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ABSTRACT

The purpose of this PhD thesis work is the investigation of the mechanism and the
kinetics of electrocatalytic and photo-electrocatalytic reactions by means of in operando
X-ray Absorption Spectroscopy. The attention has been focused on five electrochemical
systems which can be divided into two groups on the basis of their catalytic properties.
The first group essentially deals with the catalysis of the water splitting reaction:
belonging to this group I firstly considered electrodes constituted of IrOy, which
represents one of the major electrocatalysts in this field. Coupling IrOy electrocatalyst to
a semiconductor like hematite it became possible to obtain and investigate bilayer
electrodic systems for light driven water splitting. Afterward, I considered bilayer
architectures composed of Ni(OH). and hematite, which represent cheaper and more
sustainable alternatives to iridium based systems. Finally, some research work was
devoted to Cu.O material, also very promising for photovoltaic applications. The
experiments carried out for this materials were aimed at studying the structure and
stability of one of the main precursors: copper(II) lactate in alkaline solution. The
second group of electrodes plays a key role in the environmental field since comprises
materials constituted of silver nanoparticles, which show great potentialities in the
electrochemical de-halogenation of organic pollutants. Since the study of electrocatalytic
processes involves the presence of systems in their real working conditions, adequate
experimental setups and electrochemical devices were required in order to control the
physic-chemical conditions of the sample. For each electrodic system the research work
consisted of four steps: (i) experimental planning and construction of adequate spectro-
electrochemical devices according to the subsequent experimental needs (these can be
either manually-built or 3D printed); (i7) preparation of the electrodic materials (in
collaboration with the University of Milan); (7ii) In Situ and In Operando investigation
by means of XAS Spectroscopy techniques at the ESRF (European Synchrotron

Radiation Facility, Grenoble, France); and (7v) data analysis and fitting procedure.
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1. INTRODUCTION

In material science, a growing attention is devoted to the study of the
mechanism and the kinetics of electrochemical and photo-electrochemical
processes based on electrocatalysis. The explanation to this recent interest lies
in the wide variety of applications allowed by the electrocatalytic devices.
Besides the relevance in the fundamental study, their importance ranges from
the energy and environment®2 to the biomedical and pharmaceuticals fields. A
great challenge in the energy field is the direct production of high purity
hydrogen from sunlight: photoelectrochemical water splitting represents in
principle the ideal energy conversion system. Among the main electrocatalysts
for the oxygen evolution reaction, much attention is focused on iridium®#45.
Photoanodes for photo-electrochemical water splitting can be obtained by
coupling iridium oxide to a semiconductor like hematite which is UV-Vis light
sensitive®7. Furthermore, environmentally friendly copper oxides are being
studied as possible candidates for photovoltaic applications because of highly
acceptable electrical and optical properties8. Much attention has been devoted
to the preparation and investigation of Cu.O films because they are
characterized by a band gap of 2 eV, which lies in the acceptable range of
window material for photovoltaic applications®9. Another important
electrocatalytic process deals with the oxidation of Ni(OH).: this plays a key role
in the fields of charge storage and corrosion. Coupling this material to
hematite it is possible to obtain bilayer architectures which can also show
photo-electrocatalytic activity towards the water splitting reaction. However,
very little is present in literature about these systems.

Electrocatalysis can gain a key role also in the environmental field: Ag shows a

great electrocatalytic activity toward the electro-dehalogenation of organic



halides2. This is particularly important in the case of the C-Cl bond, because of
the toxicity of the chlorinated organic compounds. Organic halides are
employed in many industrial processes as solvents or building blocks for
intermediates and they are utilized as herbicides, fungicides and pesticides in
agriculture!213, Electrochemical methods can become an excellent solution for
the detoxification of wastes as they provide mild reaction conditions and they
avoid secondary pollution effects.

Finally, in the biomedical field, electrocatalysis is employed for many purposes
in the development of chemical and biological sensors3. The major needs range
from the early detection of disease biomarkers or continuous monitoring of
glucose and lactate to the early detection of biological warfare agents.
Eletcrocatalysis is a kind of heterogeneous catalysis4, where further
complications arise from the need of a conductive support onto which the
catalyst is deposited or chemically bound (permanently or just by charge
transfer). The presence of a conductive support often restricts the available
specific surface area and therefore the number of active sites. The best strategy
to increase the contact area between the electrodic solution and the catalyst is
based on the employment of nano-materials, characterized by a large
surface/volume ratio. It is important to point out that the mechanism and
kinetics at the basis of heterogeneous processes are different if compared to
those governing homogeneous reactions. Heterogeneous reactions take place on
a surface, characterized by physic-chemical properties different from those of
the rest of the mass. The surface presents the so-called dangling bonds and
atoms are subject to asymmetric and unbalanced forces. Furthermore, the
different crystallographic orientation results in a different arrangement and
density of the atoms.

When investigating catalytic processes, one of the crucial points is the
evaluation of the oxidation state and local structure of the catalyst and the

chemical species involved depending on their chemical, geometric and



electronic surroundings. Thanks to the advent of the third generation
synchrotron radiation facilities it has become possible to investigate the fine
structure of the absorption coefficient to get information both about the local
geometric and electronic structure of matter. X-ray Absorption Spectroscopy
(XAS), X-ray Absorption Near Edge Spectroscopy (XANES) and Extended X-ray
Absorption Fine Structure (EXAFS) provide a key tool for the determination of
the chemical surrounding of atoms and their oxidation states. In addition, time
resolved XAS technique can provide useful information concerning kinetics
aspects. One of the main limitations of the beamlines lies in their adaptation to
the different experimental needs. The study of electrocatalytic and photo-
electrocatalytic processes involves the presence of systems in their real working
conditions and thus requires adequate experimental set-ups to monitor and
control the physic-chemical conditions of the sample. From this we understand
the need of developing in situ and in operando techniques with synchrotron
radiation facilities!2. In the present thesis work synchrotron radiation methods
are coupled to electrochemical techniques in order to develop new procedures
for investigating the mechanism and the kinetics of electrocatalytic and photo-

electrocatalytic processes.
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2. ELECTROCATALYSIS AND PHOTO-
ELECTROCATALYSIS

Electrocatalysis can be considered as the part of electrochemistry that deals with
the study of reactions involving species, deposited onto conducting supports,
able to change the kinetics and in some cases also the mechanism?! of the
process. As for an example, Fig. 2.1 shows an image of Ag acting as
electrocatalyst in the electrodechlorination of benzyl chloride. Electrocatalysts
are usually deposited onto the electrodic materials either in the form of nano-
particles or in the form of films characterized by high hydration degrees. The
intention is to optimize of the utilization of the electrocatalytic material by
maximizing the number of active sites involved in the electrochemical process.
The performance of electrocatalysts in a particular reaction or application is the
result of a complicate interplay between a large number of factors, starting from
the nature of the electrocatalytic domain (material, surface area, structure and
electron transfer properties) to the interaction between the catalytic particles

and the electrodic material.

Figure 2.1. Image of Ag acting as a catalyst in the electrodechlorination of benzyl chloride.



A further step in electrocatalysis is represented by photo-electrochemical
experiments, in which the elctrocatalytic domain is coupled to a semiconductor
part, which is able to interact with UV-Vis light (for example IrOx and hematite
for light-driven water splitting). In this case, the irradiation of the electrode with
light is able to produce a current, also called photo-current2. This is strongly
dependant on wavelength, electrode potential and solution composition.

The electronic properties of semiconductors are usually described in terms of
band modek, in which the valence band and the conduction band are separated
by a forbidden region or band gap of energy Eg. The Fermi energy Eris defined
as the energy where the probability of a level of being occupied by an electron is
/2. Tt is important to note that for an intrinsic semiconductor neither electrons
nor unfilled states exist near Ez It is useful to define in Erin a thermodynamic

way:

(2,1)

Where 1, merely is the familiar chemical potential and ¢ is the work required to
bring a unit positive charge from an infinite distance.

