrode
surface.

The Tafel slopes were calculated between 0.63 and 0.71 V for the Al-based LDHs and
between 0.61 and 0.65 for the Fe-based LDHs.

6.5.2 Pseudocapacitors performances

Electrochemical impedance spectroscopy was employed to study the capacitance
behaviour of Ni/Al, Co/Al, Ni/Fe and Co/Fe LDHSs. Impedance spectra were recorded for
each LDH in the potential range of the anodic wave avoiding potential higher than that of
the oxygen evolution reaction and were plotted in the Nyquist plot form.

The specific capacitances of the Co-based LDHs on Pt and GC were calculated by two
different methods. One way to perform measurements on material capacitance is to coat
an electrode surface with the chosen material, then to record cyclic voltammograms of
the material, from which the capacitance can be calculated.

The specific capacitance of the electrodes coated with the LDHs was calculated also
from the galvanostatic charge-discharge curves recorded at different current densities.
The electrochemical measurements were conducted in alkaline solution (0.1 and 1.0 M
NaOH).

The specific capacitance (F g ) was evaluated from the CV [2], since the charge

accumulated inside the material is related to the area under the cyclic voltammogram in a
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proper potential window. When the solution was 0.1 M NaOH, the values were
calculated between 0.35 and 0.70 V in the case of Co/Al, between 0.50 and 0.75 V for
the Co/Fe, between 0.63 and 0.73 V for the Ni/Al, and between 0.54 and 0.63 V for the
Ni/Fe LDH. In 1.0 M NaOH Cs was calculated between 0.34 and 0.61 V for the Co/Al,
between 0.17 and 0. 55 V in the case of Co/Fe, between 0.55 and 0.66 V for the Ni/Al,
and between 0.55 and 0.63 for the Ni/Fe LDH.

From the CVs the specific capacitance can be obtained by eqgn (6.1) where I (A) is the
current value, m (g) is the mass and v is the scan rate (V s™).

Ci=— (6.1)

The mass of the material deposited on Pt electrode during the electrosynthesis was
determined from the EQCM response for each LDH.

The LDHs were tested by performing galvanostatic charge-discharge tests, in a stable
potential window under the charging condition of constant current density (1.0, 2.0, 5.0
and 10.0 A g™). The discharge was performed with the same constant current density.

The specific capacitance was calculated by equation 6.2 [3]:

_ LAt (6.2)

ST mav
Where | (A) represents the discharge current, m (g) is the mass, At and AV are the total
discharge time and the potential drop during discharge, respectively.

Long-term cycling stability was investigated carrying out 1000 cycles at a current density
of 5.0 Ag™t.

6.6 Bulk heterojunction solar cells fabrication

6.6.1 Electrochemical measurements and characterizations

The redox behaviour of PEDOT:PSS and PEDOT:CIO, films on Pt electrodes was
studied by cyclic voltammetry between -1.25 and +1.1 V vs SCE. Prior to the
electrochemical measurements, the solution was purged by bubbling N for 20 min and a
nitrogen atmosphere was maintained over the solution during the experiments.

The redox behaviour of the OPV device components was studied by cyclic voltammetry.

All the electrochemical measurements were performed using a single-compartment,
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three-electrode cell in acetonitrile solution with 0.1 M TBAPF6 as supporting electrolyte.
The electrochemical characterizations of the polymers and of the blend were performed
using a Pt electrode coated with a thin film of polymer deposited by casting of a proper
solution. The rr-P(T6Br-co-T6TPP) was investigated by CV between 0 and +1.3 V,
PCBM between -2.1 and +1.2 V and the blend between -2.1 and +1.3 V. The CV of
PCBM was recorded keeping the compound in an acetonitrile/dichlorobenzene solution.
Generally, the CV's were recorded at different potential scan rates, from 0.1 to 0.5 V s
and five voltammograms were sequentially recorded.

UV-Vis-NIR spectra of casted thin films of PEDOT:PSS, PEDOT:CIQy, rr-P(T6Br-co-
T6TPP) copolymer, rr-P(T6Br-co-T6TPP):PCBM blend (1:1 w/w) and PCBM on ITO
were recorded by an HP 8453 diode array spectrophotometer (Agilent) at room
temperature, using quartz cuvettes.

The emission spectra of the photoactive layer components casted on quartz support were
obtained using an Edinburgh FLS920 spectrometer equipped with a Peltier-cooled
Hamamatsu R928 photomultiplier tube (185-850 nm). An Edinburgh Xe900 450 W
xenon arc lamp was used as the excitation light source.

Morphological studies were performed by atomic force microscope using a Solver Pro
P47-H and an Axiolab A optical microscope (Zeiss). AFM characterizations were
performed in standard semi-contact mode acquiring simultaneously both height and
phase signal.

The photovoltaic properties of the fabricated devices were measured by recording the J/\V
characteristics using a Keithley Instruments 2400 SourceMeter, under 1000 W m 2 white
light illumination from a standard AM 1.5 Solar Simulator lamp (Abet Technologies LS
150-Xe). J/V curves were recorded to test the devices operability as diodes and as solar
cells, measuring current with a potential sweep from —3 to +3 V and from —0.1 to +0.6 V,
respectively. To evaluate the reproducibility of cells fabrication, three independent
devices were prepared for each experiment.

The power conversion efficiency was calculated by the following equation [4]:
PCE = lscVoct® (6.3)
= 3 ,

where Voc is the open circuit voltage, Jsc is the short circuit current divided by the cell

active area, FF is the fill factor, and P; is the incident light power density.
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6.6.2 ITO electrode preparation

To remove the ITO film from the edge of the electrodes in order fix to the area (0.25 cm?,
as shown in Figure 6.2) and to avoid a short circuit, a chemical etching was done using a
10% (w/w) HCI solution, at 60 °C.

ITO glass
i U
L
0.5 cm
0.5 cm

Figure 6.2 — Schematic illustration of an ITO after the etching.

Then ITO-coated glasses were soaked in sequence in aqueous detergent solution, acetone
and isopropyl alcohol for 15 min, under sonication, and then dried. A Bandelin Sonorex
Super Sonicator (RK 510 H) was used for the cleaning of the ITO electrodes. The
substrates as such were employed for the PEDOT electrodeposition, whereas a further
cleaning procedure was applied in order to activate the hydroxyl groups of the electrode
surface before PEDOT:PSS casting. The glasses were immersed in a solution consisting
of 20 mL of distilled water and 1 mL of 33% (w/w) aqueous NH3 which was heated to 60
°C, then 4 mL of 35 % (w/w) H,O, were added and the solution was kept at the

mentioned temperature for 20 min (RCA cleaning procedure [5]).

6.6.3 Fabrication of the OPV devices

The ITO anode was coated with the hole transporting layer PEDOT, either by casting
(PEDOT:PSS) or by electrochemical synthesis (PEDOT:CIO,4). PEDOT:PSS was diluted
1:1 in isopropyl alcohol before the deposition. Doctor Blade equipment (Sheen
Instruments Model S265674) was used as film applicator to coat ITO with PEDOT:PSS
in order to obtain the desired layer thickness (~50 nm). The polymeric film was dried
under nitrogen gas stream. Then, the PEDOT-modified electrodes were annealed at 120
°C under vacuum for 2 h, using a Buchi B-580 evaporator and stored under vacuum.

The photoactive layer, i.e., the blend constituted of the copolymer (rr-P(T6Br-co-
T6TPP)) or P3HT:PCBM was deposited, after filtration on a Teflon septum (0.2 um pore
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size), by casting onto the ITO/PEDOT electrode (thickness ~150 nm). P3HT was
synthesized by us using the McCullough procedure [6] (98 % HT dyads content, 51.000
g mold). Poly  [(3-(6-bromohexyl)]thiophene)-co-(3-[5-(4-phenoxy)-10,15,20-
triphenylporphyrinyl] hexylthiophene) (rr-P(T6Br-co-T6TPP)) was synthesized by the
polymer research group (Department of Industrial Chemistry, Bologna) [7]. The

chemical structure of the rr-P(T6Br-co-T6TPP) copolymer is shown in Figure 6.3.

(CH2)e-Br (CHz)s

[ﬂﬁ ]

s 1, N7 1

Figure 6.3 - Chemical structure of rr-P(T6Br-co-T6 TPP) copolymer

The blend was prepared by dissolving 20 mg of rr-P(T6Br-co-T6TPP) or P3HT and 20
mg of PCBM in 1 mL of chlorobenzene. The film was dried under nitrogen gas stream
and stored in vacuum. After the blend deposition, the cells were annealed at 150 °C for
30 min.

Finally, an aluminum cathode (150-200 nm thick) was deposited onto the composite film
by vapor deposition under vacuum (pressure of about 1x10~* Pa) using an Edwards
coating system E306A. The active area of the cell was fixed to be 0.25 cm® by an

aluminum mask. The cells structure is schematically shown in Figure 6.4.

ITO

(anode) Aluminum

(cathode)

//

. Blend

Figure 6.4 - Schematic structure of the fabricated bulk heterojunction solar cells.
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6.6.4 Synthesis of PEDOT:CIO4

The PEDOT layer was polymerized from 5.0-10° M EDOT aqueous solution in the
presence of 0.1 M LiCIO, as supporting electrolyte. The oxidative polymerization was
carried out applying a constant potential of +1.05 V vs SCE for 10 s. The obtained film
was thinned applying 25 potential cycles at 0.05 V s™* from 0 to +1.3 V in the solution
containing only the supporting electrolyte in order to obtain a film thickness of about 50
nm, which is the ideal value required for traditional cells. The films thickness was
checked before and after the application of potential cycles by AFM. Finally, PEDOT-
modified ITO electrodes were washed in distilled water and dried in nitrogen gas stream.

6.7 Amperometric sensors based on LDH modified electrodes

6.7.1 Sensors based on chemically and electrochemically synthesized Ni-based LDH

for the detection of glucose

6.7.1.1 Equipments

Metal analyses of the LDHs obtained by chemical synthesis were performed by Varian
700-ES series Inductively Coupled Plasma—Optical Emission Spectrometer (ICP—OES)
using solutions prepared by dissolving the samples in concentrated HNO3 and then
properly diluted.

Coupled thermogravimetric (TGA) and differential thermal (DTA) analyses were
performed with a Netzsch STA 449C apparatus, in air flow and heating rate of 10 °C
min,

The XRD patterns of the chemical and electrosynthesized LDH films were recorded,
after metallization with gold, using a Philips X Pert Pro diffractometer with a Cu Ka
radiation (A = 0.15415 nm) operating at 40 kV and 40 mA equipped with an X’Celerator
detector. A step size 0.0170 26 degree with 20 s step scan was used for chemically
prepared LDHs. The samples were analyzed directly introducing the Pt electrode plates
(area =1 cm?) in the optical center of the diffractometer.

Atomic force microscopy (Solver-Pro, NT-MDT) was also used to provide information

on particle size and shape. The samples of the chemically and electrochemically
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synthesized LDHs were deposited on Pt plates (area = 1 cm?). Atomic force microscope
topographical images were collected using an NT-MDT solver scanning probe

microscope in tapping mode.

6.7.1.2 Pt surface modification

The LDHs obtained by chemical route were synthesized by Researchers from National
Research Council (CNR-ISOF) of Bologna and from the University of Perugia,
according to the following method (all chemicals were of reagent grade purity, purchased
by Sigma-Aldrich and used as received). Colloidal aqueous dispersions of Mg/Al,
Mg/Fe, Ni/Al and Ni/Fe LDHs were prepared by the double-microemulsion method [8].
Briefly, two microemulsions designated A and B were prepared by dispersing 6.25 g of
Cetyltrimethylammonium bromide, 18.1 mL of n-butanol, 7.75 mL of isooctane, and
6.75 mL of aqueous phase. The aqueous phase A consisted of 0.4 M M(NQg3), (Where M
can be Mg or Ni) and 0.125 M M(NO3)s (where M can be Al or Fe). The aqueous phase
B was a NHj3 solution (5.0 M for the Mg/Al and Mg/Fe LDH samples and 1.25 M for the
Ni/Al and Ni/Fe LDH samples).

Equal volumes of the two microemulsions were mixed to obtain the precipitation of LDH
nanoparticles (NPs) in the reverse micelles. The resulting system was aged at 70 °C for
16 h. Afterward, the particles were recovered by centrifugation (12,000 rpm, 10 min).
The precipitate was washed with an ethanol-chloroform mixture (1:1 v/v) (3 x 30 mL)
and then with water (3 x 30 mL). Finally, the precipitate was reconstituted in water (40
mL) to give a colloidal dispersion which was characterized in term of NPs amount by a
gravimetric method ([NPs] = 3.5 mg/mL).

After 15 minutes of sonication, 1 puL of a NPs colloidal aqueous dispersion, thus
corresponding to a deposited mass of 3.5 g, was deposited by drop-casting on pretreated
Pt electrodes. Finally, the electrode was stored at r.t. for 24 h up to complete dryness.

The electrochemically synthesized LDHs were obtained as described in Par. 6.3.1.1.

6.7.1.3 CV characterizations and amperometric detection of glucose

After the preparation of the electrodes described in the previous paragraph, both the
chemically and electrochemically prepared LDHs were stabilized in 0.1 M NaOH,

performing 20 CV cycles between +0.3 and +0.7 V in the case of the electrochemical
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Ni/Al and the chemical Ni/Fe LDH, between +0.3 and +0.6 V for the electrochemical
Ni/Fe LDH and between +0.3 and +0.75 V for the chemical Ni/Al LDH. The
stabilization is carried out in order to activate the Ni redox system; between the very first
cycles and the last ones, when the cycles become superimposable, the current slowly
increases.

Mg/Fe and Mg/Al LDHs were characterized also by CV, performing 20 cycles in the
same electrolytic solution between -0.8 and +0.75 V.

The analytical performances of the chemically and electrochemically synthesized Ni/Al
and Ni/Fe LDHs were studied in 0.1 M NaOH,; the electrode responses were evaluated
recording CV curves at different scan rates (0.05 and 0.01 V s™) for increasing glucose
additions (0.1 mmol L™) to define the working potential. After each addition the solution
was stirred for a few minutes and then 3 CV cycles were recorded.

For the best materials in terms of sensitivity, also chronoamperometric curves were
recorded for subsequent glucose additions, keeping the solution under stirring. From
these curves the calibration graphs (current vs concentration) were obtained. The chosen
potential for the measurements were +0.58 V for the electrochemical Ni/Fe and +0.65 V
for the electrochemical Ni/Al LDH.

Nyquist plots were obtained recording impedance spectra for each coated electrode, at
the peak potential (0.56 and 0.62 V for the electrochemically synthesized Ni/Fe and
Ni/Al LDHs, respectively, and 0.61 and 0.66 V for the chemically synthesized Ni/Fe and
Ni/Al LDHs).

The catalytic constants were calculated in the following way, according to the literature
[9]. Equation 6.4 allows the determination of the rate constant of the reaction between an

oxidizable substrate and the oxidized Ni centres in the LDH material:

leat _ 1,05 [no.s erf(y®5) + ;T_);] (6.4)

I

where I is the catalytic current recorded at the Ni coated electrode in the presence of
the substrate, 1, is the limiting current recorded in the same conditions in the absence of

an oxidizable substrate, and vy is defined as:

¥ = Kcot (6.5)
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where k is the reaction Kinetic constant, t is time and co is the substrate bulk
concentration. When y exceeds 1.5, the second factor of Eq. (6.4) is almost equal to n°°
and the equation can be reduced to:

% = y05705 = 705 (k¢ )05 (6.6)
L

0.5t0.5

Accordingly, the slope of the plot I/l as a function of ¢cq is equal to (k-m)>°.

For each electrode the lca/l. Versus co’t°° plot is linear when the value of ¢,®°t*° is
between 5-10 2 and 2:10°M%°- s°°, and this indicates a good adherence to the model.

The chronoamperometric curves for those calculations were performed by recording the
response of the modified electrode in absence of glucose and after several additions of
analyte (each one corresponding to 0.05 mM) in the linear range. A pretreatment
potential was firstly applied for 30 s, corresponding to a potential at which the Ni centres
starts to be oxidized; the pretreatment was then followed by the application of the
potential at which the electrocatalysis occurs, for 10 s. The potentials chosen were Epe =
0.61 V, E = 0.65 V for the electrochemical Ni/Al, Epe = 0.56 V, E = 0.58 V for the
electrochemical Ni/Fe, Epe = 0.55 V, E = 0.63 V for the chemical Ni/Al LDH. The
catalytic constant was not calculated for the chemical Ni/Fe LDH since the

electrocatalysis occurs at potentials very close to the solvent discharge.