Let us consider the formation of a semiconductor solution interface: when the
semiconductor and the solution are brought into contact and electrostatic
equilibrium is attained, the Fermi levels should be equal2. Fig. 2.2 shows the
formation of the junction between a n-type semiconductor and a solution
containing a redox couple O/R. In this case Erof the semiconductor is above
that in the solution and electrons flow from the semiconductor to the solution.
The charge generated at the semiconductor is distributed in a so called space
charge region. The electric field generated is presented by a bending of the
bands. The bending upward is due to a positive charge of the semiconductor

with respect to the solution.
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n-type semiconductor Solution

n-type semiconductor Solution

Figure 2.2. Representation of the formation of the junction between a n-type semiconductor and a solution containing a redox
couple O/R (A) before and (B) after the contact in dark conditions.

When the interface is irradiated by light characterized by larger energy than the
band gap, photons are absorbed and electron-hole pairs are generated (Fig. 2.3).
A part of these recombine very
rapidly but the presence of the
space charge region promotes the

separation between electrons and

Ef 04 holes. The holes, delivered to the
. surface at an effective potential

/ / which is equivalent to the valence
”/GD/ band edge, causes the oxidation

n-type semiconductor - Solution

of R to O while the electrons

move into the external circuit.

Figure 2.3. Representation of the junction between the n-type
semiconductor and the solution under illumination.

Thus the irradiation of a n-type
semiconductor promotes photo-
oxidation (or determines photo-anodic currents). As a consequence, the photo-
oxidation of R to O takes place at less positive applied potentials than those
required to carry out this process at an inert metal electrode? (Fig. 2.4.A). For

this reason we can assess that the light contributes to the oxidation reaction and



we can define these processes as “photo-assisted” electrode reactions. Fig. 2.4.A
shows the i-E curves for a n-type semiconductor in dark conditions (curve 1),
under illumination (curve 2) and at an inert Pt electrode (curve 3).

Analogous considerations can be made with respect to p-type semiconductors
(Fig. 2.4.B): in this case the space charge region moves the electrons toward the
surface and the holes toward the bulk. Thus the photo-reduction of O to R

occurs at more positive applied potentials than those required at an inert metal

electrode.
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Figure 2.4. Current Vs potential curves for solutions containing couple O/R. A) n-type semiconductor in dark conditions (curve 1)
and under irradiation (curve 2). B) p-type semiconductor in dark conditions (curve 1) and under irradiation (curve 2). For both
materials curve 3 represents the current vs potential curve at a platinum electrode.



The efficiency of the photo-electrochemical process is associated to different
features of the semiconductor3: (i) energy position of the band edges, (77) band
gap E, (lying in the visible range), (ii1) kinetics of hydrogen /oxygen evolution
reactions, (7v) low resistance for fast migration of photo-generated charge
carriers, (v) negligible hole electron recombination, (vi) stability of the material
and (vii) chemical formula based on low cost and abundant elements. The
theoretical efficiency of the solar-to-chemical energy conversion can be

calculated on the base of equation:

— ]phuex Pconv
S
(2,2)

Where J,; is the photon flux, u,, is the exceeding potential generated by the
light absorption, ¢.,,, is the quantum yield generated by the photon absorption
and S is the total energy for surface unit.

The photo-electrochemical process which has attracted more attention is the
light—driven water splitting. This represents the ideal energy conversion system
since it allows the direct production of high purity hydrogen from sunlight (Fig.
2.5). According to thermodynamics, the variation in the Gibbs energy associated
to the conversion of H.O to H. and O, is +237 kJ/mol. Taking into account
Nernst equation the AE, of the process is equal to 1.23 V: as a consequence the
photo-voltage output must include this value. It is important to note that
significant polarization losses and potential drop in the bulk of the electrolyte

can be present when oxygen evolution occurs.



Figure 2.5. Scheme of electrochemical cell for light driven water splitting.

Let us now suppose to couple the semiconductor material to an electrocatalytic
overlayer: this is usually composed of a thin film or nanoparticles (Fig. 2.6). It
has been demonstrated that the presence of the overlayers determines very high
photo-currents and reduced bias45¢. Nevertheless, the role of the electrocatalyst
is still ambiguous and different are the hypothesis concerning its mechanism in
the process and whether it actively participates in the reaction or not. According
to transient spectroscopy?’, the overlayer is able to reduce the electron density in
the semiconductor, while electrochemical impedance spectroscopy® suggests
that the overlayer acts as storage for holes, thus improving their lifetime and
reducing the recombination with electrons. More recently, the overlayer was
attributed the effect of optimizing the energy value assumed by the

semiconductor surface states9.

emiconductor

Overlayer

Figure 2.6. Scheme of a semiconductdomain coupled to an overlayer.
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Despite the importance of the electrocatalyst/semiconductor interface, the
mechanisms of the charge transfer processes are not well understood. The main
reason lies in the fact that the semiconductor/overlayer interface is quite
difficult to characterize and that charge transfers between the two are hardly
directly observable. One of the main goals of this thesis work is to investigate
the local chemical and electronic environment of the species involved, during
the occurrence of photo-electrocatalytic processes, in order to shed light on the

underlying mechanism and the kinetics.
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3. THE CHOICE OF THE MATERIALS

One of the main goals in electrocatalysis deals with the synthesis and
investigation of nano-materials characterized by high stability in aqueous media
over a broad range of pH, temperature and potential. The most important
advantage of nano-structured materials lies in their large surface/volume ratio,
which allows to gain the maximum number of active sites involved in the
occurring electrochemical processes.

In this thesis work the attention is focused on five electrodic systems
characterized by important properties as electrocatalysts and photo-

electrocatalysts:

(i) iridium oxide films and nano-particles,

(i)  iridium oxide films deposited onto hematite,
(iii)  nichel hydroxide films deposited onto hematite,
(iv)  copper oxide films and

(v)  silver nano-particles.
The importance of the first four systems lies in their high activity as catalysts in

the oxygen evolution reaction while silver nano-particles play a key role in the

electro-declorination of organic pollutants.
3.1. IrOxBASED ELECTRODES

Iridium oxide is considered one of the most interesting anode materials and it is
employed in many industrial processes?, such as cathodic protection2, metal

electrowinning3 and water electrolysis4; and in photo-anodess. However, the

12



turnover mechanism of Ir catalyst in the water splitting reaction has not been
clarified yet. In literature it is suggested that the catalytic site acts as redox

mediator according to the following reactions®:

Higher valence oxide formation:

Ir?*0, + H,0 - Ir***V0, ., + 2H' + 2e~
(3,1)

Higher valence oxide decomposition:

[r?+09 ., - Ir?*0, + 1/20,
(3,2)

The aim of the work described in this thesis is (7) to suggest a catalytic cycle for
the iridium acting as a single site heterogeneous catalyst in the water splitting
process, (11) to study its behaviour during in different chrono-amperometric
programs and (iv) to study its role when coupled to a semiconductor for light-
driven processes.

Electrodeposited Iridium oxide samples considered are in the form of films and

nano-particles.

3.1.1. Ir STANDARDS
The reference samples employed in the XAS investigation are IrCl; (Alfa Aesar)
and pure IrO.. The latter was obtained from calcination at 700 °C under O. flux

(50 NL/h) for 2 h of IrCl;, which was previously finely ground for 10 minutes. A

proper amount of sample was mixed with cellulose and then pressed to pellets.