6.7.2 Col/Al LDH coated Pt for in flow amperometric detection of sugars

The apparatus for the flow injection analysis (FIA) consisted of a HPLC pump (LabFlow
1000), a six-way injection valve equipped with a 50 pL loop, an electrochemical detector
(Metrohm, VA 641 Model) interfaced with a personal computer. The electrochemical
detector was constituted of 1 uL wall-jet cell (Metrohm, 656 Model) in the three-
electrode configuration (Ag/AgCl/ KCI 3.0 M as the reference, 2 mm diameter Au as the
counter, and the working electrode) and a potentiostat for the amperometric
measurements. In the HPLC configuration, the METROSEPCARBL column (Metrohm)
was inserted between the injection system and the detector. The eluent was a 0.1 M
NaOH solution prepared starting from a 50 % (w/w) solution, previously-decarbonated,

and, DD water. The flow rate was set at 1 mL min™™.
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6.7.2.1 Pt surface modification

The electrodeposition was carried out on pretreated Pt electrodes, using the chosen
condition for the potentiostatic synthesis described in section 6.3.1.1, for different times,
namely 10, 20, 30 and 60 s. The modified electrodes were washed with DD water before
performing the characterizations in CV. The electrocatalytic tests were performed for the
LDHs electrosynthesized for 20 and 60 s.

6.8 Data elaboration

All the graphs were elaborated using the software Origin 9.0 and Microsoft Office Excel
2007. EIS data were fitted using Z-view software (Scribner Associates, USA).
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7.LDHs AND CONDUCTING POLYMERS AS
ELECTRODES MODIFIERS: ENERGY
APPLICATIONS

7.1 LDHs characterizations and performances

In this section the electrochemical and structural characterizations of the LDH modified
electrodes will be reported and the performances obtained employing the modified

electrodes as OER catalysts and pseudocapacitor materials will be discussed.

7.1.1 LDHs electrochemical characterizations

The electrochemical characterizations of the LDHs were performed by cyclic
voltammetry in alkaline medium (0.1 and 1.0 M NaOH). A preliminary check of the film
stability was performed by recording several CV curves for each Pt or GC electrode
coated by the electrosynthesized LDH. The signals resulted superimposable for hundreds
of cycles for both supports, and this suggested a good adhesion of the clays on both
supports. Therefore, the mechanical and electrochemical stability can be considered very
good. In the next paragraphs representative CV curves and the description of the

involved mechanism will be reported.

7111 Ni/Al-LDH

The electrochemical behaviour of electrodes modified with Ni based LDHs has been
deeply investigated in our laboratory by voltammetric techniques.

The electrochemical response of Ni/Al LDH recorded in cyclic voltammetry, at a scan
rate of 0.05 V s * in 0.1 M NaOH is shown in Figure 7.1 A. A progressive increase of the
current peak occurs upon cycling, reaching a maximum value after about 50 cycles, after
that the cycles become superimposable. The stabilization in CV is carried out in order to
activate the Ni redox system. In Figure 7.1 B the characterization CV curves recorded in

0.1 NaOH at different scan rates are shown.
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Figure 7.1 — CV curves recorded for a Ni/Al LDH coated electrode in 0.1 M NaOH at 0.05 V s (A) and at
different scan rates (B).

A noticeable change of color, from light blue to black, on the electrode surface indicates
that the oxidation process starts from the edge of the coating and propagates to the center
of the LDH thin film. The typical peaks, observed in the potential window between +0.51
and +0.75 V (E,.= 0.57 V and Ep, = 0.68 V) are related to the not completely reversible
redox couple Ni(IIT)/Ni(I1) [1]. This partial irreversibility might be explained by a
chemical/structural instability of the oxidized LDH, due to the presence of Ni(lll) which
is characterized by a cooperative Jahn-Teller effect [2]. This can cause a structural
instability with consequent disgregation of the material. Nevertheless, it is possible to use
the electrodes in repeatable and reproducible manner for a long time, since the
dissolution of the electrode takes place very slowly.

In the potential range at which Ni centres can be involved in a redox process the material
displays good conductivity which is due both to an electronic and ionic transport. The

signals relevant to the couple Ni(Il1)/Ni(ll) can be described by the following reaction

[3]:
LDH — Ni(I) + OH,; 5 LDH(OH™) — Ni(II) + e~ (7.1)

where the OH " diffusion—-migration from the solution into the LDH interlayer, when an
anodic potential is applied, ensures the electroneutrality.

The conduction mechanisms of the electrodes modified with Ni or Co-based LDHs have
been intensively investigated even by electrochemical impedance spectroscopy and from
those experiments [4] it was proved that the electronic conductivity of the LDH materials
is strongly dependent on the potential, while the resistance related to the ionic charge

transfer mechanism, being related only to the desolvation and adsorption of OH onto the
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electrode surface, is almost potential independent. Moreover, from the calculation of the
activation energies of the two conduction processes the kinetic limiting step of the
overall redox process was found to be the electron hopping between localized redox
centres (metal cations) in the bulk of material [5].

Two regions can be distinguished in these materials, the external LDH coating/electrolyte
solution interface and the internal LDH coating/electrode interface located inside the
pores, channels, and interlayer domains, the latter being less accessible for OH ions. It
was demonstrated that due to that structure, the electrochemical reaction is governed by a
diffusion process [6].

The main difference between Ni and Co based LDHs is the better electrical conductivity
displayed by the material containing nickel as bivalent metal.

7.1.1.2 Co/Al LDH

Co/Al LDH coatings on Pt were characterized by carrying out 20 voltammetric cycles, at
different scan rates, in the potential range between 0 and 0.80 V, starting with the
segment in the positive direction. In Figure 7.2 the fifth cycle for each scan rate is shown.
The successive CV traces become superimposable and do not change after several
hundreds of cycles, indicating the good stability of the film modifying the electrode, as
stated before.

The current signals observed from the second cycle correspond to the reactions (7.2) and
(7.3) regarding the oxidation of Co(Il) cations to Co(ll) and Co(IV).

LDH — Co(II) + OH™ S LDH(OH™) — Co(III) + e~ (7.2)

LDH — Co(IIl) + OH™ S LDH(OH™) — Co(IV) + e~ (7.3)
The broad feature (C/C’) displayed by the LDH coating is due to the closeness of the
formal potentials related to the reactions (7.2) and (7.3) which does not allow the
resolution of the two voltammetric peaks. Anyway, the behaviour of the two redox

couples can be considered reversible since the ratio of the anodic to the cathodic charge
of the feature (C/C’) is close to 1.
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Figure 7.2 - Cyclic voltammogramms (the fifth scan is shown) recorded for a Co/Al LDH coated electrode in 0.1
M NaOH, at different scan rates.

In Figure 7.3 are shown the first three cycles and the tenth scan of the CVs recorded in
0.1 M NaOH. In the first cycle it is observed an irreversible oxidation peak. The first
forward scan is characterized by a small peak at about 0.35 V (A) and a large one at ~0.7
V (B), whereas the response does not change any more since the first inversion of the
potential direction. In fact, during the cathodic sweep only one very broad feature (C’) in
the range 0.35-0.65 V is present to which a broad peak centred at ~0.55 V (C) is

associated since the second anodic potential sweep.
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Figure 7.3 - Cyclic voltammogramms (1%, 2", 3" and 10" scans) recorded for a Co/Al LDH coated electrode in
0.1 M NaOH, v=0.05Vs™.
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The freshly prepared film appeared weakly pink in agreement with the expected color of
the Co/Al layered double hydroxide phase. After the first cycle, the film irreversibly
changed its color becoming dark brownish, suggesting the oxidation of most Co(ll) sites
[7]. These observation led to suppose that an irreversible oxidation of some Co(ll) sites
could take place during the first CV cycle. The color change has been already observed
by many researchers when Co/Al LDHs were submitted to thermal ageing treatments and
it is ascribable to a partial oxidation of the divalent cobalt to the trivalent state, probably
due to the easy formation of cobalt spinel Co30O4 [8]. Furthermore, in previous studies the
Co(ll1) moles, produced in the first segment of the first scan, were calculated by
integration of the anodic current and resulted to be about 20% of the total Co moles in
the film, thus confirming the hypothesis [9]. It was supposed that the oxidation of Co(ll)
gave rise to a new hydrotalcite-like structure, Co(11)/Co(lII)/AIl(111), which is stabilized
by the concomitant intercalation of OH anions from the solution in the interlayer
spacing (a Co;xAlOOH like phase) [10].

The oxidation process induces structural changes in the solid, and part of the trivalent
aluminium migrates to the interlayer region [11]. Such an oxidation is not surprising
since it is well known that Co(ll) ions are easily oxidised in alkaline solution due to the

low value of the standard potential (E° = +0.17 V) of the reaction:
CoOOH5) + H,0 + e~ 5 Co(OH), () + OH™  (7.4)

The big charge related to the C peak during the first anodic scan could be due only to the
oxidation of Co(ll), or it could involve also the irreversible oxidation of other species
produced during the electrochemical reductions of nitrates, occurring during the
synthesis. Nitrite is one of possible products of such reactions which could be both
adsorbed on the LDH surface and inserted in the interlayer domain due to its anionic
nature. The adsorbed nitrite should oxidise irreversibly at potentials less anodic than the
intercalated one. The nitrite oxidation on Pt needs a high overpotential but it should
occur at lower potentials at the Co/Al LDH modified electrode because of the high
affinity of nitrite towards Co ions, especially Co(lll) [12]. To verify this hypothesis
several experiments were carried out.

In one case the just prepared modified electrode was kept in contact with a solution of
0.1 M sodium carbonate and in the other with a solution of 0.1 M sodium nitrite. Later

the LDH coatings were characterized by CV (Figure 7.4 A and B). After the interaction

115



RESULTS AND DISCUSSION — LDHs and conducting polymers: energy applications

of LDH with carbonate, which is known to be easily exchanged with any other ion
present in the interlamellar space, due to its strong affinity towards such compounds [13],
the less anodic feature (peak A in Figure 7.4 B) is fully disappeared. On the contrary,
after being in contact with nitrite this feature is more evident. These results confirm that
A peak in Figure 7.3 and in Figure 7.4 B is due to the oxidation of the adsorbed nitrite

ions.
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Figure 7.4 - Cyclic voltammogramms recorded for a Co/Al LDH coated electrode in 0.1 M NaOH, after keeping
in contact for an hour in 0.1 M sodium carbonate solution (A) and in 0.1 M sodium nitrite solution (B). Scan
rate: 0.01 V s™, the first and the second scan are shown.

Furthermore, after the contact of the Co/Al LDH with carbonate the characterization CV
does not display the B broad system but another peak (C) which is anticipated at about
0.3 V. The anodic charge exchanged for the corresponding redox processes is much
lower and can be ascribed only to the Co centres irreversibly oxidised and to the ones
involved in reactions (7.2) and (7.3). The CV recorded after contact with the nitrite
confirms this statement since two well resolved redox systems are evident, the most
anodic (B peak, centred at ~0.46 V) being due to the irreversible oxidation of the

intercalated nitrite to nitrate.

7.1.1.3  Ni/Fe LDH

Figure 7.5 shows the characterization of a Ni/Fe LDH coating on Pt recorded at different
scan rates in 0.1 M NaOH. In this case the oxidation of Ni occurs at a potential very close
to the solvent discharge, while for Ni/Al LDH the redox peak system is well separated

from the process related to the evolution of oxygen.
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Figure 7.5 — CV curves recorded for a Ni/Fe LDH in 0.1 M NaOH at different scan rates.

From the comparison between the CV curves relevant to Ni/Al and Ni/Fe, shown in
Figure 7.6 A, it is evident that the presence of iron affects the electrochemical behaviour
of the clay since such LDHs show a CV response different from the LDHSs containing Al

as trivalent metal.

A 2.00x10™ 9 \iar Lo | B 5 Co/Al LDH
.| — NirFe LDH H 2.00x10"1_ _ coerLpn I
LU 1.50x10°
1.00x10™ 1.00x10™
< 5.00x107 < 5.00x107
- 0.00. - 0.00-
5.00x10° -5.00x10™
. -1.00x107 1
L0010 04 05 06 0.7 08 00 02 04 06 08
E/V vs Hg/HgO E /V vs Hg/HgO

Figure 7.6 - CV curves of the four LDHs electrosynthesized on Pt, recorded in 0.1 M NaOH at a potential scan
rate of 0.05 V s™. The fifth scan is shown.

7.1.1.4  Col/Fe LDH

The representative CV characterization curves of Co/Fe LDH recorded at different scan

rate in 0.1 M NaOH are shown in Figure 7.7.
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Figure 7.7 - CV curves recorded for a Pt electrode coated with Co/Fe LDH in 0.1 M NaOH at different scan
rates.

The CVs evidence a broad feature which even in this case is ascribable to the two redox
systems corresponding to the oxidation of Co(ll) to Co(lll) and Co(lll) to Co(IV),
respectively.

If compared to Co/Al LDH (see Figure 7.6 B), the feature occurs at lower potentials
(about 0.2 V), so even though Fe is not electroactive, it seems to influence the

electrochemical behaviour of the divalent cation.

7.1.1.5  Electrode support and pH influence

The characterization CVs of the four LDH coatings were recorded also on another
conductive support, namely glassy carbon, since the LDHs performances as OER
catalysts and as pseudocapacitor materials were investigated even using this conductive
material. In Figure 7.8 the relative CV curves, recorded in 0.1 M NaOH, are reported.

When GC is used as support, the Ni redox peak system seems to be more irreversible
since the charge associated to Ni reduction peak is lower than the one relevant to the

oxidation process.
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Figure 7.8 - CV curves of the four LDHs electrosynthesized on GC, recorded in 0.1 M NaOH at a potential scan
rate of 0.05 V s, The fifth scan is shown.

Peak position and intensity depend on the pH. Similar results were obtained when the
LDHs were characterized in more alkaline solutions (1.0 M NaOH) with the only
difference of a shift toward less anodic potentials of the Co and Ni redox systems, as
expected [5]. Representative CVs recorded in 1.0 M NaOH are reported in Figure 7.9 and
Figure 7.10 for Pt and GC coated electrodes, respectively.
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Figure 7.9 - CV curves of the LDHs containing Co (A) and Ni (B) deposited on Pt, recorded in 1.0 M NaOH at a

potential scan rate of 0.05 V s™*. The third scan is shown.
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Figure 7.10 - CV curves of the LDHs containing Co (A) and Ni (B) deposited on GC, recorded in 1.0 M NaOH at
a potential scan rate of 0.05 V s, The third scan is shown.

EQCM experiments were performed in order to determine the mass deposited during the
electrosynthesis, working with a Pt electrode. Figure 7.11 shows the massograms
recorded throughout the potential pulse for the four LDHSs. In the case of Co/Al LDH, the
mass grows very quickly during the first 10 s of the application of the cathodic potential
necessary to reduce nitrates. Co/Fe LDH shows a similar trend, growing during the first
15 seconds, whereas during the remaining time the LDH deposition still occurs but the
process is slow due to the presence of the inorganic material coating the Pt surface which
hinders the diffusion/migration of nitrate ions to the underlying electrode.

A different trend of mass growth is shown by the LDHs containing Ni since in that case
the mass continues to increase during the whole deposition time. After 30 seconds, a

lower mass is recorded for the Ni/Fe in respect to the Ni/Al LDH.
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Figure 7.11 — Left: mass vs time plots recorded during the electrosynthesis of the four LDHSs on Pt, carried out
at -0.90 V vs SCE. Right: Pt metalized quartz crystal electrode coated with a film of oxidized Co/Al LDH.
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7.1.2 Structural characterization

The electrochemically synthesized LDHSs structure was confirmed by recording XRD
spectra. Furthermore X-ray spectroscopy experiments were performed in order to study
the local structural environment of the M(II) sites and the influence of Fe presence on the
divalent cation in the compounds. XPS and XAS spectra were recorded for the pristine
and oxidized LDHs. XPS experiments were performed in order to investigate the
oxidation states of the metal cations in the four LDHs before and after the oxidation.
XAS experiments were carried out to evidence structural changes in the local
environment of the metal sites taking into account Ni/Fe LDH.

7.1.21  X-ray diffraction

With the aim to verify the structure of the LDHSs, X-ray diffraction analysis has been
carried out on Pt-electrodes. The patterns of the four samples, reported in Figure 7.12,
show the main diffraction maximum typical of a LDH phase, indexed as 003 reflection.
In three samples also the 006 peak is detectable [14]. The maxima of Co containing
samples are slightly shifted to lower angles if compared to those containing Ni,
suggesting a slightly contraction of the interlayer distances in Ni containing LDHs, as
expected on the basis of the smaller ionic radius. The c-axis can be culated from the
position of 003 reflection as 2.6 nm, 2.5 nm, 2.4 nm, and 2.4 nm for Co/Al, Co/Fe, Ni/Al
and Ni/Fe LDHs, respectively. As the Co/Al sample shows narrow reflections, its crystal
domains are bigger and better formed in respect to the others and can be determined by
Scherrer equation [15] from the width of the 003 reflection. A rough estimation of
coherently scattering domain (i.e. crystal size) is 5 nm in the interlayer direction for the

Co/Al sample and 20% less (4 nm) for the other samples.
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Figure 7.12 - XRD patterns, instrumental background subtracted, of the LDHs electrosynthesized on Pt. The
asterisks and the cross mark peaks due respectively to CuKB and WLa contamination radiation detected
because the very high intensity of Pt peaks.