13



3.1.2. IrOx FILM PREPARATION

The preparation of electrodeposited iridium oxide films (EIROF) was carried
out on the basis of a modified version of the method in refs [7] and [8]. This
began with the dissolution of 0.0151 g of IrCl;-3H.O (Alfa Aesar) in 10 ml of
Milli-Q water. 100 pl of H-0. (30%) were added after 30 minutes of stirring and
then the resulting solution was stirred again for other 30 minutes. 0.0518 g of
oxalic acid were added and the solution was kept under stirring for other 10
minutes. Finally, dried K.CO; was added in order to reach pH 10.5. The yellow
solution obtained by this procedure turned blue/violet after three days at room
temperature. This was used as deposition bath to deposit IrOx onto a conductive
support at constant current density. Suitable samples ware obtained by applying

0.1 mA/cm?2 for 600 s and using a Pt plate as counter electrode.

3.1.3. IrOx NANOPARTICLES PREPARATION

IrOx nanoparticles were obtained from a 17 mM aqueous solution of IrCl;-3H.O
(Alfa Aesar) adjusted to pH 13 by adding 1 M NaOH and then heated at 9o °C
for 20 minutes while stirring. Then it was cooled in an ice-bath9 where a blue
suspension was obtained. This was purified by dialysis in a glycerolcontaining
SpectrumLabs Spectra/Por 4 Basic cellulose membrane. The powder was then
dried at 80 °C in order to obtain powder P1 and finally calcinated. Powder P2 is
the result of calcination at 450 °C (temperature ensuring sufficient crystallinity
without compromising specific surface area) under O. flux. To perform
electrochemical analysis, P1 and P2 materials are deposited onto conducting
supports by dropcasting 55 pl of a 3.5 mg/ml dispersion (this corresponds to a
loading of 1 mg/cm2 of iridium): electrodes el_1 and el_2 were obtained

respectively. The support is a carbon disposable electrode DRP-P-C11XX
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(Dropsens) including an Ag track for the external electrical connection. 2.5 ul of
a 0.15 w% Nafion suspension were finally added to improve the adhesion of the

powders onto the support.

3.1.4. IrOx/Fe.0O3 PHOTO-ANODES

These photo-anodes are composed of IrOx as
elecrocatalytic domain and Fe.,O; as semiconductor
counterpart (Fig. 3.1). The hematite employed is
constituted of a-Fe.O; hierarchical nanoplatelets. This
was prepared according to the method described in ref.
[10]. IrO«/Fe.O4 electrodes were prepared starting from
the deposition bath described before. Two different ways
of deposition were performed. (7) Photo-electrodeposition
of iridium oxide onto Fe.O; was carried out by using

Fe.O;@FTO (Fluorine-doped Tin Oxide) as working

Figure 3.1. Photoanode  €lectrode, a saturated calomel electrode as reference and

architecture: IrO, film in

contact with the Fe,0; a platinum sheet as counter electrode. (7i) Potentiostatic
deposited onto the FTO

substrate.

photo-deposition was achieved applying a potential of 0.6
V vs. SCE with a LED (A=400nm, LED ENGINE LZ1-00UA00) as a light source.

The deposition time was equal to 15 minutes.

3.2. Ni(OH)./ Fe-O3 SYSTEMS

In addition to their importance as supercapacitors, gel sensors, electrochromic
films and rechargeable batteries*2, Ni(OH). based materials can gain a key role
also in the electrocatalytic and photo-electrocatalytic fields. In this thesis,

bilayer architectures, in which Ni electrocatalyst is coupled to hematite as

15



semiconductor, are studied as cheaper alternatives for the photo-electrocatalysis
of the water splitting reaction. Two synthesis have been carried out to obtain

Ni(OH)./Fe.05 bilayer electrodes.

(i)  Ni(OH)./Fe.O; Type 1 Electrodes
The synthesis started with the deposition of hematite onto FTO coated glass
substrates (Solaronix, 10 ©/sq.) by thermal solution deposition at 70 °C for 3 h
starting from a 0.15 M solution of Fe.Cl; -6H.O containing NaNO; (1 M). pH
was maintained equal to 1.5 with HCI3. Afterwards the electrodes were
calcinated at 550 °C for 1 h and then at 800 °C for 20 min.*4. Ni-catalyst was
deposited onto the hematite layer by applying a constant current density (16
mA/cm?) for 60 s.: a-Fe.O5 electrodes were immersed in a 0.1 M solution of
Ni(NO3). -6H-0, whose pH was adjusted to 6.6 by NaOH. The solution was first
treated with hydrogen for 1 h. Finally, in order to remove any metal ion excess

the electrodes were lightly rinsed with deionized water?s.

(ii)  Ni(OH)./Fe.O; Type 2 Electrodes
The first part of the synthesis is the same as that employed for Type 1 electrodes.
The difference lies in the deposition of the electrocatalyst: this was deposited
onto hematite by electro and photo-deposition. In the former case bilayer
systems were obtained by applying 1.23 V (Vs RHE) for 1800 s, in the latter the
electrodes were obtained at open circuit potential (Vs Ag/AgCl) for 1200 s. In
order to remove any metal ion excess, the electrodes were lightly rinsed with

deionized water?s.

16



3.3. Cu20 ELECTRODES

Cu.O represents a low cost, non-toxic and environmental acceptable material,
which can be employed in devices for solar energy convesion?®. Its band gap,
characterized by values ranging from 1.96 to 2.38 eV'7, makes it one of the most
suitable material among the candidates for photovoltaic applications?8.

One of the most wide-spread and cost-effective methods for preparing Cu.O
films is to electrolyze an alkaline solution of copper sulphate, in which the
precipitation of copper hydroxide and oxide is avoided by adding a large excess
of lactate ions®. Cu.O films obtained by this way are marked by exceptional
activity towards photo-electrochemical water splitting?9. Their poor stability can
be overcome by the employment of protective layers2c. On the basis of solid
state structural determinations2!, lactate ions are thought to form a complex
with Cu with 1:2 (Cu:L) stoichiometry, but no direct information is available.
Furthermore, Cu(II) alkalyne solutions with lactate in large excess shows a
complicate electrochemical behaviour characterized by different peaks in the
Cyclic Voltammetry (CV) sweep. This aim of the work described is to shed light
on the structure and electrochemical stability of Cu(II) lactate complexes in
alkaline solution. The starting bath was composed of 0.2 M CuSO, (Sigma
Aldrich), 3M lactic acid (Fischer Scientific) and 0.5 M K.HPO, (Sigma
Aldrich)®, which acts as a buffer. This solution was subsequently adjusted to

pH=12 by adding 2 volumes of 2 M KOH.

3.4. Ag ELECTROCATALYST

The important role played by Ag nanoparticles in electrochemistry is associated
to their capabilities in the detoxification of wastes. In particular, Ag is

recognized as very powerful catalyst for the electro-dehalogenation of organic
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halides22:23. This represent a very challenging topic since organic halides are
widespread in many industrial processes (like polymer synthesis), in agriculture
(herbicides, fungicides, pesticides) and in commercial solvents for industry and
housework2425, However, the reason that lies in the exceptional activity of Ag is
still not fully understood, even though it has recently been studied the role of
adsorption of the organic halide on silver2¢. The in operando XAS techniques
described in this work allowed to gain a deeper understanding of the
electrocatalytic activity of Ag in the electro-dehalogenation of organic halides by
investigating the interaction between the Ag electrode and the reactants, the
intermediates and the products. In detail, we studied the electroreductive
hydrodehalogenation of CHCl; and bromophenol at carbon supported Ag

nanoparticles.

3.4.1. THE PREPARATION OF Ag NANOPARTICLES

Silver nanoparticles were obtained by employing NaBH, as reducing agent2728
More details about the preparation method, morphology, size distribution and
aging are reported in [28]. A 20 ml aqueous solution composed of 2.5-104 M
trisodium citrate dihydrate (which acts as stabilizer) and 1.25-104 M AgNO,
(which acts as metallic precursor) was prepared in a conical flask at room
temperature. Then, 0.6 ml of an ice-cold freshly prepared 0.1 M NaBH, solution
was added while stirring vigorously. The stirring was slowed down after 30 s
and for the next 15 minutes the solution was stirred gently to ensure the removal
of NaBH, excess. Once the nanoparticles were synthesized, NaOH in pellets was
added to the colloidal solution in order to precipitate the corresponding solid.
When the precipitation was complete, the samples were rinsed with water, at
least 3—4 times. Nanoparticles with diameter of ca. 6 nm were obtained (Fig.

3.2.A). Afterwards, the cleaning procedure and the storage for a few days led to
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a further growth and to the formation of nanorods characterized by a diameter

of ca. 25 nm (Fig. 3.2.B).

Ag nanoparticles were finally deposited by dropcasting onto Glassy Carbon (GC,
1 mm thick, 1 cm? area, from Goodfellow) in order to have 0.1 to 0.2 mg/cm2 of

Ag on the electrode.
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4. XAFS SPECTROSCOPY AND THE
SHORT RANGE INVESTIGATION

Since great part of the materials investigated are in an amorphous state and the
structure is interrupted after a few unit cells, a local structure probe is the best
tool to study the variations in the structure of the electrodic systems in their
working conditions. The techniques presented in this thesis are based on X-ray
Absorption Spectroscopy.

XAFS acronym stands for “X-ray Absorption Fine Structure” and refers to the
modulations assumed by the X-ray absorption coefficient near and above the
absorption edge. Thanks to the advent of the synchrotron radiation sources, a
great development of XAFS technique was possible, thus allowing detailed
studies of the geometric and electronic properties of materials:.

This technique, often defined also XAS (X-ray Absorption Spectroscopy), can be
divided into two regimes:

(i) XANES (X-ray Absorption Near Edge Spectroscopy), which refers to
the absorption coefficient up to 30+50 eV above the absorption edge,
and

(i) EXAFS (Extended X-ray Absorption Fine Structure), which refers to
the energy interval within the XANES region and about 1000 eV

above the edge.

4.1 X-RAY ABSORPTION

If a collimated beam of monochromatic X-rays travels trough matter, it loses

intensity proportionally to the original intensity and the thickness x:
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dl = —uldx
(4,1)

The linear absorption coefficientyu represents the proportionality constant.

Integrating Eq. (4,1) we obtain:

p— e_ux

(4,2)

where [, and I are the incident and the transmitted X-ray intensities referred to
the passage through the homogeneous sample of thickness x 1. As the X-ray
energy is gradually increased, the absorption coefficient i decreases. This trend
is interrupted by discontinuities which correspond to the absorption edges and
are generated when the photon energy is large enough to extract an electron
from the core levels. Its kinetic energy corresponds to the difference between
the initial energy and the binding energy. The ejected photo-electron can be
described as a spherical wave: its wave-lenght decreases as the energy increases.
If the photo-absorber is isolated, the absorption coefficient would be
characterized by a very simple and smooth behaviour. In this case the final

states are a continuum of free-electron states and the absorption coefficient has

no fine structure. For molecules and condensed
systems, when the photo-absorber is not
isolated, the photo-ionization process is more
complicated. The ejected photo-electron can be
back-scattered by the surrounding atoms
generating an ingoing spherical wave (Fig. 4.1).
The phase relationship between the outgoing

and the incoming wave depends on the photo-

electron wavelength and on the inter-atomic

Figure 4.1. Outgoing (full line) and
backscattered (dashed line) spherical waves.
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distance. As a consequence, the final photoelectron stationary state is the
superposition of the outgoing and the incoming spherical waves. The variation
of phase relationship as a function of the photon energy affects the final state
amplitude at the core site, generating an interference phenomenon, responsible
for the modulation in the absorption coefficient. The distance between absorber
and back-scatterer atoms is related to the frequency of EXAFS oscillations.

Their amplitude is proportional to the number of back-scattering atoms.

4.2 X-RAY FLUORESCENT RADIATION

The absorption of a photon determines the excitation of an atom. This can relax
through several mechanisms, such as the emission of X -rays, Augerelectrons or
secondary electrons. For core levels with energies > 10 kev and elements with
high atomic number Z the radiation emission is the most important
phenomenon. When an inner shell vacancy is filled by an outer shell electron, X-
rays are generated and their energy corresponds to the difference of the two
shells. Conventionally, the energy level in which the core hole is generated
determines the name of the fluorescence line, which can be K, L and M. The K,
Kg, and K, lines, in descending order of intensity, correspond to electronic
transitions from the Z, M, and N shells to the K'shell. The radiative probability,
defined as &, represents the ratio of emitted X-rays to the number of primary
vacancies created. It's a monotonically increasing function of the atomic
number Z. The total de-excitation probability per unit time determines the core-
hole lifetime. The deeper the core hole and the larger the atomic number Z, the
larger is the number of upper levels from which an electron can come to fill the
hole and thus the shorter is the core hole lifetime. This is typically situated in

the range 1015+ 1076,
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4.3 THE EXAFS FUNCTION

The fine structure of the absorption coefficient u,;(w) reflects the variation of

the final photo-electron stationary state |y > evaluated at the core site of the

initial state |¢;>, as a function of the photo-electron energy hw. The final state

| > contains structural information and the absorption coefficient becomes:

(@) « [l Flop|
(4,3)

EXAFS can be considered as the modulation of the absorption rate, normalized

to the background absorption u,(E) and is given by:

_ u(E) — po(E)
x(E) = to (E)

(4,4)

x(E) can be related to the structural parameters converting the energy E into the

photoelectron wavevector kby:

2
k= |“2(E-E,)

(4,5)

This transformation of y(E) in E space generates y(k) in k space.
Considering a system of two atoms, an absorber 7 and a back-scatterer j, and
assuming the muffin tin! approximation for the potential experienced, EXAFS

signal can be described by Eq. (4,6):
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x(k) = (k%Z) |f (k, ) sin[2kr; + ¢ ()]
(4,6)
Where 717 is the vector joining the two atomic positions, f the backscattering
amplitude and ¢ (k)the phase-shift.
If the systems is composed of a larger number of atoms, EXAFS equation can be
obtained by summing each bi-atomic contribution. Neglecting the multiple-
scattering contribution and thus assuming the single scattering approximation

we obtain:
( ) (k) E 72 { (k 71)9 Wig : j}
xXk) = . . Im ik,
(4’;)

Intrinsic and extrinsic inelastic effects are now taken into account and EXAFS

equation becomes:

2
)((k)=<%°>z ) im{fi G meire?t)
J

(4,8)

Furthermore, if atoms can be grouped into different coordination shells (Vs
atoms of the same species at distance R;) this form of the equation is obtained,

in which the contribution of each coordination shell is separated:

X(k) = (%)z Nslm{f; (k, n)ezwl (e_er/A/rSZ)QZikrs}

(4,9)
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This form of the EXAFS function evidences the parameter N, representing the

coordination number of a specific shell.