7.1.2.2 X-ray photoelectron spectroscopy

XPS experiments were performed in order to study the oxidation states of the metal
cations in the four LDHSs.

The deconvoluted XPS spectrum of Ni 2ps,, reported in Figure 7.13 A, shows different
components: the contributions at ~855.9, 857.8, and 861.5 eV are associated in the
literature to Ni** in nickel hydroxide phase, whereas the band at around 856.7 eV is most
likely due to the presence of a limited amount Ni** [16]. Figure 7.13 B is related to the
deconvoluted Ni spectrum obtained after cycling in alkaline solution: no substantial
differences in the observed contributions are evidenced, except for the presence of a

signal at around 858,1 eV which is associated in the literature to the presence of a

oxyhydroxide phase (y-NiOOH) [17].
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Figure 7.13 - Deconvoluted Ni spectrum of Ni/Al LDH before cycling (A) and after cycling (B).

Deconvoluted spectrum of Ni in Ni/Fe LDH before cycling is reported in Figure 7.14 A:
the most important contribution is centred at around 856.5, which is the signal associated
to the presence of Ni** in oxyhydroxide phases. The other observed contributions are
ascribed to Ni in +2 oxidation state.

After cycling the main difference in the deconvoluted spectrum of Ni (Figure 7.14 B) is
the increase in intensity of the contribution observed at ~856.5 eV ascribed to Ni in +3

oxidation state [16].
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Figure 7.14 - Ni 2psj, spectrum of Ni/Fe LDH before cycling (A) and after cycling (B).
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The spectrum of Fe before and after oxidation (Figure 7.15) is basically the same,

suggesting that no substantial change of iron chemical environment occurs.
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Figure 7.15 - XPS Fe spectrum of Ni/Fe LDH pre and post cycling.

Deconvoluted spectrum of Co is reported in Figure 7.16 A: the signals centred at 780.1
eV, 782.5 eV, and 786.2 eV are attributed to the multiplet of Co?* in a Co(OH), phase, a
small contribution at 779.7 eV is ascribable to Co®". After cycling (Figure 7.16 B) the
main component is observed at ~779.7 eV, suggesting a significant increase of the
amount of surface Co>*. The component at higher binding energy (786.2 eV) has been

depleted after cycling, suggesting a transition to a CoOOH phase.
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Figure 7.16 - Deconvoluted Co spectrum of Co/Al LDH before cycling (A) and after cycling (B).
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Deconvoluted spectrum of Co in Co/Fe LDH is reported in Figure 7.17 A and shows the
multiplet related to Co?* in Co(OH), phase, without any significant contribution of Co®".
After cycling (Figure 7.17 B) the main component is shown at 779.7 eV, typical of
Co(I11), suggesting a significant surface enrichment of this species. Signals due to Co*
are, as expected, still found.
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Figure 7.17 - Deconvoluted Co spectrum of Co/Fe LDH before cycling (A) and after cycling (B).
7.1.2.3  X-ray absorption spectroscopy

XAS structural studies are commonly employed for several materials including LDHS
[18]. In this research X-ray absorption spectroscopy was applied to pristine and
oxidized Ni/Fe LDH obtained by electrochemical synthesis in order to gain
information about the structural and electronic changes in the local environment
around the selected metallic sites. For this class of compounds, the most frequently
investigated site is Ni [19,20], but the presence of another metal cation, Fe, allows for
probing its local structural environment too.

Figure 7.18 shows the comparison between the XANES spectra of the pristine and the
oxidized Ni/Fe LDHs at the Ni K-edge (8333 eV).

XANES spectra displayed in the figure are almost superimposable, thus indicating that
the local structure around Ni does not change in the investigated samples. The nickel
site in the LDH structure is octahedrically coordinated by six oxygen atoms, two in
apical position and four in equatorial position, at the same distance [21]. The
experiments suggested that the coordination geometry remains unchanged during the

oxidation.
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Figure 7.18 — Comparison of the XANES spectra of both the pristine and the oxidized Ni/Fe LDHs at the Ni K-

edge (8333 ¢eV).

The Fourier transforms curves related to EXAFS signals (shown in Figure 7.19) confirms

this hypothesis since they do not evidence changes in the peaks position, a part from a

very slight difference of the second one, due to the second atomic shell around Ni, which

is probably ascribable to a structural disorder.

On the contrary, concerning the edge energy in the XANES spectra (Figure 7.18), it is

evident a K-edge shifts toward higher energy, consistent with the LDH oxidation.

Therefore, the experiment confirms the electroactivity of Ni?*, which is oxidized

(probably) to Ni**.

Figure 7.19 - Fourier transforms

LDHs at the Ni K-edge.
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Figure 7.20 displays the XANES spectra at the Fe K-edge (7112 eV) of both the pristine

and oxidized LDHs. The spectra appear nearly superimposable and only little differences

are evidenced. Firstly, it is noticeable a slight energy shift, consistent with Fe(lll)

oxidation. In addition, the spectra appear different after the pre-edge peak (see Figure

7.21). In fact, while the pre-edge peak (at ~7114-7115 eV) remains unchanged, the

following resonance, at ~7120-7121 eV, displays a bump in the case of the oxidized

LDH. Such a feature in the edge zone could be due to a different long range order of Fe,

possibly ascribable to structural defects such as hexacyanoferrate ion vacancies.
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Figure 7.20 - XANES spectra at the Fe K-edge (7112 eV) of both the pristine and oxidized LDHs.
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Figure 7.21 — Magnification of the pre-egde peak zone of the XANES spectra at the Fe K-edge of the pristine

and oxidized LDHs.
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The study of the absorption spectra at the K-edge of the pristine and oxidized Ni/Fe
LDHs confirmed the presence of the electroactive couple Ni**/Ni**, besides little
differences in the charge associated to Fe (after the oxidation). The observed charge
transfer resulted associated to minor changes (local structural arrangements) of the Ni

and Fe sites structure.

7.1.3 Morphological characterizations

The morphological characterization of the four LDHs electrosynthesized on GC and Pt
(Figure 7.22 and 7.23) was performed using FE-SEM. Both supports seemed
homogeneously covered. Investigating some areas of the LDH films, a different
compactness of the coatings was pointed out in dependence on the support.

When GC was used for the electrodeposition all the LDHs coatings appeared very
compact and consisted of round particles with an uniform size distribution. In particular,
the smallest particles (10-20 nm) were observed for the Ni/Al LDH (Figure 7.22 A),

whereas for the other three LDHSs the average size was about 40-50 nm.

Figure 7.22 - FE-SEM images of Ni/Al (A), Ni/Fe (B), Co/Al (C) and Co/Fe (D) LDHs on GC electrodes. The
inset in Figure A shows a different magnification of the Ni/Al LDH.
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In case of Pt the morphology of the four LDH coatings displays some small differences
(Figure 7.23). Concerning the Ni/Al LDH the nanoparticles appear spherical and display
the largest size in comparison to those relevant to the other LDHSs. Furthermore, the film
is particularly compact and the particles appears almost fused each others. In case of the
Ni/Fe LDH the morphology consists of well defined spherical particles which are smaller
(about 20-40 nm) and in close contact so that the film surface is compact enough and
smooth. As to the Co/Fe LDH the morphology is similar to the one showed when GC is
used as the support but the film presents a relief structure which leads to a minor

compactness.

EHT = 1500 kV WD =40 mm Mag =29272K X Signal A= InLens

Figure 7.23 - FE-SEM images of Ni/Al (A), Ni/Fe (B and B’), Co/Al (C) and Co/Fe (D and D’) LDHs on Pt
electrodes. The inset in Figure C shows a different magnification of the Co/Al LDH.
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Eventually, the Co/Al LDH shows a more complex morphology consisting of highly
interconnected tubular structures (whose wideness is about 10 nm) on which flower-like
architectures are grown so inducing the formation of 3D hierarchical nanostructures. The
film is uniform but displays a loose packing structure.

The LDH films were also characterized by semi-quantitative SEM/EDX analysis to
determine the M(I1)/M(I11) atomic ratio. All the values resulted about 2.5, rather similar
to the molar ratio of the salts present in the electrolytic solutions used for the synthesis.

These values are compatible with a LDH stoichiometry.

7.1.4 OER catalytic activity and modified electrode durability

In this paragraph the studies carried out employing the four LDHs as OER catalysts are
reported. The parameters most commonly used to evaluate the performances of the
materials, i.e., the onset potential (which is the potential at which the oxygen evolution
starts), the current density for a fixed overpotential, and the turnover frequency which is
defined as the number of molecules reacting for a given reaction per unit time per active
center. Furthermore, the durability and the mechanism of OER were deeply investigated

taking into account Tafel plots.

7.1.4.1 OER onset potential determined by linear sweep voltammetry

LSV curves at the LDH coated electrodes were recorded at a slow scan rate (0.005 V s™)
in 0.1 and 1.0 M NaOH. For the LDHs containing Co, it is clearly evident the peak which
can be ascribed to Co centres oxidation, whereas for the Ni based LDHSs the oxidation
peak occurs at a higher potential and appears less visible due to the overlapping with the
solvent discharge.

From the direct comparison of the LSV curves of the four LDHSs it is evident that
electrodes modified with Fe-based materials display a considerable reduction of the OER
onset potential if compared to the value exhibited by both the bare electrode and the
support modified with the LDHs containing Al. In Figure 7.24 the iR-corrected
polarization curves of the four LDHs deposited on Pt and GC, recorded in 1.0 M NaOH,

are shown. In particular, Ni/Fe and Co/Fe LDHSs exhibit values of onset potential which
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are averagely of +0.58 V, on both substrates. These low overpotentials demonstrate the

effect of iron which lowers the activation barrier for the OER.

141 - . B 14 :
Co/Al-LDH i ] Co/Al-LDH i
124 = = CofFe-LDH : 124 - = CofFe-LDH |
- - - -Ni/AI-LDH : { - - - -Ni/AL-LDH J
109 —._ Ni/Fe-LDH : 109 —.— Ni/Fe-LDH |
8- q . !
g g B8] i
5] Q
< 01 < 64
£ =
S 4 S 4
21 24
0+ 0-
0.0 0.2 04 0.6 0.8 0.0 02 04 06 08
E/V vs Hg/HgO E/V vs Hg/HgO

Figure 7.24 - iR-corrected polarization curves of the four LDHSs electrosynthesized on Pt electrode (A) and GC
(B) recorded in 1.0 M NaOH at the scan rate of 0.005 V s™.

The OER onset potentials in 0.1 and 1.0 NaOH for the four LDHs synthesized on Pt or
GC are reported in Table 7.1. As can be seen, no substantial differences are observed for
both supports even if the onset potentials are generally lower when the catalyst is
deposited on GC, especially working in less alkaline conditions. Therefore, the two
supports seem almost comparable.

From Figure 7.24 it is evident that the current densities increase very steeply, with the
only exception represented by the Ni/Al sample on GC. Faour et al. found out a complex
correlation between the structure/microstructure and the electrochemical performance of
the Ni/Al-CO3 LDHs, deposited as thin films on Pt electrodes, taking into account the
effect of particles size, morphology and structural defects [22]. Even in our case the
electrocatalytic performances of the LDHs towards the oxygen evolution could be related
in some way to the morphological characterization of the films by SEM as shown in
Figure 7.22 and Figure 7.23. The observation that the current density does not increase
very steeply for the Ni/Al LDH electrodeposited on GC could be the result of the very
small particles (10-20 nm) which generate a film (Figure 7.22 A) so compact that the
OH  ions diffusion/migration is strongly hindered. This hypothesis is supported by the
observation that the Ni oxidation peak, in the linear sweep trace recorded at low scan rate

(Figure 7.24 B), is much smaller than the one recorded for the LDH containing Fe.
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The current densities recorded at the arbitrary overpotential of 0.61 V for the Fe-based
LDHs and of 0.68 V for the Al-based LDHSs are shown in Table 7.2 from which it is
evident that highest values are exhibited by the Fe based LDHs on both supports, so
confirming the positive role played by iron. As expected from the extent of the film
compactness, the system displaying the worst performance is the Ni/Al LDH deposited
on GC.

The fact that the current densities for the iron based LDHs on GC are almost the same
could be related to the similar morphologies and particles size as shown in Figure 7.22.
This is not true for the Fe based LDHSs coating the Pt support. In fact, the Ni/Fe LDH
shows a current density much higher than that displayed by the clay containing Co which
is rather similar to the one obtained on GC.

As evident from Figure 7.23 B, the Ni/Fe LDH morphology consists of well defined
spherical particles (average size 20-40 nm), close each others, which confer to the film a
good ionic permeability so that both the electron hopping and the hydroxide ions
diffusion occur efficiently. As to the Co/Fe LDH the morphology is similar to the one
displayed when the electrode is GC. This observation could again support a possible

relation between the film morphology and the electrocatalytic efficiency (EE) of the clay.

Table 7.1 OER onset potential of the four LDHSs coatings on Pt and GC electrodes, in 0.1 and
1.0 M NaOH.

LD H EOI’]SEt / V

Pt electrode GC electrode

0.1 M NaOH 1.0 M NaOH 0.1 M NaOH 1.0 M NaOH

Ni/Al 0.75 0.63 0.73 0.61
Ni/Fe 0.65 0.58 0.62 0.59
Co/Al 0.76 0.63 0.73 0.62
ColFe 0.68 0.57 0.62 0.57

The turnover frequency for the oxygen evolution was calculated by the following
equation [23]:

TOF = — A =L (75)

4 ‘F'Natoms 4-Q
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where i is current, Nawoms is the number of active sites, J is the current density (A cm™), Q
is the charge storage capacity of the main Ni(ll/111) or Co(ll/111) oxidation peak, F is the
Faraday constant and Na is the Avogadro constant. The formula assumes that all the Co
and Ni centres are catalytically active in the OER reaction.

The turnover frequencies are reported in Table 7.2; the best coating material was found
to be again Ni/Fe-LDH, which achieved a TOF of 1.55 s in 1.0 M NaOH when GC was
employed as support. A lower value of about 50% was estimated when the Ni/Fe-LDH
was electrodeposited on Pt. At the same potential of 0.61 V, Co/Fe LDH displayed a
lightly worse TOF, which was almost equal for Pt and GC supports (0.40 and 0.48 s™,
respectively). Also for the second indicator, GC electrode seems to favor the kinetics of
the oxygen evolution, particularly for the Ni/Fe LDH which is the clay with the best
catalytic activity.

Table 7.2 Turnover frequencies, current densities® and Tafel slopes relevant to Pt and GC coated
with the four LDHs, in 1.0 M NaOH.

LDH TOF/s? J/ mA cm? Tafel slope /
mV dec™
Pt GC Pt GC Pt GC
Ni/Al 0.2 0.54 4.62 1.35 40 29
Ni/Fe 1.02 1.55 9.98 6.98 35 25
Co/Al 0.15 0.26 3.70 2.74 39 30
ColFe 0.40 0.48 5.37 6.46 45 29

% The values were determined at E = 0.61 V in the case of Fe-based LDHs and at E =
0.68 V for the LDHSs containing Al.

Although it is difficult to make a comparison with the values reported by the literature,
the TOFs exhibited by Ni and Co/Fe LDHs electrosynthesized on both GC and Pt can be
considered very satisfactory. They result similar to the TOFs observed by Yeo and Bell
for very thin films of Ni(OH), or Co(OH), deposited on gold [24,25]. We have to remark
that those values were evaluated at an overpotential 90 mV higher (0.70 V vs Hg/HgO)
than the one considered in our work. Furthermore, the TOFs calculated for Ni/Fe LDH

on both GC and Pt compare favorably with the value reported by Gong et al. [26] who
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employed an ultrathin layer of LDH nanoplates on mildly oxidized multiwallet carbon

nanotubes.

7.1.4.2 Durability tests

Besides high OER activity, another important criterion for a good electrocatalyst is the
high durability. The stability of the LDHs modified electrodes was studied by recording
chronopotentiometric curves, applying three current densities of 1.5, 2.0 and 2.5 mA cm™
for an hour. The four LDHs coatings on both Pt and GC exhibited good durability in
alkaline solutions, as it can be seen from Figure 7.25, where we report the
chronopotentiometry responses obtained at 2.5 mA cm in 1.0 M NaOH. It resulted that
all the materials showed a nearly constant operating potential; the lowest value was again
obtained for the Ni/Fe LDH on both Pt (~0.567 V) and GC (~0.550 V). What is
outstanding is that, when biased galvanostatically on GC, the Co/Fe LDH shows a
working potential that is only 7-8 mV higher than Ni/Fe LDH, the Co/Al LDH a value
which is about 20 mV higher, whereas the Ni/Al LDH shows an increase in overpotential
by ~60 mV in comparison with Ni/Fe LDH. This order of operating potential reflects the
trend observed for the current density reported in Table 7.2. The behaviour of the LDHs
on Pt is slightly different. Firstly, the working potentials are comprised within a narrow
range (25 mV) secondly, their values increase in the order: Ni/Al, Co/Fe, and Co/Al
LDH. Again, we can observe that this is almost the same order displayed by the current

density when Pt is used as electrode material.
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Figure 7.25 - Chronopotentiometry curves of the four LDHs on Pt electrode (A) and GC (B), recorded in 1.0 M
NaOH at a constant current density of 2.5 mA cm™.
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7.1.4.3 Tafel slopes and OER proposed mechanism

Fe plays a critical, but not yet understood, role in enhancing the activity for oxygen
evolution reaction of Ni-based electrocatalysts. Trotochaud et al. demonstrated that pure
NiOOH is a poor catalyst for OER whereas if Fe is present, even at trace level, the OER
activity greatly increases [27]. Ni;—xFex(OOH) oxyhydroxide electrocatalysts have
resulted the most active catalysts in basic media and this is consistent with the hypothesis
that Fe enhances the activity of NiOOH through a Ni—Fe partial charge-transfer
activation process occurring throughout the film, similar to that observed by Yeo and
Bell for noble-metal electrode surfaces [24]. Those authors compared the OER activity of
NiOOH films with varying thicknesses and demonstrated that the TOF increased for
films with less than a few monolayers in thickness. The effect was most pronounced on
Au, which is the more-electronegative substrate, and was attributed to partial electron
transfer from the NiOOH to Au with a consequent modification of the electronic
properties of the Ni- based catalyst. In Ni;—\Fex(OOH) catalysts iron should exert a
similar electron-withdrawing effect on Ni as the Au substrate does. Under OER
conditions, Pourbaix diagrams predict both Fe** and Fe** [28]. Corrigan et al. evidenced
from in situ Mdssbauer spectroscopy a partial electron transfer away from Fe**
accompanying the reduction of Ni** [29]. This strong electronic coupling between Fe and
Ni is supported by the result that the potential of the Ni*** couple in Ni;_Fe;OOH
depends on the Fe content [27].

More recently, analogous results have been obtained for CoOOH since Fe incorporation
increases the intrinsic OER activity by about 100-fold, with peak activity at 40-60%
(m/m) Fe content. Also in this case, the voltammetry of Co;_Fex(OOH) showed a strong

dependence of the Co?/**

potential on the Fe content, indicating strong electronic
interactions between Fe and Co [30]. The reported results support a hypothesis where
CoOOH provides a conductive, chemically stable, and porous host for Fe, which
substitutes Co and serves as the (most) active site for OER catalysis.

Our results confirm the key role of iron in LDHs containing Ni and Co since when
aluminum is present as M(I11) in substitution of iron the three parameters utilized by us
to evaluate the catalytic activity toward OER are much worse. The only exception is the
TOF for Ni/Al LDH electrosynthesized on GC which is comparable with the values

calculated for Co/Fe LDH, even if we have to point out that for the Al-based LDHSs the
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determinations were carried out at a potential 70 mV more anodic, since they exhibit a
higher OER onset potential.

Eventually, an important consideration is related to the fact that the two electrode
supports we have utilized for the LDHs electrodepositions have resulted comparable in
terms of performances displayed by the catalysts towards the oxygen evolution reaction,
particularly when Fe-based LDHSs are taken into account, even if the clays exhibit the
best performances when GC is used as support.

Tafel slope is another important parameter that is typically exploited to characterize the
electrode performance, because it is related to the mechanism at different overpotentials.
One commonly accepted reaction pathway for oxygen evolution in alkaline solutions, the
Krasil'shcikov path [31], is shown in Eq. 7.6 to 7.9:

Me + OH" — Me-OH + ¢ (7.6)
b=2.3 (2RT/F) = 120 mV dec™

Me-OH + OH" — Me-O" + H,0 (7.7)
b=2.3(RT/F) =~ 60 mV dec™

Me-O° —» Me-O +¢ (7.8)
b = 2.3 (2RT/3F) = 40 mV dec™

2 Me-O — 2Me + O, (7.9)
b= 2.3 (RT/4F) = 15 mV dec™

where Me is an active site of the catalyst, and b represents the Tafel slope. As previously
indicated in the literature for these types of deposits, it is probable that tetravalent
oxidation states of Co and/or Ni metal ions, are involved as intermediate states [32].
Therefore, surface oxidation, previous to the OER, gives rise to Co(IV) and Ni(lV)
catalytic centres. Then, the primary discharge of OH" ions, reaction 7.6, occurs which is
considered rate limiting for catalysts exhibiting Tafel slopes near 100 mV dec™. Equation
7.7 represents an acid-base reaction, favored by the strongly alkaline environment.
Finally, after another oxidation reaction, the recombination of the surface oxygen species
generates oxygen and the Me catalytic centres.

When Tafel slopes decrease to less than 50 mV dec™, reaction 7.8 and/or 7.9 become the
rate-limiting step. The Tafel plots obtained from polarization curves in 1.0 M NaOH for

the four LDHs on Pt and on GC were fashioned and the slope values are reported in
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Table 7.2. As an example, in Figure 7.26 we report the Tafel plots related to the four
LDHs on GC. The resulting slopes were ~29, 25, 30, and 29 mV dec™* current density for
Ni/Al, Ni/Fe, Co/Al and Co/Fe LDH, respectively. All the values are slightly lower than
those found out for Pt, and suggest a similar OER mechanism for all the materials
independently of the electrode support. In fact, a significant change in the Tafel slope is
usually interpreted as a change in the rate-limiting step. Significantly, Tafel slopes of
about 30 mV dec™ as displayed by our Fe based LDH films electrodeposited on GC,
were reported in the literature for Ni/Fe chemically synthesized [33,34].

2.01 32— 00
= Co/Al-LDH ] s Co/Fe-LDH .
|5 ° NiAlLDH 3.04 o NifFeLDH __.-"
] u® o
2.8 - e
] .O‘ . ] .I. oooo
o o " oo°
=) g 2.6 - oo"o
2 0.5 o j o 00
< < 2.44 " 0°°
g E . l'oo°°
: 0.0 ~ 1 .'.o°
) :IJ 2.24 !(.)oou
= 05 s ] o™
- 201 o
1.0 18
0.62 0.64 0.66 0.68 0.70 0.72 0.61 0.62 0.63 0.64 0.65
E/V vs Hg/HgO E/V vs Hg/HgO

Figure 7.26 - Tafel plots of the Al-based LDHs (A) and the Fe-based LDHs (B) electrosynthesized on GC
recorded in 1.0 M NaOH.

7.1.5 Pseudocapacitors performances

7.15.1 Performances of the LDHSs coatings on Pt

Impedance spectra were recorded for each LDH in the potential range of the anodic wave
avoiding potential higher than that of oxygen evolution reaction and were plotted in the
Nyquist plot form. The shape of the Nyquist plot, shown in Figure 7.27, and the
equivalent circuits (Figure 7.28) employed to fit the EIS spectra depend on the nature of
the bivalent metal.

For Ni based LDHs the anodic wave relative to Ni(ll) oxidation occurs in a narrow range
and thus only two EIS spectra were recorded, one at the half peak potential and the other

at a potential 50 mV higher.
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The spectra of the two LDHSs are similar, showing a main common and well evident
feature, i.e., a great semicircular arc which covers all the frequency range, whose
diameter decreases as the potential is increased. On the basis of our previous works and
other authors’ studies relative to nickel based LDHs, we can state this arc describes the
electronic transport inside the LDH structure, due to an electron hopping mechanism
between adjacent nickel centres, which is more and more efficient as the potential is
increased since an increasing number of Ni(ll) sites start to be involved in the oxidation

process leading to an increase of the electronic conductivity.
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Figure 7.27 - Nyquist plots obtained in 0.1 M NaOH at the potentials indicated in the legends for Pt electrodes
coated with A) Ni/Al LDH, B) Ni/Fe LDH, C) Co/Al LDH and D) Co/Fe LDH.

We simulated the experimental data with the equivalent circuits shown in Figure 7.28
which had already provided a good fitting of the EIS data in our previous studies. Rs
represents the resistance of the solution and has always a value around 150 Q. On the
contrary, Re value depends on the LDH type and is strongly influenced by the potential,
decreasing as the potential is increased, because the number of nickel sites involved in

the electrochemical process increases and the material becomes more conductive.
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For Ni/Al LDH R, ranges from a value of 19520 Q at the peak potential to 3050 Q for a
potential 50 mV higher, whereas for Ni/Fe LDH R. decreases from 16800 Q to 2310
Q in the same measuring conditions. This means that iron plays an important role in
affecting the material conductivity: it does not participate directly to the electronic
process but Ni/Fe LDH is more conductive than Ni/Al LDH.

Actually, in view of a supercapacitor development it is important to look at the
capacitance values: for both the LDHs the capacitances are independent from the applied
potential, Cq having a mean value of 8:10® F whereas C, resulting 1.5-10* F for Ni/Al
LDH and 2.3-10" F for Ni/Fe LDH, and thus not sufficiently high to enable the use of

these materials as supercapacitors.
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Figure 7.28 - Equivalent circuits employed to fit the Nyquist plots relative to Ni-based (A) and Co-based LDHs
(B).

A completely different behaviour is observable when the bivalent metal is Co. In this
case the main feature of the spectra is a quasi-straight line almost parallel to the y axis in
the low frequency region, which displays a typical capacitive behaviour. The data,
plotted in the Nyquist plot form are shown in Figures 7.27 C and D, for Co/Al and Co/Fe
LDHes, respectively. The equivalent circuit used to fit the spectra is shown in Figure 7.28
B and is similar to that proposed by P. Vialat [35].

R1 which represents the electrolyte resistance always displays a constant value around
150 Q for Co/Al LDH, and 50 Q for Co/Fe LDH. C; represents the capacitance linked to
the electronic transfer among cobalt centres and is characterized by an almost n/2 angle
toward Z’ axis, like an ideal capacitor. A change in slope is observed in the lower
frequency region and thus a Warburg element was introduced which takes into account
the OH" diffusion inside the LDH layer to balance the excess of positive charge generated
after cobalt oxidation.

For Co/Fe LDH the capacitance goes from 5.78-10° F at 0.35 V to 1.4-10° F at 0.65 V,
whereas for Co/Al LDH the capacitance values range from 4.53-10° F at 0.50 V to
3.80-10* Fat 0.70 V.
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This preliminary electrochemical characterization leads us to conclude that cobalt LDHs
are more suitable to be used as materials for the development of supercapacitors than the
Ni-based LDHs. Anyway, the evaluation of the specific capacitance was performed for
the four investigated LDHs with the aim to elucidate the role of iron in affecting their
performances as pseudocapacitors. Tests were made both in 0.1 and 1.0 M NaOH.

7.15.2 Specific capacitance and cycling life-time

The specific capacitances (Cs), as a function of the applied potential, were calculated by
data deriving from the CV curves and the EIS measurements. Moreover Cs values were
also obtained by the charge-discharge curves recorded at different current densities.

The specific capacitance (F g™*) was evaluated from the CV responses as those displayed
in Figure 7.29, since the charge accumulated inside the material is related to the area
under the voltammogram in a proper potential window. When the solution is 0.1 M
NaOH, the values were calculated between 0.35 and 0.70 V in the case of Co/Al,
between 0.50 and 0.75 V for the Co/Fe, between 0.63 and 0.73 for the Ni/Al and between
0.54 and 0.63 for the Ni/Fe LDH. Cs can be obtained by egn (7.10) where | (A) is the

current value, m (g) is the mass and v is the scan rate (V s™) [27].
Cy =— (7.10)

In 0.1 M NaOH the average specific capacitance values resulted respectively 702 and
810 F g™ for Co/Al and Co/Fe LDHs, respectively, whereas when the solution was 1.0 M
NaOH the values resulted 881 and 971 F g™. Also the specific capacitances of Ni-based
LDHs were calculated and the values were lower than the ones related to Co-based
LDHs; Ni/Al and Ni/Fe LDHs showed Cs values of 619 and 723 F g™, respectively, in
1.0 M NaOH. In 0.1 M NaOH the values were 537 and 654 F g™ for Ni/Al and Ni/Fe
LDHs, respectively.
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Figure 7.29 - CV curves of the four LDHs electrosynthesized on Pt, recorded in 0.1 M NaOH at a potential scan
rate of 0.05 V s™. A) Ni/Al and Ni/Fe LDH, B) Co/Al and Co/Fe LDH. The fifth scan is shown.

For the Co-based LDHs the specific capacitance was also calculated from the EIS
measurements. In Figure 7.30 the Cs values resulting from EIS measurements at different
potential values are reported. Even if the data are only five, it can be noticed that they
follow well enough the curve obtained from the CVs data.
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Figure 7.30 — Cs vs E plots obtained from the CV curves and from the EIS measurements, recorded in 0.1 M
NaOH for Pt electrodes coated with Co/Al LDH (a) and Co/Fe LDH (b).

The LDHs were also tested by performing galvanostatic charge-discharge tests, in a
stable potential window (0+0.58 V and 0+0.65 V for Co/Al and Co/Fe LDH,
respectively) under the charging condition of constant current density (1.0, 2.5, 5.0 and
10.0 Ag™) in 0.1 and 1.0 M NaOH. The discharge was carried out at the same constant
current density. In Figure 7.31 the chronopotentiometric curves for Co/Al and Co/Fe
LDHs deposited on Pt, recorded in 0.1 M NaOH are shown. The curves display typical
pseudocapacitive behaviours; when the trivalent metal is Al, it can be seen that the
galvanostatic charge/discharge curves are not symmetrical triangles like in the case of the

electric double layer capacitors. In the first part, from 0 to the potential where the redox

141



RESULTS AND DISCUSSION — LDHs and conducting polymers: energy applications

reaction starts to occur, both of them appears as vertical curves, which indicates electric
double layer capacitance.

In fact, since the redox reaction still does not occur, the only phenomenon which takes
place is the charge adsorption at the interface. For the Co/Fe LDH, it can be observed the
typical isosceles triangle-shaped galvanostatic charge/discharge curves, with the
discharge curve nearly symmetrical to its corresponding charging counterpart. This result
demonstrates the excellent electrochemical reversibility and good coulombic efficiency
of the process when Fe is present in the brucite layers. The galvanostatic curves at higher
voltage exhibit a smaller slope than the lower voltage section for Co/Al LDH, i.e., in the
potential range where the main process is Faradaic. For Co/Fe LDH the slope of the
curve in the high voltage region is higher indicating an efficient capacitive behaviour.
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Figure 7.31 - Charge-discharge curves of Co/Al (A) and Co/Fe (B) LDHs electrosynthesized on Pt electrode
recorded in 0.1 M NaOH at different current densities.

In Figure 7.32 are reported the specific capacitances calculated from the corresponding
charge-discharge curves at various current densities, in 0.1 and 1.0 M NaOH. The values

were calculated using equation 7.11 [36]:

c, = AL (7.11)

T mAv

Where | (A) represents the discharge current, m (g) is the mass, At (s) and AV (V) are the
total discharge time and the potential drop during discharge, respectively.

The specific capacitances decrease gradually, as the current density increases since
diffusion limits the movement of electrolyte ions at high current densities. This is mainly

caused by the increase of the voltage drop of the electrode materials. Nevertheless, the

142



RESULTS AND DISCUSSION — LDHs and conducting polymers: energy applications

materials retain a good rate in their performances which means that the Faradaic reaction
is still reversible at higher current densities. Co/Fe LDH showed the highest Cs values,
810, 750, 723, and 705 F g * at current densities of 1.0, 2.5, 5.0 and 10.0 A g ',
respectively in 0.1 M NaOH. Slightly higher values were obtained in 1.0 M NaOH,
indeed the Cs values reach up to 854 and 869 F g * at 1.0 A g * for Co/Al and Co/Fe
LDHs, respectively.

These results are comparable with those previously reported in literature for similar
compounds; Gupta et al. [37] calculated a specific capacitance of 706 F g™ at current
density of 1.0 A g™ in 1.0 M KOH for a Co/Al LDH prepared by a potentiostatic
electrodeposition on stainless steel electrodes.

As expected, even in this case Ni-based LDHs showed lower Cs values than the ones
obtained for Co-based LDHs. Ni/Fe LDH displayed a slightly higher Cs than Ni/Al LDH
and the best results were obtained in 1.0 M NaOH (674 F g™ at 1.0 A g™).
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Figure 7.32 - Specific capacitances calculated from the charge-discharge curves of the four LDH coatings on Pt,
at different current densities. The values shown were obtained in 0.1 (A) and in 1.0 M (B) NaOH.

Cycling performance is a key factor for the pseudocapacitors for many practical
applications. The cycling tests for the Co-based LDHs were carried out applying a
constant current density of 5.0 A g*. As shown in Figure 7.33, after 1000 charge-
discharge cycles, the specific capacitances of Co/Al and Co/Fe LDHs exhibited a high
long-term stability since those materials can retain 81 and 82 %, respectively, of their

original specific capacitance.
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Figure 7.33 - Retention of the specific capacitances of the Ni-based (A) and the Co-based LDHs on Pt in 1.0 M
NaOH, at5 Ag™

Guoxiang et al. reported a Co/Al LDH nanoflake arrays synthesized by a hydrothermal
synthesis method on nickel foam. The Co/Al LDH showed a specific capacitance of 930
Fgtat2.0Ag" and after 2000 cycles, the specific capacitance still maintained 88.9 %
of the maximum value. They suggest that the high cycling performance is due to the
|3+

presence of AI°" in the LDH structure which prevents the occurrence of the commonly

observed conversion from o to B phase for the pure cobalt hydroxide, during the

charging/discharging process [38].