It is important to point out that the thermal motion of atoms and the structural
disorder affect every real physical system. Taking into account this phenomenon

Eq. (4,10) is obtained:

2r
e 1 .
eZlkrdr

r2

xs(k) = (Sf) NsIm{ fs (k, n)ez"‘gljp(r)

(4,10)

This form of the equation corresponds to the Fourier Transform of the
p(r) function.
The main purpose in EXAFS data analysis is to recover the distribution function

p(r) from the experimental signal in order to get the structural parameters

—21j sin( 2kr; + ¢, (k)
XU = > NS (1) Fy)e 207" i) ( — )
j

]

(4,11)

F;(k) represents the backscattering amplitude from each of the N;neighbouring
atoms of the j type, marked by the Debye-Waller factor ¢/. This accounts both
for the thermal vibration (harmonic vibration is assumed) and for the static
disorder (Gaussian pair distribution) at a distance ;. Since the electronic
phenomenon involved takes place in a time interval of the order of 1023 s, it is
not possible to distinguish between static distortions and thermal vibration (10-8
— 102 5). The term e~%"//% is due to inelastic losses in the scattering process

due to the neighbouring atoms and the medium in between, being; the
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medium free path. S; (k) represents the amplitude reduction factor caused by the
shake up/off processes at the central atom. EXAFS modulations are determined
by : (J) the backscattering amplitude (N;F;(k)), modified by the reduction factors
and the distance dependence, (i1) the sinusoidal oscillation, which is a function
of the interatomic distances (2kr;) and the phase shift (¢;;(k)). The larger the

distance r, the higher will be the frequency oscillation.
4.4 THE XAFS EXPERIMENT

In a standard XAFS experiment the absorption coefficient p is recorded as a
function of the photon energy 2. The experimental setup is made up of three
parts (Fig. 4.2): an optical part, composed of a monochromator and several
mirrors, an apparatus for the sample holder and a detector for measuring the

absorption coefficient.

Fluorescence
I‘

X-ray source Incic}ent EF Transmitted
: 0 1

Monochromator Sample

Figure 4.2 Experimental setup in a standard XAFS experiment.

The X-ray absorption signal can be measured by means of two different
instrumental configurations corresponding to two different modes: (i) the
transmission mode and (i) the fluorescence mode. In a transmission
experiment, the intensity of the X-ray beam is measured before and after the
sample absorption and the absorption coefficient can be obtained from Eq.
(4,2). This method is applicable when the intensity of the transmitted beam (/)

is sufficiently different from that of the incident beam (/,), in other words when
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the sample concentration should be sufficiently large. The fluorescence mode is
employed if the absorbing species is a very tiny fraction of the entire sample (for
concentrations lower than 1 %) so that its contribution to the total absorption is
negligible. In this case the detector is placed at 90° with respect to the direction
of the incident beam and the intensity /r of the fluorescence emitted at a
frequency wris measured as a function of the incident energy hw. On the basis of
the hypothesis that the incident beam and the fluorescent beam are separated

by an angle of 45°, for a thick sample it is possible to demonstrate that2:

pa(w)
7 [.utot (w) + Htot (wf)]

[@) = 1) (1)

(4,12)

This relationship shows that the intensity of the fluorescent beam Ir is

proportional to: (7) the intensity of the incident beam (I,(w)), (1) the solid angle

due to the detector acceptance (ﬁ), (iii) the fluorescent yeld () and (7v) the
fraction of the incident beam absorbed by the species A (14/ tior)-

In the present thesis, both the transmission and the fluorescence mode are
discussed for the investigation of the local chemical and electronic environment

of the electrocatalysts.
4.5 INSITUAND IN OPERANDOXAFS

One of the main issues associated to the investigation of electrocatalytic and
photo-electrocatalytic processes by means of synchrotron radiation lies in the
adaptation of the beamlines to the different experimental needs. In many cases,
it is difficult to create adequate setups to monitor and control the

physicochemical conditions of the sample. Furthermore, a detailed study of the
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systems in their real working conditions is needed3. In the experiments

described in this thesis different kinds of spectroelectrochemical and photo-

spectroelectrochemical devices were designed and build in order to perform

XAS measurements both in situ and in operandot. These devices allow electric

contact in a three-electrodes assembly composed of: (i) a working electrode,

onto which the electrocatalytic material is deposited, (77) a Pt counter electrode

and (7i7) a Ag/AgCl reference electrode.

4.5.1. CONVENTIONAL SPECTROELECTRICHEMICAL DEVICES

The simplest electrochemical cells used were created manually with

conventional toolss. An example, shown in Fig. 4.3, consists of a PTFE cell that

Reference
¢Iulm(fé

supported Ag-
~ NPs backside

X-rays in

Figure 4.3 Image of a manually built spectroelectrochemical cell
with the three-electrode setup.

contains the electrolyte solution (0.5
M aqueous H.SO,), a Pt foil counter
electrode and the reference electrode
(AgCl/Ag in 0.1 M KCI). The
reference electrode is separated from
the solution by a salt bridge
consisting in a glass pipette filled
with agar containing 0.2 M aqueous
KClO;,. One side of the cell includes a
hole that matches with the working
electrode area. The  working
electrode is held between the PTFE
cell and a polypropylene plate that
also includes a hole for the X-rays
beam.

This is ideal when combining
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electrocatlysis to spectroscopy and was employed in the investigation of the

electrocatalytic process of water splitting by IrOy films®.

4.5.2. 3D-PRINTED PHOTO-SPECTROELECTROCHEMICAL DEVICES

More complications arise when the electrocatalyst is coupled to a semiconductor
in photoelectrochemical architectures. In this case, the experiments are carried
out in presence of both UV-Vis illumination (acting as a “pump”) and X-ray
illumination (acting as a “probe”). As a consequence, the interference of the all
the materials present should be taken into consideration and the
electrochemical devices should be compact and small enough to guarantee an
easy and fast experimental setup in the beamline hutch.

The employment of a 3D printer based on the use of photopolymers represents
the easiest and fastest way to produce efficient photo-spectroelectrochemical
devices characterized by details that would be difficult to obtain by means of a
standard subtractive manufacturing technologies. For example, it is possible to
control the thickness of the electrolytic solution avoiding problems associated to
X-ray attenuation coefficient by water. Furthermore, we can obtain small and
curved canals for the counter and reference electrodes ensuring electric contact
between the different parts of the cell. In the photo-electrochemical experiments
described in this thesis, a photopolymer based printer (Objet 30 Pro, Objet-
Stratasys) was employed in order to create adequate electrochemical devices.
The printer is based on the use of photopolymeric resins that are laid down on
the printing bed in a liquid form and polymerized using a UV lamp. The devices
were printed at a layer resolution of 28 um, that is the height of each deployed
layer, while the in-plane printing error was about 1 pm/1 mm. The devices were
obtained using the VeroWhite material’, an opaque rigid photopolymeric

polyacrilic resin characterised by an adequate stiffness and resistance to
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chemicals. This material is characterized by high resistance to temperatures and
mechanical stresses forced: the resin has a softening temperature of 52-54 °C
(measured with ASTM standard DMA) and has a Heat Deflection Temperature
(HDT) of about 45-50 °C (measured with ASTM standard D-648-06 and D-648-
07). Furthermore, the prototyped object is marked by a little porosity and the
water absorption parameter ranges from Rofororice Hothrada

11% - 1.5 % within 24 hours. These (Ag/AgCh
4«

characteristics make the 3D printed

Counter Electrode
(PhH

devices adequate for the experimental
conditions required.

Thanks to this electrochemical cells it was
possible to combine synchrotron based
methods to complementary techniques in
order to study the mechanism of the
photo-electrocatalytic processes under f

investigation. Fig. 4.4 shows one of the Working Electrode

different types of 3D-printed devices

Figure 4.4. Image of a 3D printed photo-
spectroelectrochemical cell mounted with the three-

employed. One of the most important electrode setup.

features of this cell is represented by the

thickness of the electrolyte chamber, limited to 1 mm because of the X-ray
absorption of water.