7.15.3 Performances of the LDHs on GC

The same studies carried out using Pt as support were conducted for LDHs coated GC
electrodes. The mass of each LDH was calculated by extrapolating the values from the
EQCM responses.

In Table 7.3 are reported the Cs values obtained for the LDHSs coating on GC in 0.1 and
1.0 M NaOH. The values calculated from the CVs are slightly lower to the ones obtained
for the Pt coated with the LDHs.

Even in this case the specific capacitance of the four LDHs was also calculated at
different current densities of 1.0, 2.0, 5.0 and 10.0 Ag™ in 0.1 and 1.0 M NaOH.
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Table 7.3 Specific Capacitance calculated from the CV curves of the four LDHs coated on GC,
in0.1and 1.0 M NaOH.

LDHSs Cs/Fg*

0.1 M NaOH 1.0 M NaOH
Ni/Al 508.8 615.9
Ni/Fe 644.4 746.1
Co/Al 685.6 834.7
ColFe 706.1 844.8

The LDHs were also tested by performing galvanostatic charge-discharge tests, in a
stable potential window under the charging condition of constant current density. The
discharge was performed with the same current density. The specific capacitances vs the
current densities are reported in Figure 7.34.

A 850+ —a— Co/Al LDH 900+ —=— Co/Al LDH
—o—Co/Fe LDH —o— Co/Fe LDH
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Figure 7.34 - Specific capacitances calculated from the charge-discharge curves of the four LDH coatings on
GC, at various current densities. The values shown were obtained in 0.1 (A) and in 1.0 M (B) NaOH.

The values obtained were slightly lower than the ones calculated for the same LDHSs
coated on Pt, but the trend was almost the same. The higher specific capacitance was
again displayed by Co/Fe LDH and the lower values were obtained for the Ni-based

LDHs. Even in this case the presence of Fe slightly enhances the performances.
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7.2 Conducting polymers electrodeposition: bulk heterojunction solar
cells

Bulk heterojunction solar cells were fabricated employing different PEDOT buffers: one
deposited by electrochemical potentiostatic synthesis (perchlorate as counterion) and the
other by casting a commercial polymer (polystyrene sulfonate, PSS, as counterion) on
ITO electrodes. To exploit the potentialities of the electrochemical approach we carried
out a detailed study to find the best experimental conditions for PEDOT:CIO4
electrosynthesis in order to construct BHJ solar cells.

The electrochemical synthetic approach allows for the rapid obtainment of PEDOT films
directly on the electrode surface, with tunable electroactivity and thickness. Besides, very
low amounts of monomer are consumed and it is also possible the introduction of
different counterions to compensate the polymer positive charge in dependence on the
used electrolyte. In literature, it was reported that the best properties of PEDOT, as to its
application in organic solar cells, were obtained in the presence of LiClO, as the
supporting electrolyte since this salt leads to a higher electropolymerization efficiency
and to an increase of electroactivity and crystallinity of the resulting polymers [39]. For
this reason, the research work was aimed to fabricate BHJ cells containing
electrosynthesized PEDOT:CIO, as buffer layer and to compare their performances with
the ones displayed by cells where the hole extracting layer was constituted of the
commercially available PEDOT:PSS.

The photoactive layer was composed by PCBM as electron acceptor in the blend, and the
most commonly employed regioregular P3HT or a polythiophene copolymer,
functionalized with a porphyrin derivative, as electron donor. In particular, the latter was
the regioregular thiophenic copolymer (poly [ 3 - (6 — bromohexyl) thiophene —co- (3 -
[5-(4-phenoxy)-10,15,20-triphenylporphyrinyl] hexylthiophene)] (rr-P(T6Br-co-
T6TPP)), which had been synthesized by the polymer group of the Department of
Industrial Chemistry “Toso Montanari” (University of Bologna), in order to improve the
absorption in the UV/Vis region in terms of both wideness and intensity [40,41].

In the following paragraphs the morphologies of the PEDOT and the photoactive layers,
investigated by atomic force microscopy, will be shown in order to correlate the particles

size and compactness of the layers with the cells performances.
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7.2.1 Electrochemical synthesis of PEDOT:CIO,4

To fabricate the electrochemical cells different approaches were tried in order to obtain
the desired characteristics for PEDOT:CIO, film. Many experiments were done to find
the best conditions to deposit the PEDOT layer on ITO; the applied techniques were
chronoamperometry (potentiostatic route) and cyclic voltammetry (potentiodynamic
route). The PEDOT film synthesized by chronoamperometry (CA, Figure 7.35) resulted
more stable and more homogeneous, as inspected by optical microscopy; so, this
technique was chosen for the electrodeposition. The lowest concentration of EDOT to

obtain a homogeneous film was found to be 5.0-10° M.
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Figure 7.35 — Potentiostatic deposition (at +1.05 V vs SCE) of PEDOT:CIO,4 on ITO from a solution containing
5.0-10° M EDOT and 0.1 M LiCIO,.

However, the thickness of the obtained film was too high (~200 nm) to be used for the
fabrication of the BHJ cells. Therefore, a thinning procedure consisting of 25 CV cycles
in distilled water, containing only the supporting electrolyte, was applied to ITO glasses
after the electrodeposition. This treatment guaranteed a uniform degradation of the layer,

down to ~50 nm, without creating uncovered zones.
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7.2.2  Annealing treatments

The relatively high efficiency of P3HT:PCBM devices has been partly attributed to the
ability of P3HT to self-organize into a two-dimensional lamellar structure in a process
mediated by the interpenetration of the side groups of adjacent polymer chains. This
ordered structure leads to a very small (3.8 A) [42,43] distance among the polymer
chains and a high charge mobility for a conjugated polymer. Furthermore, a higher
crystallinity of P3HT:PCBM films is observed upon annealing, which leads to the
formation of P3HT long fibrils and enhances the hole mobility by an order of magnitude
[44,45] whilst micrometric PCBM aggregates can form thanks to diffusion and
crystallization of PCBM [46]. All the BHJ cells investigated in this work were fabricated
submitting both the PEDOT layer and the blend film to a proper annealing treatment. In
particular, PEDOT films were annealed at 120 °C under vacuum for 2 h, and after the
blend deposition, the cells were again annealed at 150 °C for 30 min. These conditions
were chosen on the basis of both the literature data [47] and the expertise acquired by our
group in the fabrication of devices constituted of commercial PEDOT:PSS and
P3HT:PCBM blend.

7.2.3 Electrochemical characterization of the polymeric films and the blend

BHJ solar cells are fabricated using ITO as transparent electrode (cell anode) which is
generally coated, by casting, with two layers: the lower consisting of the hole
transporting material PEDOT:PSS and the upper of the blend obtained by mixing PCBM
with the electron donor copolymer.

We decided to electrochemically characterize the components of the fabricated BHJ solar
cells and of the composite PEDOT:PSS/blend by cyclic voltammetry using Pt as
electrode support instead of ITO, which has worse conductivity, in order to record better

electrochemical responses.

7.23.1 Electrochemical characterization of PEDOT:PSS and PEDOT:CIO, films

The commercial PEDOT:PSS and the electrosynthesized PEDOT:CIO, were

electrochemically characterized by CV. The relevant curves (Figure 7.36) were recorded
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in acetonitrile containing TBAPF6 as supporting electrolyte, using a Pt electrode coated
either with PEDOT:PSS or PEDOT:CIO,.
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Figure 7.36 - CV curves (fifth cycle) recorded in 0.1 M TBAPF6 acetonitrile solution at the scan rate of 0.5 V s™
for a Pt electrode coated with a thin film of PEDOT:CIO, (A) and PEDOT:PSS (B).

It can be seen that the electrochemical behaviour is similar for both polymers since they
acquire conductive character at very low potential (about -0.5 V), even if for
PEDOT:CIO, (Figure 7.36 A) the oxidative doping process starts at ~0.05 V less anodic
potential. Furthermore, the electrochemical characterization of PEDOT:PSS (Figure 7.36
B) displays a more capacitive behaviour. Obviously, the recorded currents are not
comparable since the procedure to coat the Pt surface with PEDOT:PSS involves a
higher amount of material. For both polymers, the CV responses evidence two oxidation
steps which correspond to the formation of polarons and bipolarons, typical of the

conductive mechanism of this kind of polymers [48].

7.2.3.2 Electrochemical characterization of rr-P(T6Br-co-T6TPP), PCBM and blend

In Figure 7.37 A are shown the CVs relevant to the Pt electrode coated with the
regioregular copolymer rr-P(T6Br-co-T6TPP) copolymer, recorded in acetonitrile

containing TBAPF6 as supporting electrolyte.

It can be observed that the rr-P(T6Br-co-T6TPP) copolymer film displays an onset of the
p-doping process at about +0.8 V. The good conductivity displayed by the copolymer
confirms that it can be successfully employed as electron donor.

The HOMO level of rr-P(T6Br-co-T6TTP) was calculated from CV data, while the
LUMO energy was calculated indirectly, taking into account that it corresponds to the

HOMO energy plus the optical energy gap (Eopt). Eopt (1.80 eV) corresponds to the
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energy of the long wavelength edge of the exciton absorption band [49] and was
estimated from the UV/Vis spectrum of the copolymer (see below in Figure 7.39,
paragraph 7.2.4.1). The onset point of the p-doping process of rr-P(T6Br-co-T6TTP) is
+0.8 V, which leads to HOMO level energy of -5.20 eV, considering that the SCE
reference electrode has a potential of +4.40 eV relative to vacuum [50].
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Figure 7.37 - CV curves recorded in 0.1 M TBAPF6 acetonitrile solution at 0.02 V s™ for a Pt electrode coated
with (A) a thin film of the rr-P(T6Br-co-T6 TPP), (B) CV recorded with the Pt electrode soaked in a solution of
acetonitrile/o-dichlorobenzene (1:1 V/V) containing 0.075 mM PCBM, and (C) a thin film of the blend composed
of rr-P(T6Br-co-T6TPP)/PCBM. The fifth scan is shown, scan rate: 0.1 V s* for B and C.

The energy of the LUMO level is then -3.40 eV. Thus, rr-P(T6Br-co-T6TTP) displays a
lower band gap, +1.8 eV, than the usually reported polyalkylthiophenes, having E4 values
around 2.0 eV [51], which can be attributed to its broad absorption in the visible range.
Due to its low band gap the porphyrin containing conjugated copolymer appears,
therefore, a suitable material for applications in polymeric solar cells.

The displayed CV of PCBM (Figure 7.37 B) was recorded when the electron acceptor of
the BHJ cell was present in solution and not as thin film on the Pt surface. This choice
permitted to better point out all the reversible reductions ascribable to the four one-

electron processes characteristic of this fullerene derivative in the potential range
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between —0.3 and -1.9 V vs SCE [52]. In fact, in the case of the thin film, the four peaks
system was not evident at all. The CV displayed by the Pt electrode coated only with the
blend (Figure 7.37 C) can be considered as due to the single contributions of the two
components (see Figure 7.37 A and B). In particular, it can be seen that the copolymer is
conductive for anodic potentials higher than 0.8 V, whereas the presence of the fullerene
derivative in the blend is evidenced by the complex feature in the cathodic range of the
potential which comes from a sort of convolution of the four redox processes, above
cited. The electrochemical behaviour of the blend well explains why the copolymer
works as the electron donor and the PCBM as the electron acceptor in the BHJ cell.

7.2.4 Optical properties of the OPV cells components

The spectroscopic properties of the cells layers and components were fully investigated
recording UV-Vis absorption and photoluminescence (PL) emission spectra. The
absorption spectra were useful to study the PEDOT oxidation degree and, thus, the
doping level, beside, of course, the wideness of the solar light absorption of the device.
Photoluminescence measurements were fundamental to study the charge transfer in the

blended film of the copolymer bearing porphyrin groups with PCBM.

7.2.4.1 Cells components absorption spectra

Figure 7.38 shows the absorption spectra recorded for both PEDOT polymers using ITO
as a support. Again, the absorption values are different due to the different deposited
amounts. Nevertheless, it is possible to examine the shape of the spectra in order to
obtain some information about the oxidation degree of the material in the pristine state.
In the range between 300 and 600 nm, the two spectra display the same trend, whereas
the shapes are different in the range 600—800 nm. This spectral zone corresponds to the
absorption of polarons and bipolarons which displays a maximum at about 900 nm and a
plateau between 750 and 900 nm, respectively [53]. Unfortunately, we were not able to
record the absorbance over 800 nm due to a high noise. Hence, our results suggest that
PEDOT:CIO, displays an oxidation degree higher than the pristine PEDOT:PSS due the
presence of a plateau in its spectrum that is consistent with the formation of bipolarons,

maybe ascribable to the potentiostatic electropolymerization.
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Figure 7.38 - Absorption spectra of PEDOT:PSS (black line) and PEDOT:CIO, (red line) coated ITO.

The UV-Vis absorption spectra of the rr-P(T6Br-co-T6TPP), PCBM and blend (1:1 w/w)
as thin films on ITO are shown in Figure 7.39. The absorption of rr-P(T6Br-co-T6TPP)

shows the porphyrins typical features [54], i.e., the Soret band at about 420 nm, and the
four Q-bands at 522, 555, 595, 647 nm, while the absorption between 455 and 500 nm,

partially overlapped to the porphyrin bands, corresponds to the thiophene moiety of the

copolymer. The PCBM absorption spectrum exhibits a well-defined band centered at 340

nm. All the features of the blended film absorption can be reproduced by a linear

combination of rr-P(T6Br-co-T6TPP) and PCBM absorptions in agreement with the

composition of the film.
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Figure 7.39 - UV/Vis spectra of thin films of rr-P(T6Br-co-T6TPP), PCBM and rr-P(T6Br-co-T6 TPP)/PCBM

(1:1, w/w) blend on ITO.

152



RESULTS AND DISCUSSION — LDHs and conducting polymers: energy applications

7.2.4.2 Emission spectra of the photoactive layer components

To confirm the possibility of charge transfer between the donor and the acceptor
molecules in the blended film, a photoluminescence study of the rr-P(T6Br-co-T6TPP)
85/15, PCBM neat thin films and of the blend (1:1 w/w) was performed. The
photoluminescence measurements were carried out by photoexcitation of the components
at the maximum absorption and the PL spectra are shown in Figure 7.40. The neat
copolymer rr-P(T6Br-co-T6TPP) shows two PL emission peaks at 657 and 725 nm,
under excitation at 430 e 480 nm, respectively, corresponding to the absorption
wavelength of the porphyrin Soret band, and of the thiophene component, respectively.
The PCBM PL emission spectrum shows a large feature in the wavelength range from
700 to 850 nm, under excitation at 370 nm. Concerning the blend spectrum of rr-P(T6Br-
co-T6TPP) with PCBM, a large emission peak is observed from 750 nm onward, with a
maximum at about 814 nm. The shape of the peak strongly resembles the pristine PCBM
emission slightly red-shifted, whereas a very small emission band is observed at about
655 nm, due to the copolymer. The emission of the copolymer in the blend is, therefore,
quenched, suggesting the occurrence of the electron transfer from the copolymer to
PCBM and means that the energy transfer between the components is faster than the

singlet exciton decay in the copolymer and PCBM [55,56].
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Figure 7.40 - Photoluminescence spectra of thin films of rr-P(T6Br-co-T6TPP), PCBM and rr-P(T6Br-co-
T6TPP)/PCBM (1:1 wiw) blend.
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7.2.5 Photovoltaic performances of the BHJ cells

The most commonly used parameters to test the performances of the OPV devices were
measured, i.e., the short circuit current density Jsc, the open circuit voltage Voc and the
fill factor. The overall solar energy conversion efficiency is the maximum extracted
power compared to the incident solar power.

The different cells configurations fabricated (an example is shown in Figure 7.41) were

tested under standard conditions of illumination.

= -

Figure 7.41 — BHJ solar cell composed of an anode of ITO, PEDOT:CIO, as buffer layer, P3HT:PCBM as blend
and Al as cathode.

All the cells were not optimized for their photovoltaic performances (as evidenced by the
obtained low values of Jsc and FF) since the measurements aimed to compare the
photoelectric effects in identical conditions so favoring the data reproducibility rather
than the overall efficiency.

The fabrication reproducibility of the BHJ cells was verified preparing three identical
cells for each of the four devices, i.e. those based on PEDOT:PSS and P3HT or rr-
P(T6Br-co-T6TPP), as electron donor in the photoactive layer, or those based on
PEDOT:CIO4 and the same donors. An example of the 1/V characteristic curves of the
cells fabricated with the two blends and PEDOT:PSS and PEDOT:CIO4, obtained under

illumination are reported in Figure 7.42 and 7.43.
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Figure 7.42 — 1/V curves recorded under AM 1.5 illumination of a OPVs realized using as photoactive layer the
blend rr-P(T6Br-co-T6TPP):PCBM annealed at 150 °C for 30 min and as buffer layer PEDOT:PSS (A) and
PEDOT:CIO, (B).
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Figure 7.43 — 1/V curves recorded under AM 1.5 illumination of a OPVs realized using as photoactive layer the
blend P3HT:PCBM annealed at 150 °C for 30 min and as buffer layer PEDOT:PSS (A) and PEDOT:CIO, (B).

The efficiencies and the main characteristic parameters of all the tested cells are shown in
Tables 7.4 and 7.5. Looking at the individual efficiencies, we can say that the
reproducibility of the cells construction was very good (percentage standard deviation
~2). The average efficiency of the cells prepared using PEDOT:PSS as buffer layer was
0.20 and 0.86 % when the photoactive polymer was rr-P(T6Br-co-T6TPP) or P3HT,
respectively. When PEDOT:PSS was substituted by PEDOT:CIO,, the power conversion
efficiency (PCE) of the cells made with the copolymer lowered to 0.15 % whilst those

made with P3HT reached a mean efficiency of 1.06 %.

Table 7.4 Characteristic parameters of the tested solar cells fabricated with PEDOT:PSS and the

two different blends.

Blend Jsc Voc FF PCE
/10° A cm? IV % %
rr-P(T6Br-co- 1.24 +0.07 0.55+0.01 29.08+0.02 0.201 +0.005

P6TPP):PCBM

P3HT:PCBM 4.80 £ 0.05 0.57+0.01 31.00+0.05 0.86 £ 0.01

Table 7.5 Characteristic parameters of the tested solar cells fabricated with PEDOT:CIO, and

the two different blends.

Blend Jsc Voc FF PCE
/102 A cm™ IV % %

rr-P(T6Br-co- 1.01 +0.02 052+0.01 28.91+006 0.150 + 0.002

6TPP):PCBM

P3HT:PCBM 5.90 +0.01 0.60+0.01 30.00+0.04 1.06+0.01
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Using the regioregular copolymer P(T6Br-co-T6TPP):PCBM blend instead of the
commonly employed P3HT:PCBM system, the lower efficiency can be attributed to a
loss of the lamellar stacking in the solid state packing due to the steric hindrance of the
porphyrin moiety. Therefore, even if more excitons can be produced by inserting
thiophene units bearing a chromophore which widens the absorption spectrum, steric
factors significantly affect the arrangement of the polymer chains in the donor domains,
maybe preventing the interpenetration of the side groups of adjacent polymer chains. The
decrease of organization in donor domains results in a worse charge transport (as
evidenced by the low measured Jsc values) which overcomes the expected improvement
of cell performance related to the optical absorption characteristics of the polymer.

Comparing the efficiencies obtained for the BHJ cells fabricated either with PEDOT:PSS
or PEDOT:CIO4, we can state that the values are almost the same even if higher PCEs
result when the donor is the P3HT using PEDOT:CIO4 (~20 %) whereas when the donor
is the copolymer, higher PCEs are obtained using PEDOT:PSS (~25 %). These
differences are hardly explainable but support the point of view that PEDOT

electrochemical synthesis can be used as a valid alternative to PEDOT:PSS coating.

7.2.6 AFM morphological characterizations

Figure 7.44 shows atomic force microscopy surface topographies of PEDOT:PSS,
PEDOT:CIO,4 and photoactive layers. The PEDOT:PSS layer displays a root mean square
(RMS) roughness of 3.92 nm and the morphology of the domains is cauliflower-like. In
the height-modulated image, the boundaries between the different particles are not well
defined because PEDOT:PSS is a gel where the external polymeric chains interact, so
leading to grains merging.

The phase modulated image highlights better the particles of PEDOT:PSS that are
constituted of two different parts. The inner ones are black and are composed of
PEDQOT:PSS. The outer parts are grey and consist essentially of PSS that is added to the
commercial formulation in excess to generate a negative charge on the particles in order
to increase their stability [57]. The separation between the two polymer materials is not

very sharp probably because PEDOT concentration decreases at the particles boundaries.
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Figure 7.44 — AFM images of PEDOT:PSS (A) and PEDOT:CIO, (B) (left: height-modulated images; right:

phase-modulated images).

The PEDOT:CIO,4 shows a RMS roughness of 4.53 nm with an ellipsoidal morphology of
the particles. In Table 7.6 are reported the RMS roughness of the photoactive films
beside the average diameter size of the grains.

The shape of the domains is very well defined both in the height- and in the phase-
modulated images. Probably, in this material, the formation of crystalline domains is
preferred, due to the smaller size of CIO, anions, and so the boundaries of the different
grains appear very clear-cut. The preferential formation of crystalline domains has been
already reported for PEDOT:Tos (tosylate) [58].

Table 7.6 RMS roughness and average diameter size of the grains of the photoactive films.

Blend PEDOT:PSS PEDOT:CIO,
RMS Diameter RMS Diameter
/nm / nm / nm / nm
rr-P(T6Br-co- 8.90 17 9.15 17

P6TPP):PCBM

P3HT:PCBM 9.68 18 5.08 12
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From Figure 7.45 it can be seen that the blends deposited on the commercial
PEDOT:PSS layer show a less homogeneous morphology, with a coarse structure and
with aggregates having a larger average domain size. This is particularly true for rr-
P(T6Br-co-T6TPP):PCBM sample, in which the cauliflower like domains, typical of
PEDQOT:PSS chains, are still visible, even if surrounded by the copolymer chains. P3HT
also shows an irregular surface, with a lot of dots ascribable to the nanoaggregates of
PCBM. Passing from commercial to electrosynthesized PEDOT, we can observe small
differences in the copolymer based sample, but a very different behaviour in the presence
of the conventionally adopted P3HT. In fact, this time, the photoactive blend shows very

small aggregates with the lowest roughness, as evidenced by the RMS value.
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Figure 7.45 - AFM images of the prepared blends (left: height-modulated images; right: phase-modulated
images): rr-P(T6Br-co-T6 TPP):PCBM with PEDOT:PSS (A) and P3HT:PCBM with PEDOT:PSS (B).

Using LiCIO, (Figure 7.46) it is possible to obtain a compact structure with clusters of
small dimension due to the easy insertion of Li" inside the polymer matrix during the
electrosynthesis, which can occupy all the empty spaces in the polymer chains [59]. The
high interfacial area of the electron acceptor domains in the electron donor matrix as well

as their uniform distribution can effectively lead to a better control of the separation of
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the components in the photoactive blend, giving a positive effect on the conversion
efficiency.

After these considerations it can be said that the PEDOT layer does not act only a “buffer
layer” but is also able to drive the morphology of further layers thanks to its
morphological characteristics. Thus, electrochemically deposited PEDOT has beneficial
effects on the morphology of the P3HT sample only, since the lower solubility and
higher tendency to self-aggregate of rr-P(T6Br-co-T6TPP) polymer probably prevent a
uniform separation of the active blend components to be achieved on a nanoscale
domain. This behaviour still remains unclear since the final morphology of the active
layer is influenced by many factors acting simultaneously, such as the solubility of the
components in the filming solvent, the affinity between the filming solvent and the
underlying PEDOT layer and the affinity among the electron acceptor molecules, the
electron donor polymer and the buffer layer components.
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Figure 7.46 — AFM images of the prepared blends (left: height-modulated images; right: phase-modulated
images): rr-P(T6Br-co-T6TPP):PCBM with PEDOT:CIO, (A) and P3HT:PCBM with PEDOT:CIO, (B).
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8. AMPEROMETRIC SENSORS BASED ON LDH
MODIFIED ELECTRODES

8.1 Sensors based on chemically and electrochemically synthesized Ni-
based LDH for glucose detection

In this paragraph the electrocatalytic performances of Ni/Al and Ni/Fe LDH synthesized
by electrochemical route are compared to the ones obtained using Pt electrodes coated
with LDHs synthesized according to the microemulsion method [1]. In order to verify a
possible electroactivity of Fe, also chemically synthesized Mg/Al and Mg/Fe LDHs were
prepared and characterized.

In this paragraph the electrochemically and the chemically sytnthesized LDHs will be

referred to as (electrochem) and (chem), respectively.

8.1.1 LDHs composition

The chemical composition of the LDHs was assigned with a combination of
thermogravimetry, used to estimate the amount of adsorbed and intercalated water, and
inductively coupled plasma analysis for the chemically prepared LDHs, and EDX
analysis for the electrochemically synthesized ones. The resulting compositions are

reported in Table 8.1.

Table 8.1 Chemical composition of the studied LDH samples.

LDH samples Chemical composition

Mg/Al (chem) [Mgo.71Al0.20(OH)2]Bro.19(CO3)0.05-0.69H,0
Mg/Fe (chem) [Mgo.76F€0.24(OH)2]Bro.12(CO3)0.06-0.65 H,O
Ni/Al (chem) [Nig 77Alg 23(OH)2]Bro.15(C0O3)0.04:0.81 H,0
Ni/Fe (chem) [Nig 75F€0.25(0OH)2]Bro.17(C0O3)0.04:0.91 H,0
Ni/Al (electrochem) [Nig72Alp20(OH)2](NO3).29-0.60 H,O
Ni/Fe (electrochem) [Nio.71Feg.20(OH)2](NO3)0.29-0.80 H,0O
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8.1.2 Structural characterizations

Figure 8.1 shows the XRD patterns of the samples listed in Table 8.1. All samples exhibit
the typical reflections of the LDH structure and the full width at half maximum (FWHM)
of the reflections gives an idea about the nanoscale dimension of the particles.
Chemically prepared LDHs were characterized by an identical interlayer distance (~8.06
A), which is compatible with the presence of bromide anions in the interlayer region
[2,3]. The electrochemically synthesized LDHSs, as said before, show broader reflections
than those relative to the chemically prepared LDHSs resulting in a more amorphous
material due to the short times of deposition.

3 -
< =
; 3 MgFe
= oy
g d) =
[} o~
t e I
— £
b) e, S0
a) MgAl
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2 theta (°) 2 theta (°)

Figure 8.1 — A) Comparison between XRD patterns of the electrochem Ni/Fe (a), chem Ni/Fe (b), electrochem
Ni/Al (c) and chem Ni/Al (d) LDHs. (*) Reflections due to the Pt electrode. B) XRPD patterns of the chemically
prepared Mg/Al and Mg/Fe LDHs.

The diameters of the LDHSs electrochemically synthesized were calculated applying the
Debye-Scherrer equation on the (003) Bragg reflection and were compared with those of
the corresponding LDH chemically synthesized (Table 8.2) [4]. The electrochemical

synthesis gives smaller particles with diameters of about 3 nm.
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Table 8.2 Average diameter of the LDHSs calculated by the Debye-Scherrer equation D = 0.9-A /
(8 -cos0) (A = incident ray wavelength: 1.54050 A; 5 = FWHM; 6 = diffraction angle).

LDH 20/ ° FWHM /°  Average diameter / nm
11.05 1.53 5.2
Ni/Al (chem) [1]
22.07 1.72 4.7
Ni/Al (electrochem) 11.462 2.83 2.9
) 11.06 1.68 4.8
Ni/Fe (chem) [1]
22.17 2.11 3.8
Ni/Fe (electrochem) 11.26 2.86 2.8

8.1.3 Electrochemical characterizations

Figure 8.2 A shows the comparison of the CV curves relative to the different Ni-based
LDH coatings on Pt, recorded in 0.1 M NaOH, obtained both by chemical precipitation
or electrochemical deposition and Figure 8.2 B shows the CV curves recorded at a bare
Pt and Pt electrodes coated with a thin film of Mg/Al or Mg/Fe LDH. The Mg-based

LDHs were chemically synthesized in order to evaluate a possible electroactivity of Fe.

4X10-5_ Ni/Al (electrochem) I-SX]O-4- Bare Pt
s —— Ni/Fe (electrochem) —— Mg/Al (chem)
"7 4——Ni/Al (chem) _4 | ——Mg/Fe (chem)
3x10 NifFe (chem) 1.0x1071
2x107 e
UX b
i <
< 1x107] N
- - 0.04
O_
-1)(10-5' -S.OX]O‘E'
-2)(1075 g T T T T T T T T 1 -1,0){]0‘4 T T T T T 1
0.3 0.4 0.5 0.6 0.7 0.8 06 -03 0.0 0.3 0.6 0.9
E/V vs Hg/HgO E/V vs Hg/HgO

Figure 8.2 - CV curves recorded, in 0.1 M NaOH, at Pt electrodes coated with all the synthesized LDHs.
Potential scan rate; 0.01 V s™.

It is well evident that the CV curves of Mg/Al and Mg/Fe overlap to that of the bare Pt
electrode; that means that the Mg/Al and Mg/Fe LDHs are not electroactive. This
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behaviour was expected for Mg/Al LDH since it does not contain any oxidizable or
reducible metal, but the fact that the same CV response is also recorded at the Mg/Fe
LDH demonstrates that Fe centres are not redox active. The only peak evident in the CV
curves of the Mg LDHSs coated electrodes is the cathodic peak, at E = -0.25 V which is
also evident in the CV curve of the bare Pt electrode and is due to the PtO reduction.

In Figure 8.3 the CVs of the chemically synthesized Ni/Al and Ni/Fe LDHs, recorded at
different scan rates are shown. Similarly to what observed for the electrochemically
synthesized Ni-based LDHs, the (chem) Ni/Al and Ni/Fe LDHs show a quasi-reversible
peak system relative to the redox couple Ni(Il)/Ni(lll), as described by Eg. 7.1
(paragraph 7.1.1.1), whose current intensity and position depend on the trivalent metal
and on the way of the electrode preparation. In fact, even in this case, when Fe is present
the oxygen evolution takes place at less anodic potential if compared to the Ni/Al LDH
and the oxidation of Ni occurs at a potential very close to the solvent discharge.

A B

— S5 mV/s 5.00x10 i —_—SmV/s
3.00x 107" — o mvss —— 10mVis
——20mVrs 4.00x107° 4 — 20 mvss
2.00x10™ ——somvss
— 80 mV/s
— 100 mV/s

—50mV/s

3.00x107°| ——so0mvss

— 100 mV/s

1.00x10™
0.00

2.00x107°

<
o 1.00x107°

I[/A

-1.00x10™4 0.004
-2.00x10™4 -1.00x10°
-3.00x10™ : : : . . -2.00x10° ‘ ; . : ; ; .
00 02 04 06 08 1.0 0.0 0.1 02 03 04 05 06 0.7
E /V vs Hg/HgO E /V vs Hg/HgO

Figure 8.3 — CV curves relative to the (chem) Ni/Al (A) and Ni/Fe LDH (B), recorded in 0.1 NaOH at different
scan rates.

For each electrode the Ni electroactive centres were calculated by integrating the anodic
peak at slow scan rate (0.005 V s™). The total moles of Ni sites were calculated by means
of the formulae reported in Table 8.3. The relevant masses were the amounts casted on
the electrode, and those resulting from EQCM experiments, for the (chem) and
(electrochem) LDHes, respectively. Table 8.3 shows the characteristic parameters of each
coated electrode.

When the LDHs are electrochemically synthesized the Ni peak couple occurs at less
anodic potential and has a current intensity higher than the one of the corresponding

chemically prepared LDH. For all the electrodes only a limited amount of Ni sites is
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electroactive: the percentage is higher for electrosynthesized materials and increases

when the trivalent metal is iron.

Table 8.3 Characteristic parameters of the Ni-based LDHs obtained by CV.

LDH Epa/V  Epc/V Ni Ni sites on the %
electroactive electrode / electroactive
sites / moles moles Ni centres

Ni/Al (chem) 0.659  0.540 1.52-10™° 2.35-10°® 0.65

Ni/Fe (chem) 0.610 0512  2.58-10™ 2.00 - 107 1.29

Ni/Al 0.622 0540  6.81-10™ 5.50-10° 12.4

(electrochem)

Ni/Fe 0.559  0.498 1.26 -10° 5.60- 107 22.5

(electrochem)

To get a better insight of the electrochemical behaviour of the LDHs coated electrodes,
impedance spectra were recorded, for each electrode, at the peak potential and were
plotted in the form of Nyquist plots (Figure 8.4).

All the spectra show a main common and well evident feature: a great semicircular arc in
the low-middle frequency region which, on the basis of our previous works and on
similar studies by other authors relative to nickel based LDHSs, can be related to the
electronic transport inside the LDH structure, due to an electron hopping mechanism
between adjacent nickel centres [5].

The experimental data were interpolated using the Z-view software with the equivalent
circuit shown in the inset of Figure 8.4 that was able to fit all the spectra, giving y° values
in the range 10*-1073. This circuit is similar to that proposed in one of our previous
studies aimed to investigate the electrochemical behaviour of the Ni/Al LDH obtained by

coprecipitation [5].
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Figure 8.4 - Nyquist plots obtained for the nickel based LDHs at the peak potential in 0.1 M NaOH. In the inset
the equivalent circuit used to fit the data is shown.