The other 3D-printed cell schematized in Fig. 4.5 represents a modified version
of the previous one. The main differences are two: (i) the presence of an
additional recevoir in the main body of the device and (7i) the circular hole
generated in the rectangular cover. The recervoir is open at the upper side and
electrically connected by the electrolyte. The advantages of this new feature lie
in the room devoted to the lodging of the counter electrode (in electric contact

with the photoanode) and in the presence of a static place for the electrolyte in
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order to overcome problems due to possible radiation damages such as local

heating or radical formations, induced by the X-ray irradiation.

A Electrolyte Reservoir

NE

100 pm

Figure 4.5. Scheme of the “modified” 3D-printed photo-spectroelectrochemical cell showing the electrolyte recervoir (A), the
rectangular cover with circular hole (B), the curved canal connecting the reference electrode to the inner part of the cell (C)
and the working electrode lodging (D)
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The circular hole generated in the rectangular hole, representing the second
important characteristic of the device, presents a window in correspondence of
the working electrode thus allowing to carry out UV-Vis illumination at the back
side of the hematite. Thanks to this shrewdness we avoid absorption in the
visible region by the IrOy layer. Crews and bolts held together the main body of
the device and the rectangular cover and an O-ring is present in order to ensure
tightness and avoid solution leakage.

The insertion of a Pt counter electrode is possible through an upper slot present
in the rectangular electrolyte chamber. The reference electrode can be inserted
in the device from a hole generated in the upper part. The connection to the
electrolyte chamber is made possible by a curved canal characterized by a
diameter of 500 um (Fig. 4.5.C). Finally, this modified cell presents a 100 um
window printed on the front side for the X-ray irradiation (sealing versus the

back pressure of the electrolyte is ensured).

4.6. DATA ANALYSIS AND EXAFS FIT STRATEGY

The first step of data analysis consists in converting the measured intensities 7
to the absorption coefficients ux(E), necessary in order to extract the EXAFS
signal y(k) and perform the Fourier Transform, operation which allows to pass
from the & (wave number, A'l) space to the r(distance, A) space. The softwares
employed for this first part of data analysis are ATHENAS (belonging to the set
of interactive programs IFEFFIT9), VIPER!°, PyMCA" and PRESTOPRONTO:2

(in presence of dispersive-XAS data).
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4.6.1. EXAFS SIGNAL EXTRACTION

The extraction of the EXAFS signal is carried out through the following steps.

(1) Calculation and subtraction of the pre-edge function

This is a smooth function from #(E) which is subtracted to the experimental
signal. It reproduces any instrumental background and other absorption edges
of the same element or of any other element present in the sample. The pre-edge
function is modeled with a straight line obtained by interpolating the pre-edge

data, and then extrapolated to the after-edge signal.

(ii) Identification of E,
E, represents the threshold energy and is usually chosen in correspondence of

the maximum derivative of u(E).

(iii) Calculation and removal of the post-edge function
This function represents the absorption profile due to an isolated photo-
absorber (u,(E)) and is modeled with a spline of order n using the first point of

inflection as E,.

(iv) Normalization

This is a procedure carried out to obtain a signal referred to an absorption of 1
X-ray. After this operation x(E) ranges from o to 1. Fig. 4.6 shows an example of
raw XAS spectrum with the pre-edge and post-edge functions and the result of

the normalization procedure.
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Figure 4.6. A) Example of raw XAS signal and calculated pre-edge function (red line) and post-edge function (blue line). B) corresponding
normalized XAS spectrum.

(v) Passage from E'to k
The conversion of the xaxis from the energy E'to the wavenumber kis necessary

to extract the EXAFS signal y(k) and is achieved by means of the equation (4,5).

(vi) k Weighting

The amplitude of EXAFS oscillations decreases with the increase in energy.
Therefore, EXAFS spectra are usually multiplied by k& raised to the power of 1, 2,
or 3. The power of kis called the & weight (kw). By increasing the k& weight, the
data at higher k& gain more importance, and the Fourier Transform will have
larger amplitude for the Fourier components that have a larger contribution at
higher kvalues. Obtaining Fourier Transforms by kweights of 1, 2, and 3 is very

useful to distinguish between the atoms in the first and second shell.

Fig. 4.7 illustrates the extracted EXAFS signal weighted by kraised to the power

of 2.
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Figure 4.7. Example of extracted EXAFs signal.

4.6.2. FOURIER TRANSFORM AND SPACE r

Fourier Transform (FT) is a mathematical operation which allows the transition
from one space to its reciprocal. In EXAFS analysis the procedure is employed
to pass from the & (wave number, A1) space to the r(distance, A) space:

The equation employed is:

kmax
F(r) = f LW (k) ke gk
k

min

(4,13)

Where y(k)k™ is the k~weighted EXAFS signal while W (k) represents the so
called window function, which identifies the k& range in which the integral is
performed. For values below k,,;, the signal is not reliable and for values above
kmax the signal-to-noise ratio is too low. By applying the Fourier Transform, in
any signal that is a sum of sine waves, it is possible to separate each frequency
component in distance r. Fig. 4.8. shows the FT spectrum obtained for the

EXAFS signal reported in Fig. 4.7.
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Figure 4.8. Example Fourier Transform of the EXAFS signal.

4.6.3. FIT OF THE EXAFS SIGNAL AND THE FT SPECTRUM

The fit of the EXAFS spectra and the corresponding FT signals is carried out by
means of EXCURVE codes. The calculation of the atomic scattering parameters
(phases and amplitudes) is based on the muffin-tin approximation, in the
framework of the Hedin-Lundquist and Von Bart approximations for the
exchange and ground state potentials, respectively4. This includes the effects of
losses due to the electron inelastic scattering. The fittings were made in the &
space, using a k2 weighting scheme and full multiple scattering calculation
within the assumed clusters. Thanks to this procedure it is possible to gain
information about the population and distance of the coordination shells and
the disorder in terms of Debye-Waller factor (¢°). The maximum number of
parameters that can be fitted is determined on the basis of the independent

points (Nipp, given by the Nyquist theorem):

n parameters < N;pp = EAkAr +1

(4,14)
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whereAk is the Fourier transformed data range and Ar the region used in the
EXAFS analysis. The starting parameters employed in the analysis refer to a
cluster constructed on the basis of information present in literature by means of

ATOMS?®5 and VESTA!6 softwares.
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5. IrOx ELECTROCATALYST AND
THE WATER SPLITTING REACTION

The purpose of the work described in this chapter is to shed light on the
mechanism of IrOyx acting as a heterogeneous catalyst in the electrochemical
reaction of water oxidation and the kinetics associated to chronoamperometric
programs. All the experiments have been carried out in situ and in operando at
the E.S.R.F (European Synchrotron Radiation Facility in Grenoble, France) and
several techniques have been employed in order to investigate different
mechanistic and kinetic aspects associated to the electrochemical processes

investigated.

5.1. Ir OXIDATION STATE TURNOVER IN THE

ELECTROCHEMICATALYTIC WATER OXIDATION

The most important mechanistic aspect of water oxidation catalysis is related to
how the catalyst enters the reaction mechanism!. One of the key point in
understanding this phenomenon is the evaluation of the oxidation states of the
elements involved depending on their chemical surroundings and
physicochemical conditions. This is a crucial information since most catalytic
cycles imply a continuous, periodic transition between two or more oxidation
states of the catalytic center. All measurements were performed on IrOx film,

whose preparation was illustrated in section 3.1.2.
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5.1.1. FEXRAV: FAST PRELIMINARY CHARACTERIZATION

Before the acquisition of entire XAFS spectra, Fixed Energy X-ray Absorption
Voltammetry (FEXRAV)2 was performed. This represents a novel, in situ X-ray
absorption technique for easy and fast preliminary characterization of electrode
materials. It consists in recording the X-ray absorption coefficient u at a fixed
energy while varying the electrode potential according to a specific time
function. The most used is the triangular-shaped profile, commonly known as
cyclic voltammetry (CV).
Measurements were performed at LISA5 (Linea Italiana di Spettroscopia di
Assorbimento, ESRF) at the Ir-Lur edge (11215 eV). The ring energy is 6.0 GeV
and the current 150-200 mA. A Si(311) double crystal monochromator was
used; the harmonic rejection was realized by Pd mirrors, having a cutoff energy
of 20 keV, and a 13 element Ge fluorescence detector. All measurements were
carried out at room temperature.