Figure 8.5 shows a comparison between experimental and calculated data for the
electrochemically synthesized LDHs, from which it is evident the good fitting.
Analogous results have been obtained for the spectra relative to the chemically

synthesized LDHs.

-20000 7 e NiFe (electrochem) experimental
-180004 © Ni/Fe (electrochem) simulation
1 ® Ni/Al (electrochem) experimental
-160004 o Ni/Al (electrochem) simulation
-14000
-1 ZOOO-A . ® L
S 10000 = e
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-6000 o
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{10
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Figure 8.5 - Nyquist plots obtained for electrochemically synthesized LDHSs at the peak potential recorded by
CV in 0.1 M NaOH. Comparison between the experimental and the simulated data.

Concerning the circuit, Rs represents the resistance of the solution and has always a value

around 60 Q; R and Cq describe, respectively, the charge-transfer resistance and the
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associated capacitance at the interface electrode/solution; The (Ce Re) parallel element is
the most important in describing the LDH features, since it represents the electronic
transfer resistance inside the material and the related capacitance, probably due to a
nanosize accumulation of charges inside the active grains of the material [3]; finally, the
Z, element represents a Warburg impedance associated with diffusion. All the C
elements were substituted with constant phase element (CPE) [6] with n close to 1, to
take into account local non homogeneous nature of the electrode.

Impedance spectroscopy confirms the results obtained by CV, i.e., the chemically
synthesized LDHs possess a higher electronic transfer resistance than the analogous
electrosynthesized materials. In particular, the Re values are 4.8 and 2.3-10° Q for the
Ni/Al LDHs chemically and electrochemically synthesized, respectively, while for the
Ni/Fe LDHs they result 1.5-10* and 4.3-10° Q. From these results it s evident that R,
values are lower for the Fe-based LDHSs in respect to those containing Al. Also this
datum confirms that iron is responsible of an increase in the LDH apparent electronic
conductivity (calculated as the reciprocal of the related resistance), even if it does not
participate directly to the redox process. This result is in agreement with the values of the
percentages of the electroactive Ni sites (Table 8.3) as the material is more conductive
when more Ni centres are involved in the electron hopping process.

All these evidences point out that Fe has a key role in promoting Ni reaction, as already
suggested by the recent literature. In fact, our data confirm that Fe does not undergo a
redox reaction in the range of applied potential, as proven by Friebel [7] but leads to a
decrease of the resistance to the electronic transport, in agreement to what hypothesized
by Trotochaud [8]. Furthermore, our results demonstrate also that the order degree of the
LDH structure plays an important role in affecting the conductivity of the material, being
the Re value of the electrochemically synthesized LDH systematically lower than those of
the chemically prepared LDHSs, especially when Fe is present as the trivalent metal in the

brucite-like layers.

8.1.4 Morphological characterization of the chemical Ni-based LDHs

The morphologies relative to the electrochemically synthesized LDHs were previously
shown and described. With regards to the LDH films obtained by chemical synthesis, the

morphologies are shown in Figure 8.6. As it can be seen, the films appear homogeneous
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and well packed confirming that aqueous dispersions of LDHs having nanometric
dimension possess a very high tendency to spontaneously form films because the uniform
and small crystal sizes of the LDH favor the face-to-face and edge-to-edge interactions
among the particles [4,9].

1
,w"" EHT = 1500V WD = 40mm Mag=16770KX  SignalA=lnLens | | 20" EHT = 1500k WD = 43mm Meg=15011KX  SignslA= inLens

Figure 8.6 — SEM images of the chemically synthesized Ni/Fe (A) and Ni/Al (B) LDHs.

The morphology of the four LDH films was investigated also by AFM analyses (Figure
8.7). AFM is a powerful tool to obtain direct information about the surface topography of
a film with a nanometer spatial resolution.

The films obtained for (electrochem) Ni/Fe LDH (Figure 8.7 A), (chem.) Ni/Fe, and
Ni/Al LDH (Figure 8.7 B and D) display a similar grainy morphology with average
roughness of about 39 nm, 27 nm and 26 nm, respectively. However, in the chemically
prepared Ni/Al LDH, the single nanoparticles are more evident (Figure 8.7 D).
Differently, the Ni/Al LDH obtained by electrochemical deposition (Figure 8.7 C),
generates films with an average roughness of about 36 nm in which small aggregates are
noticeable. In particular, AFM image reveals that these aggregates are actually formed by
smaller particles. Collectively, these results indicate that despite the similar morphology,
the electrochemically prepared LDH appear slightly rougher than chemically synthesized

ones.
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Figure 8.7 - AFM images of (electrochem) Ni/Fe and Ni/Al (A) and (C), and (chem) Ni/Fe and Ni/Al (B) and (D)
LDH samples.

8.1.5 Glucose detection

The electrocatalytic mechanism responsible of the sensor response can be represented by

the following reactions, where Ni centres inside the LDH layers act as redox mediators:

LDH-Ni(Il) + OHsy S LDH(OH)-Ni(lll) + ¢ (8.1)
LDH(OH)-Ni(lll) + analyteeg = LDH-Ni(Il) + OH 5o + analyteox (8.2)

The electrocatalytic behaviour of the four different coated electrodes was assessed
considering glucose as the analyte. In Figure 8.8 are shown the CVs recorded by adding
increasing amounts of glucose in the range of concentration 0.1-1.0 mM, for all the
investigated LDHs in 0.1 NaOH (scan rate: 0.05 V s™).
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It is evident that the Ni anodic peak increases proportionally with increasing glucose

concentration, so confirming the electrocatalytic mechanism of glucose oxidation. The

peak potential moves to more anodic values in order to sustain the catalytic reaction due

to the greater ratio Ni(11)/Ni(111) [10].
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Figure 8.8 — CVs recorded for the four LDHSs in the presence of glucose at the concentrations shown in the
insets. A) Chemical Ni/Al, B) chemical Ni/Fe, C) electrosynthesized Ni/Al and D) electrosynthesized Ni/Fe LDH.
Scan rate 0.05 V' s™.

E/V vs Hg/HgO

Figure 8.9 shows the CV curves, normalized with respect to the peak anodic current,

recorded at 0.05 and 0.01 V s in the absence and in the presence of glucose.
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Figure 8.9 - CV curves recorded in 0.1 M NaOH in the absence and in the presence of glucose at a Pt electrode
coated with the chemically synthesized Ni-based LDHs (A and B) and electrochemically synthesized (C and D);
Scan rate = 0.05 V s™ for Aand C, and 0.01 V s for B and D.

The sensitivities of the analytical determination (slopes of calibration plots) obtained at

the two scan rates, the upper limit of linearity (LOL) and the LOD are reported in Table

8.4.

Table 8.4 Characteristic parameters of the calibration plots for glucose, obtained by CV,

relevant to the Ni-based LDHes.

Mean sensitivity*  Mean sensitivity* LOL LOD
[ mMm™t [ mMm™t / mM / mM

at0.01Vvs* at 0.05Vs™
Ni/Al (chem) 09+0.1 0.30 £ 0.02 1.0 0.02
Ni/Fe (chem) 1.2+01 0.6+0.1 0.2 0.02
Ni/Al (electrochem) 22+0.2 0.6+0.1 1.0 0.01
Ni/Fe (electrochem) 22+0.1 0.7+0.2 1.0 0.01

*mean value = SD from 5 determinations.
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For the chemical Ni/Fe LDH the upper linearity limit is lower than that achievable with
the other LDHSs because in this case the onset potential for the oxygen evolution reaction
is very close to the Ni peak potential. Since Ni peak moves toward more anodic values
when glucose concentration increases, the two features merge into each other so that the
catalytic current is no more measurable.

Independently from the electrode used, the electrocatalytic efficiency, defined as the ratio
of the anodic catalytic current for a 0.4 mM glucose addition to the anodic peak current
relative to the ‘blank’ signal, increases as the scan rate is decreased, indicating that the
diffusion of the substrate to reach a close contact with the nickel centres in the LDH is a
rate determining step [11].

The data show that the catalytic efficiency depends on the synthesis way of the LDH and
on its nature. Also the shape of the electrocatalytic response, and in particular the
presence of the hysteresis, depends on the electrode type. For the chemically synthesized
Ni/Al LDH it is well evident the presence of a hysteresis, which in a feature typical of
electrocatalytic processes in which the rate of the chemical reaction between the redox
mediator and the analyte (Eg. 8.2) is lower than that of reaction (8.1) [11]. This
behaviour was already studied by us and it was demonstrated that at longer times,
corresponding to the appearance of the hysteresis, also the inner layers of the LDH are
involved in the catalytic process, the main limitation being the diffusion of the substrate
inside the layer structure, to react with Ni sites.

The hysteresis is completely absent for the electrochemically prepared LDHs and for the
chemical Ni/Fe LDH, suggesting that for such LDHs the diffusion of glucose toward the
inner Ni sites is favored, probably due to a lower crystallinity of the material which helps
the analyte to come in contact even with the inner Ni sites. Our results confirm that the
crystallinity of a particular LDH strongly affects its electrochemical behaviour and it is
preferable a low crystallinity to enhance its performance for applications as
electrochemical sensors.

As expected, the highest electrocatalytic efficiency is obtained for the electrodes coated
with the electrochemically synthesized LDHSs, independently of their composition. The
EE reported in Table 8.5 show almost equal values for the electrochemically synthesized
Ni/Al and Ni/Fe LDHs despite the catalytic rate constants would predict a higher
efficiency for glucose oxidation at the Pt modified with Ni/Fe LDH. This behaviour
could be again explained taking into account that it is the substrate diffusion inside the

LDH layers the limiting factor of the electrocatalytic process. This means that the
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number of electroactive Ni(lll) centres, in both LDHs is always in excess with respect to
the analyte.

The curves relevant to the catalytic current recorded for the electrochemically
synthesized LDHs in the presence of the glucose (limiting current), recorded in the same
conditions as in the absence of analyte are shown in Figure 8.10.

No glucose No glucose

A 1.40x10™ —o.osg mM B 005 mM
——0.10mM 3.00x107 ——0.10mM
1.20x10™ - 020
’ — 025 mM 2.50x10 — 025mM
1.00x10™ B 2.00x10° —oasau
< < — 040 mM
=~ 8.00x10° = 1.50x107 L
—0.50 mM

s 1.00x107

6.00x1074 |=— :
e

o — 5.00x10°
4.00x107 :
T T T T T 0.00 T T T T T T

0 2 4 6 8 10 0 2 4 6 8 10
t/'s t/s

Figure 8.10 — Chronoamperometric curves recorded in 0.1 M NaOH for increasing amounts of glucose. A)
electrochem Ni/Al (E = 0.65 V), B) electrochem Ni/Fe (E = 0.58 V).

For each electrode the lca/l, Versus co’>t°° plot is linear when the value of c,°t*° is
between 5:10°° and 2:10 > M®*:s®°, and this is indicative of a good adherence to the
model. The catalytic constant values are dependent on the nature and way of preparation
of the LDH material and are reported in Table 8.5. In particular, when the trivalent metal
is Fe the k values are systematically higher than the analogous materials containing Al,
indicating a more efficient reaction between Ni catalytic centres and glucose. Moreover,

k is higher when the LDHs are electrosynthesized.

Table 8.5 Kinetic constants of the electrocatalytic reaction obtained by CA.

EE EE Catalytic rate
at0.01V s’ at0.05V s’ constant
IMtst
Ni/Al (chem) 1.4+0.1 1.1+0.1 3.4-10°
Ni/Fe (chem) n.e. n.e. 1.2-10*
Ni/Al (electrochem) 1.9+0.2 1.2+0.1 2.5-10*
Ni/Fe (electrochem) 19+01 1.3+0.2 6.4-10*

n.e. = not estimable.
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For the electrochemically synthesized LDHSs, which displayed the best electrocatalytic
performances when studied in CV, chronoamperometric curves were also recorded
(Figure 8.11). From the CA graphics recorded by adding different amounts of glucose to
a 0.1 M NaOH, it is well evident the increase of the anodic current as the analyte

concentration becomes higher.
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Figure 8.11 — Chronoamperometric curves relative to the electrochem Ni/Al (A) and Ni/Fe (B) LDH. Each
glucose addition corresponds to a concentration of 0.1 mM. In the inset the calibration curves are reported.

The analytical performances relevant to the calibration curves, i.e., the limit of detection
and the sensitivity were obtained by plotting the limiting current as a function of glucose
concentration. The values obtained are reported in Table 8.6. The highest sensitivity and
lowest LOD were obtained for the Ni/Al LDH. In any case the sensitivity obtained by
CA is higher than the one observed when using CV due to the highest sensibility of the

technique.

Table 8.6 Sensitivity and LOD values relative to the calibrations of glucose by CA for Pt
modified with the electrosynthesized Ni/Al and Ni/Fe LDHs.

LDH Applied potential Sensitivity / AM™ LOD/M
Ni/Al E=065V 4.02 - 10 6.71- 10°
Ni/Fe E=058V 2.50 - 10 8.51-10°
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8.2 Co/Al LDH coated Pt for in flow amperometric detection of sugars

This section concerns the research carried out in order to prepare and optimize a sensor
based on Co/Al LDH coated Pt electrode for sugars amperometric detection. Its response
is based on the analytes oxidation catalysed by the Co(lV) centres of the LDH layers
[12]. The LDH deposition time has been investigated in order to obtain a film with
suitable mechanical properties and to get high sensitivities for sugar determination. Some
of the most important mono- and di-saccharides were taken into account and separated
by high performance anionic chromatography. The best operative conditions which allow
for the highest detection sensitivity and stability have been established using standard
mixtures of glucose, fructose and sucrose. Finally, real samples analysis was carried out

using the Co/Al LDH modified electrode as amperometric detector.

8.1.1 Co/Al LDH morphology and effect of deposition time

Varying the deposition time it is possible to control the LDH coating thickness, in fact
for longer time of applied potential the film becomes thicker. In order to determine the
best time of deposition to obtain films with satisfactory mechanical characteristics, Co/Al
LDHs were electrosynthesized on Pt applying the cathodic potential for different times,
namely 10, 20, 30 and 60 s. As shown in Figure 8.12, the surface results compact and
smooth in any case and the Pt support is homogeneously covered.

For the longest deposition time, 60 s, the outer surface part of the LDH coating shows
spherical nanoparticles aggregated in bigger spherically shaped nodules, ranging from
150 to 600 nm, with the typical cauliflower structure (Figure 8.12 D). This deposition
morphology, together with the higher size, confers more elevated porosity and a loose

packing structure of the outermost surface coating.
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Figure 8.12 - High-magnification SEM images of LDH coatings electrodeposited for different times: 10, 20, 30,
and 60 s from A to D.

8.1.2 Amperometric sensors performances

A preliminary study was carried out by CV in order to select the optimal working
conditions for the amperometric determination of sugars, in terms of applied potential
and electrolytic solution. CV curves were recorded in basic solutions at pH 10 and 11
(0.1 M buffer borate), 12 (0.01 M NaOH + 0.1 M KNO3) and 12.8 (0.1 M NaOH). The
electrochemical response related to the Co(11)/Co(lll) and Co(l11)/Co(1V) couples shifts
toward more anodic potentials as the pH of the solution decreases.

To verify the electrocatalytic response of the Co/Al LDH coated electrode (60 s
electrodeposition), glucose was first investigated. As an example, Figure 8.13 A shows
the CV traces recorded by adding different amounts of glucose to a 0.1 M NaOH from
which it is well evident the increase of the anodic current as the analyte concentration
becomes higher. In such conditions the chronoamperometric responses were obtained by
setting the potential of the CME at 0.40 V (Figure 8.13 B). Analogous experiments were

178



RESULTS AND DISCUSSION - Amperometric sensors based on LDH modified electrodes

carried out for the other basic solutions which were taken into account to perform

electrocatalysis.
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Figure 8.13 - CVs recorded for a Co/Al LDH coated electrode (deposition time 60 s) in 0.1 M NaOH, containing
glucose at different concentrations, v = 10 mV s (A); Chronoamperometric curves recorded at the same
electrode poised at +0.40V in 0.1 M NaOH for different glucose additions (concentrations after each addition:
0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.09, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50, 0.75, 1.00, 1.25, 1.50 mM) (B).

The calibration graphs were constructed by plotting the anodic peak currents of the CV
response and the limiting current in the case of CA, as a function of glucose
concentration: the sensitivity, expressed as the slope of the resulting line and the LOD
values, obtained at the different pHs, are reported in Table 8.7.

The highest sensitivity and the lowest LOD were obtained when the most basic solution
was employed, due to the highest efficiency of the reaction involving the Co (IV) centres

[13] according to:
nCo(1V)-LDH-OH" + glucose — nCo(lll)-LDH + OH’y, + oxidized product (8.3)

In all cases, the sensitivity achievable by CA was higher than the one observed when

using CV, independently of the solution pH.
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Table 8.7 Sensitivity and LOD values relative to the calibrations of glucose by CV and CA in
solutions at different pHs.

Solution Technique Sensitivity / AM™ LOD /M
CA at E=0.40 V 3.28- 102 9-10°
0.1 M NaOH
Y, 1.98 - 107 7-10%
CA at E=0.45V 3.96 - 102 2-10°
0.01 M NaOH
CcV 7.98-10° 3-10*
0.1 M borate buffer CA at E=0.65 V 2.08-10° 2-10°
(pH 11) 4 5
CcV 1.09 - 10 5-10
0.1 M borate CA at E=0.70 V 1.76 - 103 2-10°
buffer (pH 10) CcVv 3.97 - 10" 2-10°

The same tests were also performed using the Pt surface modified with the LDH coating
related to the 20 s electrodeposition. In Figure 8.14 the CV and CA curves recorded for
increasing glucose concentrations are shown. In such a case the sensitivity of glucose
determination by chronoamperometry was slightly superior (6.73-10% vs 3.28:10° A M*
working in 0.1 M NaOH) but the LOD was much higher (1-10* vs 9-10° M).
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Figure 8.14 - CVs recorded at a Co/Al LDH coated electrode (deposition time 20 s) in 0.1 M NaOH, containing
glucose at different concentrations, v = 10 mV s (A); CA curves recorded at the same electrode poised at
+0.40V in 0.1 M NaOH for different glucose additions (concentrations after each addition: 0.01, 0.02, 0.03, 0.04,
0.05, 0.1, 0.15, 0.20, 0.30 mM) (B).

Furthermore, using the CME with the thinner coating the LOL of the calibration graph

was only 0.2 mM, whereas concentration range was expanded up to 2.0 mM at least for
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the CME obtained after 60 s electrodeposition. These results are explainable with the
absolute higher number of Co catalytic centres and the higher porosity exhibited by the
thicker coating which allows an easier accessibility to the analyte molecules. For this
reasons we decided to work with the coating obtained after 60 s electrodeposition for all
the further investigations.

8.1.3 Mechanical stability of the Co/Al LDH coating

The detection of sugars in flow systems requires high mechanical and operational
stability. To study this aspect, SEM was employed to observe the LDH coatings after
performing qualitative bending tests in order to evaluate the adhesion of the material on
Pt support.

As shown in Figure 8.15 A, the coating formed on platinum after 60 s of pulse
application was found to be cracked by the bending test but no areas in which peeling
had taken place were present. This image is indicative of the fact that the coating has a
significant adhesion to the metal surface which is easily identifiable by the plastic
deformation lines coming from mechanical cleaning of Pt surface. Also the average
thickness of the coating was obtained by SEM image in transversal section (Figure 8.15

B) and resulted approximately 0.7 um.

At Mags ook x DT0WW  SgraA«SEl  Dwe § Dec 2014 o=
WD=» B0mm  ProtaNe « S187  Time 153004

Figure 8.15 - SEM image of the LDH coating (60 s deposition time) after performing the bending test (A) and
cross-sectional image of the same coating (B).

As far as the operational stability is concerned, the following experiment was carried out.
The CME was soaked into a 0.1 M NaOH solution and was biased at 0.40 V vs SCE.

After the stabilization of the “blank” current, glucose was added at a 0.75 mM
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concentration and the current was recorded for 1000 s. The signal was very stable during
the pulse application. Then the potential was switch off for 1000 s, afterwards the
electrode was biased again at 0.40 V for 1000 s. These cycles of applied and not applied
potential were repeated from the morning to the evening. The result was that the current
response to glucose was practically unchanged each time it was recorded, so confirming

the good stability of the sensor.

8.1.4 Flow injection analysis (FIA) of sugars

First the optimal operative conditions for the determination of sugars in flow conditions
were searched. All the solutions at different pHs, above described, were tested as eluents
changing the potential applied to the working electrode until the maximum current was
recorded. The best signals were obtained with 0.1 M NaOH and 0.1 KNOj solution
containing 0.01 M NaOH, whereas, when 0.1 M borate buffers were used, the typical
FIA response was not recorded. In fact, after the injection the current did not display a
trend with sharp peaks, probably because, in less basic solutions, the response time was
not short enough to detect the concentration gradient which rapidly takes place in the
detector microcell.

On the basis of the preliminary tests, 0.1 M KNO3 containing 0.01 M NaOH was chosen
as the optimal eluent for the successive analyses in order to avoid keeping the equipment
in a strongly alkaline solution for a long time. Flow rate was also investigated and the
best performance, in terms of repeatability of the measures, was obtained for a value
equal to 1 mL min™,

Several carbohydrates were analyzed and Figure 8.16 shows a typical response obtained
for injections of fructose solutions at increasing concentrations, working at a potential of
+0.50 vs Ag/AgCL.
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Figure 8.16 - | vs t curve obtained in FIA by injecting fructose solutions at different concentrations (1.0-10,
2.010, 3.0-10* and 4.0-10* M).

Calibration graphs were constructed plotting the peak area as a function of the analyte
concentration; the characteristic parameters of the plots are quoted in Table 8.8. Mono-
saccharides displayed sensitivities higher than the di-saccharides and, within a class, the
sensitivity is almost the same for all the sugars apart from sucrose, which responds less
than maltose and lactose perhaps due to the absence of the hemiacetal group. The lower
slope values of the calibration lines for di-saccharides, in comparison to mono-
saccharides, let us think that, besides the total number of the oxidizable groups, the
orientation of the molecule approaching the Co(IV) centres can also play a key role.
Since a small molecule can come efficaciously in contact with the electrocatalytic centres
in any direction, it is not surprising that di-saccharides respond less than mono-
saccharides due to their greater steric hindrance.

The durability of the developed device was assessed operating it for 4-5 hours per day,
five days a week, for several subsequent weeks. Day after day, the response of the Co/Al
LDH coated Pt toward sugars maintained stable until the film detachment occurred,

which generally took place after more than five weeks.

Table 8.8 Sensitivity and LOD values relative to the calibrations of sugars analyzed by FIA.

Analyte Sensitivity / LOD/M
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pC-M™* NaOH
0.01 M
Glucose 1.65+0.05 - 10° 4-10°
Fructose 1.10 £ 0.02 - 10° 1-10°
Galactose 1.3+0.1-10° 5-10°
Xylose 1.13+0.03 - 10° 2-10°
Ribose 1.25+0.04 - 10° 1-10*
Sucrose 45+0.4-10* 5-10°
Maltose 8.8+0.3- 10 2107
Lactose 7.6+0.1-10* 5-107°

8.1.5 HPLC determination of sugars

In order to assess the efficiency of the overall separation process, mixtures of glucose,
fructose and sucrose, which are the most widespread saccharides, were injected, testing
different mobile phases (0.1 M NaOH, and 0.01 M NaOH) and flow rates (0.5, 1.0 and
1.2 mL min™): the only mobile phase which guaranteed a separation of the three analytes
was 0.1 M NaOH operating at a flow rate of 1 mL min™. Figure 8.17 shows a typical
chromatogram recorded in the optimized conditions for a mixture of the three sugars at a
concentration of 1.5-10* M, the order of elution being glucose, fructose and sucrose.
Calibration curves were constructed injecting standard solutions of the three analytes and
were linear within the investigated concentration range (1-10 + 5:10° M). The relevant
slopes resulted 2.25-10° (R?=0.9941), 2.16-10° (R*=0.9992), and 1.41-10° (R?=0.9983) uC
M™ for glucose, fructose and sucrose, respectively.

Real samples of cereals and tea drink, containing glucose, fructose and sucrose were
analyzed and the sugars content, calculated from the experimental data, was compared

with the values declared on the label.
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Figure 8.17 - Chromatogram obtained injecting a solution containing glucose, fructose, and sucrose (each one
1.5-10" M).

In order to extract sugars, cereals samples (about 3 g) were grounded in a mortar until a
fine powder was obtained, then a fixed amount of water (20 mL) was added and the
suspension was kept under stirring for 1 hour. After filtration the agueous extract was,
diluted 100 times in 0.1 M NaOH and injected. The sample of tea did not require any
specific pre-treatment, it was only diluted 1000 times and injected. The extraction was
repeated three times and each extract was injected three times in order to evaluate the
reproducibility of the analytical determination. The resulting % standard deviation was
less than 3 % (Table 8.9).

Figure 8.18 shows the chromatograms recorded for cereals (A) and tea (B) samples
demonstrating that glucose, fructose, and sucrose can be efficiently separated and
quantified. For both samples the total sugar content we found was in agreement with the

value declared on the label, as reported in Table 8.9.
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Figure 8.18. Chromatograms recorded injecting the aqueous extract obtained from the cereals sample (A) and
the diluted tea sample (B).

Table 8.9 Mean content of sugars (+ SD) as obtained by HPLC.

Analyte Cereals Tea
9/100g g/100mL
Experimental Declared Experimental Declared
Glucose 1.20 (+ 0.04) 2.92 (£ 0.06)
Fructose 1.16 (= 0.04) 3.11 (£ 0.07)
Sucrose 4.1(x£0.1) 3.47 (£ 0.06)
Total 6.5 (+0.1) 6.5 9.4 (+0.1) 8.2
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9. CONCLUSIONS

In this work layered double hydroxides and conducting polymers were studied as

electrode modifiers for different applications.

The first part regarded the energy applications of modified electrodes, in particular LDHs

performances as catalysts for oxygen evolution reaction and as pseudocapacitor materials

were investigated, and the conditions for the electrosynthesis of a conducting polymeric

film on ITO, having the desired characteristics, were studied in order to enhance the

efficiency of organic solar cells.

The electrosynthesis of four LDHs containing two different divalent (Ni or Co) and
trivalent metals (Al or Fe) was described. The materials morphology and structure
were characterized, respectively by SEM, XRD, XPS, XAS, and their
electrochemical behaviour was deeply investigated by CV.

The XRD spectra confirmed the LDH phase and revealed a low crystallinity of the
compounds. XPS analysis suggested the presence of M*? and a small contribution of
M3 in the pristine Al-based LDHs and a significant increase of the amount of surface
M3 after their oxidation. In the case of LDH containing Fe the spectra of non
oxidized materials revealed the presence of M?* as prevalent species, whereas after
oxidation the LDHs revealed a significant enrichment of M*".

XAS experiments, conducted on pristine and oxidized Ni/Fe LDHs, at the K-edge of
Ni and Fe sites, confirmed the presence of the electroactive couple Ni**/Ni**, and
evidenced also little differences in the charge associated to Fe (after the oxidation).
The observed charge transfer resulted associated to minor changes (local structural
arrangements) of the Ni and Fe sites structure.

Concerning the energy applications, the catalytic properties towards the OER of the
LDHs synthesized on Pt and GC electrodes were investigated in alkaline solutions
recording LSV and chronopotentiometric curves.

The best performances in terms of onset potential, current density at a fixed potential
and TOF were obtained for iron-based LDHs. Therefore, the presence of iron is
crucial to significantly enhance the efficiency of a layered double hydroxide for

OER. Only slight differences have been evidenced when GC was employed as
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support instead of Pt, in particular, the parameters used to test OER activity resulted
better if the LDHs were electrosynthesized on GC. This result can be considered very
positive in view of the development of anodes for energy conversion technologies,
due to the low cost of carbon based materials and the rapidity by which films of Ni
and Co/Fe LDHs with good mechanical and electrochemical stability can be obtained
on the conductive support.

Concerning the energy storage applications, the pseudocapacitive properties of the
four LDHs were investigated at first by EIS. The specific capacitance was then
calculated following two methods, i.e., from the CVs and by recording charge-
discharge galvanostatic curves at several current densities. The cycling stability was
tested calculating the Cs before and after performing 1000 charge-discharge cycles at
5.0 Ag™. The Co-based LDHs showed a typical capacitive behaviour and satisfactory
performances in terms of specific capacitance and long-term stability were obtained
for those materials. Furthermore, when Fe was present, the LDH retained a
pseudocapacitive behaviour in a higher potential range than the ones containing Al.
Therefore even in this case the presence of iron displayed a positive effect on the
performances of the LDH coated electrodes.

Co/Fe LDHs modified electrodes exhibited good charge storage characteristics and a
high specific capacitance of 868.7 F g™ at a current density of 1 A g™ and cycling
stability with only 18 % loss after 1000 cycles, in 1.0 M NaOH. The high capacitance
came also from the porous structure of the materials and these results are promising
since they indicate that those materials are suitable for interesting applications in
supercapacitor devices.

As regards the energy application of electrodes modified with conducting polymers,
organic solar cells were fabricated employing different PEDOT buffers: one
deposited by electrochemical synthesis (PEDOT:CIO,) and the other by casting a
commercial polymer (PEDOT:PSS). The electrochemical deposition was tested since
it may offer some advantages like the use of low monomer concentrations, short
times for the synthesis and good control of the film thickness. Two different donor
materials were studied, i.e., P3HT and a copolymer containing a porphyrin moiety on
a thiophene monomer, synthesized to widen the absorption visible spectrum.

The HOMO and LUMO energy level of rr-P(T6Br-co-T6TTP) were calculated from
CV data and taking into account the optical energy gap estimated from the UV/Vis

spectra. Emission spectra of the photoactive layer containing rr-P(T6Br-co-T6TPP)
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and PCBM suggested the occurrence of the electron transfer from the copolymer to
PCBM, thus confirming a faster energy transfer between the components than singlet
exciton decay in the copolymer and PCBM.

The cells composed by PEDOT:PSS and rr-P(T6Br-co-T6TPP):PCBM showed a
power conversion efficiency of ~0.20% while the devices composed by PEDOT:CIO4
and the same blend showed an efficiency of about 0.15%. The low efficiencies are
due to the hindrance related to the porphyrin presence which does not allow for the
formation of crystalline nanodomains, thus preventing the solid state chains packing.
The efficiencies of the devices fabricated with PEDOT:CIO, instead of PEDOT:PSS
resulted enhanced when P3HT was employed as blend donor material. Therefore, the
electrochemically synthesized PEDOT can be considered a valid alternative to
PEDOT:PSS taking into account that its properties could be further improved by
acting on the synthesis parameters. Furthermore, the electrochemical approach could
be applied to the photoactive layer as well by choosing properly the monomers and
optimizing the electrochemical co-deposition parameters.

LDHs modified electrodes performances as amperometric sensors towards oxidizable

substrates were studied. The electrocatalytic behaviour towards glucose oxidation of

LDHs based on Ni as M(Il) and Al or Fe as the trivalent metal was investigated with the

aim of checking if the presence of Fe could improve the performance of the LDH coated

electrodes. Another study regarded the evaluation of the performances of a Co/Al LDH

on Pt for in flow detection of sugars, to be applied to real samples.

Two different synthesis routes for Ni/Al and Ni/Fe LDHSs, were carried out leading to
different particles dimension and crystallinity degree. The chemical approach led to
thin films well packed and uniform, constituted of particles having a mean size of
about 5-15 nm. The direct electrodeposition on Pt, driven by the cathodic reduction
of nitrates, was very rapid and again produced quite homogeneous and well packed
LDH films where the mean particle diameter size was about 3 nm. XRD patterns
revealed that the chemically synthesized LDHSs displayed a higher crystallinity than
those obtained by electrodeposition. The different order degree and the presence of
iron inside the brucitic layers of the LDHSs resulted key factors in determining the
electrochemical behaviour of the materials. EIS and CV characterizations
demonstrated that the electrodeposited LDHs have a higher conductivity than the

chemically synthesized ones Moreover, in the presence of iron the conductivity of the
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electrosynthesized LDHs was further increased since higher percentage of the nickel
sites was involved in the electron hopping process.

The electrocatalytic behaviour of the Ni LDH coated electrodes was assessed by
chronoamperometry and cyclic voltammetry, studying glucose as the analyte. The
calculated catalytic rate constants were higher for the electrosynthesized LDH and for
the LDHs containing iron. The diffusion of the substrate into the LDH structure was
proved to be the rate determining step, thus limiting the electrocatalytic process and it
was particularly evident for the chemically synthesized Ni/Al LDH. The highest
electrocatalytic efficiency for glucose detection was obtained for the
electrochemically synthesized LDHSs and this result is due to the low crystallinity of
the clays which makes easier for glucose to come in contact with the catalytic sites.
The presence of Fe does not further improve the EE but allows to work at a potential
value lower than the one required in the case of Ni/Al LDH.

A Co/Al LDH electrosynthesized on Pt was employed in a wall jet cell for the
amperometric detection of sugars, in flow systems. The modified electrode has been
applied to determine some of the most common sugars by FIA and HPLC. The best
operative conditions in terms of the eluent, pH, flow rate and anodic potential have
been established in order to obtain a high sensitivity and a satisfactory durability of
the sensor. The LDH film which displayed the highest sensitivity and a rather low
LOD was that deriving from a deposition time of 20 s. The best performances of the
electrochemical detector was achieved working at E = 0.4 V in 0.1 M NaOH due to
the highest efficiency of the reaction involving the Co(IV) centres (sensitivity =
3.28:10% A M™). Moreover, the sensor showed a quite wide linearity besides a good

reproducibility and stability.
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