Data were collected in situ by

3.0
means of the
2.5 ¢
spectroelectrochemical cell
described in section 4.5.1. The fixed
energy value was chosen equal to
0.5 11221.0 eV, in correspondence of
0.0 ‘ ‘ the absorption maximum of IrO.
11205 11215 11225 11235 standard (Fig. 5.1). This choice was
E (eV)

done in order to give the maximum

contrast between the different
Figure 5.1 Normalized XANES spectra of IrO, and IrCl;. The arrow

marks the energy chosen for the FEXRAV measurements (11221.0 eV). . . .
oxidation states so that any shift

40



from the original oxidation state determines a variation in the absorption
coefficient. As we can see from Fig. 5.1, Ir3+ and Ir4+ standards are characterized
by a very similar spectral shape but by a marked shift in the absorption energy.

Fig. 5.2 gives the outlook of the white line peak energy and thus the average
oxidation state of iridium. Taking into account that the X-ray energy was kept
fixed at 11211.0 €V, it is evident that, in the considered potential window, the

mean oxidation state of Ir passes across at least three oxidation states.

1.0E-05 0.0245
s 0.024
1.5E-05 0.0235
0.023
1.0E-05
0.0225
0.022
S.OE-06

00215

I1/A
plau,

>
0.0E+00 0.021

0.0205

«5.0E.06 0.02
0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8

E/V RHE

Figure 5.2 FEXRAV spectra (orange lines) and CV (blue lines) of IrO, film recorded at 11221.0 eV and at 1 mV s, both recorded
between 0.2 and 1.6 V.

In fact, the maximum of x is located at about 1 V (RHE), which corresponds to a
prevalence of Ir4*. For lower potentials, the decreasing of u is ascribed to a
change in the charge state, likely toward a lower value: Ir3+. Then the absorption
coefficient is constant in the 0.2-0.3 V potential range. The Ir3+/4+ transition is a
well-known feature of IrO. in this potential window, already proven and
discussed in literatures+ and, in terms of I/E characteristics, is indicated by the

peaks located at about 0.9 V. When increasing the potential, for E > 1.0 V, the
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decrease in the X-ray absorption accounts for an increase in the average
oxidation state of Ir. Considering that this decrease is of the same magnitude as
the one due to the Ir3+/4+ couple, it is safe to assign the higher oxidation state to
Irs+. It is important to note that the formation of Ir5+ seems to proceed until 1.4

V, which corresponds to the onset of water oxidation to oxygen:

2H,0 - 0, + 4e~ + 4H*
(5,1)

For larger applied potentials, the absorption coefficient remains constant, likely
indicating that the electron withdraw drives reaction (5,1) instead of the Ir
charge state. The coloured arrows indicated in Fig. 5.2 show the potential values
chosen for the subsequent collection of full XAS spectra for a more detailed

investigation.

5.1.2. XANES: THE LOCAL GEOMETRIC AND ELECTRONIC

ENVIRONMENT

Ir-Limr X-ray Absorption Near Edge Structure (XANES) spectra acquired under
different potential values are shown in Fig. 5.3. At first sight it is possible to note
variations both in the spectral shapes and in the peaks positions.

2p 2 5d electronic transitions give rise to peaks (also called White Lines), which
can be modelled by means of Lorentzian functions, whereas electronic
transitions towards continuum give rise to steps, which can be simulated by
arctangents functions®. For both functions the widths are controlled by the core-
hole lifetime via an indetermination relationship?. Among the other effects

contributing to the broadening of the spectral shape, the most important are
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Figure 5.3 A) Normalized Ir-L, edge XANES spectra of the
electrodic material under different applied potentials. B) The
spectra of bulk IrO, and IrCl; are shown as references. C) The
second derivatives are also shown. Vertical lines mark the
energies of the WL of IrCl; and IrO,.

represented by the spread of
the 5d orbitals into a band and
the crystal field splitting. This
last effect is expected when
isolated [IrOs]»- octahedral
units are present. If these
octahedral units interact, the
band width of Ir 5d states is
larger and crystal field
splitting is no longer observed.
Taking into account these
assumptions and considering
a single charge state of Ir, two
are the possible White Lines
(WL): (@) “narrow”, in case of
non interacting octahedra or
partially filled 5d orbitals (for
example when £, states are
fully occupied) and (i)
“broad” in  which the
transition from the Ir 2p levels
and to the split (& + €) 5d
states is evident.

As we can see from Fig. 5.3A,

for an applied potential of 0.2

V, the WL is very close to that of Ir(III) standard. If the potential is increased up

to 1 V, the WL gradually shifts to higher energy values thus indicating a

progressive oxidation of Ir. When the applied potential is 1 V the spectrum

obtained is almost identical to that of Ir(IV) standard. For applied potentials > 1
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V, the WL gradually shifts towards even larger energy values: (7) when the
potential is 1.2 V a small shift is observed, (i7) at 1.3 V the WL is marked by the
maximum amplitude and the peak seems to be replaced by a plateau like
structure, (i17) at 1.5 V the WL is characterized by a broad maximum at ca.
11222.1 €V, (iv) at 1.6 V the maximum at ca. 11222.1 eV shows a well clear tail at
lower energies. These experimental results confirm what had previously been
assumed on the basis of FEXRAV data.

In addition to the variations in the energy positions, XANES spectra of Fig. 5.3
are characterized by differences also in the amplitude and width of the WLs.
This can be better noticed if we look at the second derivatives of the spectra
(Fig. 5.3.c). For all the applied potentials, excluding 0.7 and 1.3 V, a single peak
is observed, thus indicating that crystal field split transitions do not occur. Two
remarks should be taken into account: (7) Ir(III) in its low spin state (the most
stable one) has the £ electronic configuration and only the transition to e,
state takes place and (77) solid state effects can mask the crystal field splitting via
band formation, as in the case of pure IrO.8. Furthermore, distortions of the
[IrOs]™ octahedra result in degeneracy removal, the last effect being expected to
be larger for the g; than for the %, states. At 0.7 and 1.3 V, two negative peaks
are present: this feature corresponds to the transitions to #.; and egstates and is
due to a perfect octahedral environment. It is important to point out that the
intensity of these transitions does not reflect directly the statistical count of
holes in the £z and e; states, as solid state effects like phonon coupling and
covalency of the Ir-O bonds should be taken in consideration8. According to
previous results, the splitting observed at 0.7 and 1.3 V, which is 3.1 and 4.0 eV,
is consistent with the presence of Ir(IV) and Ir(V) respectively®9. This result
clearly indicates that at 0.7 V Ir(IV) is already formed, at least partially, but with
a structure composed of non-interacting octahedra (a sort of “pre-rutile”
structure). Similarly, at 1.3 V, Ir assumes the highest oxidation state (V) and

also in this case the structure is characterized by non-interacting octahedra.
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At larger potential values, 1.5 and 1.6

31 e  Exp

A — Fit
—— (Lorentzian+arctan)q
(Lorentzian+arctan),

V, the single peak structure in the

second derivative and the presence of a g

shoulder in the WL evidences that the 'c%
E

WL broadening cannot be attributed to

the crystal field splitting. The only

reasonable  explanation to this . Exp

31 B — Fit
experimental evidence lies in the co- = Lorentzian,
existence of more than one oxidation . 2] — Arctan

=2 Lorentzian,
state of Ir. S
SEE
In order to validate rationally what we
. 0 =
have said so far, XANES spectra were 3F
fitted by means of a combination of c . Eép
— Kl
Lorentzian and arctangent functionst© 21 Lorentzian
— Arctan

=
-]
(Fig. 5.4). In detail: (i) a single ‘c%
3.

arctangent and a Lorentzian function

when a single oxidation state is

present and crystal field splitting is not 11200 11220 11240 11260
observed (0.2, 1.0 and 1.2 V), (i1) two E (eV)

actangent and Lorentzian couples when
Figure 5.4 Fits of the normalized Ir-L,, edge XANES spectra

of the electrode material under two applied potentials; A:

the WL is too large to account for a single """ 05 v

oxidation state and crystal field splitting

is not observed (1.5 and 1.6 V); (iii) a single arctangent and two Lorentzian
functions in the cases in which crystal field splitting is observed (0.7 and 1.3 V).
Fig. 5.3 shows the fits obtained for the spectra recorded at 0.2, 1.3 and 1.6 V
taken as examples for the three different cases. The energy position of the
Lorentzian peak, which provides the maximum in the absorption coefficient g,
is a measure of the oxidation state of Ir at the different working conditions of

the electrode material. Assuming an energy shift of 1.3 eV per unit charge of
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oxidation state!! (in agreement with the absorption maxima of IrCl; and IrO.), it
was possible to obtain a relationship between the absorption maximum and the

oxidation state of Ir (Fig. 5.5).
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Figure 5.5. Cyclic Voltammetry (blue line, left axis) recorded at 2 mV/s in aqueous 0.5 M H,SO, superimposed to the Ir
oxidation state values obtained from the fitting of XANES spectra (yellow to magenta dots, right axes). The light blue
areas indicate the potential regions in which the crystal field split was observed.

We can observe that, for applied potentials larger than 1.3 V, two oxidation
states of Ir are indicated. This is supported by the larger FWHM of the WL
obtained in these electrochemical conditions. It is also important to point out
that the integrated area of the WLs are in principle proportional to the number
of holes in the Ir d states. However, the correlation is not linear because of the
fact that Ir presents multiple oxidation states and electronic configurations in
different amounts for different potentials. When the applied potential reaches
values further than 1.4 V, the formation of gaseous oxygen bubbles at the
interface between the electrode and the electrolyte prevents some Ir atoms in
the electrode from participating in the reaction. In particular, band formation

broadens the dstates and reduces the amplitude of the WLz2.
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5.1.3. A MODEL FOR THE CATALYTIC CYCLE

On the basis of the XANES results obtained, the mechanism proposed for Ir

acting as a single site catalyst in the oxygen evolution reaction is schematized in

Fig. 5.6.
o2
"0 Ir(111)
lr(11)=———> Ir(IV) = Ir(V) = Ir(V) >
g \ (Ir(1v))
0.2 1.0 1.3 E vs RHE / (V)

Figure 5.6. Scheme of Ir oxidation states in the considered potential window up to the water oxidation conditions according to
the XANES spectra fittings.

At applied potential equal to 0.2 V, results indicate that Ir is present with
oxidation state (III). When the potential is 1.0 V, the XANES spectrum recorded
is very similar to that of IrO. standard thus accounting for Ir present with
oxidation state (IV). An increase in the potential to 1.3 V determines an increase
in the Ir average oxidation state up to (V). For larger potential values, in oxygen
evolution conditions, results obtained clearly show that Ir is present in more

than one oxidation state: (III) and (IV).
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5.2. IrOx ELECTROCATALYST IN THE FORM OF NANOPARTICLES

WITH DIFFERENT HYDRATION DEGREE

In this section Ir/IrOx nanoparticles electrodes, made of an Ir core and IrO.
outer shell, will be taken into account. As described previously in section 3.1.3.,
two kinds of nano-particles were prepared: P1 and P2 (which was obtained from
calcinations of P1) to give el_1 and el_2 respectively. Their purpose lies in
providing a higher surface/bulk ratio of Ir-active centers.

Measurements performed onto these samples were carried out at LISA5
beamline in the same conditions adopted before for the IrOx films.

Fig. 5.7 illustrates Ir-Liir EXAFS signals for the two type of samples recorded at

1.0 V (at which almost all Ir is expected to be present with oxidation state (IV)).
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Figure 5.7. Ir-L,, edge EXAFS signals and corresponding FT of IrO, (A,B) and of sample (el_1) (C, D) and sample (el_2) (E,F). The experimental
signal is the black line, whereas the fit according to the model described in the text is represented by the red line.

Oscillations are well visible up to k=11 A-* and the EXAFS spectrum if IrO.
standard is shown for reference. This is characterized by a well defined peak at
ca. 2 A, which corresponds to the six O neighbours in the rutile structure, while
the peaks between 3.4 and 3.8 A are mainly due to Ir and O atoms
corresponding to the next-nearest neighbours (NNN) of the photo-absorber.

If we compare this spectrum to those of the two samples considered, some
differences can be noted. Starting from the EXAFS FT, we can attribute the peak
situated at distances around 1.8 A to the 2 + 4 oxygen atoms surrounding Ir in a
distorted octahedral arrangement. The peak observed between 2.8 and 3 A is
due to the presence of an Ir coordination shell, and the peak at ca. 3.5 A can be

explained by the presence of 4 oxygen atoms in the third shell surrounding Ir in
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iridium oxide. Furthermore, the observation of peaks at smaller distances (r <
1.8 A) suggest the presence of heavy atoms as NN (nearest neighbours). Indeed,
backscattering functions of heavy atoms are characterized by nonmonotonous
trends that result in low frequencies in the EXAFS spectra, thus yielding peaks
at small distance values in the EXAFS FT. According to these observations, and
on the basis of complementary XRD investigation?3, the structural model used is
composed of two clusters: one referred to a IrOx phase and the other to metallic
Ir. The energy shift between the origins of the EXAFS referred to the two
different phases, reflecting in turn the different screening of the core electron by
the valence electrons, was set at 2 eV. The IrOy cluster is made up of four
coordination shells, whereas the metallic Ir cluster is made up of one shell, as

presented in Tab. 5.1.

a) SAMPLEel 11.0V b) SAMPLE el 21.0V
CLUSTER 1 IrOx, multiplicity: 0.75 CLUSTER 1 IrOx, multiplicity: 0.75
Shell | N Atom | r(Ad) | 6’(A?) Shell N [ Atom [rA) 6°(A%)
1 2 o) 1.72(6) | 4(2) x10* 1 2 |o 1.72(5) | 4(1) x10*
2 4 o) 1.96(1) | 1(1)x107 2 4 |0O 1.98(1) | 3(1)x107
3 2 Ir 2.97(4) | 1(4)x10” 3 2 |Ir 2.8(2) | 2(4)x10”
4 4 0 3.52(4) | 0(5) x10® 4 4 |0 3.56(2) | 0(1) x107
CLIUSTER 2 Metallic Ir, multiplicity: 0.25 CLUSTER 2 Metallic I'r, multiplicity: 0.25
Shell |N | Atom |r(A) 6°(A%) Shell N [ Atom [rA) 6°(A%)
1 12 |[Ir 2.63(2) | 6(3) x10” 1 12 [Ir 2.64(1) | 4(1) x10”

F:11.1 % F:7.5%

Table 5.1. EXAFS Fitting Parameters for Spectra Shown in Fig. 5.7 ((a): Sample el_1, (b): Sample el_2), r: Distances; o’: Distance
Variances; Coordination Numbers N have been kept constant to their crystallographic values

Quite interestingly, fitting parameters for the two electrodes kept at lower (< 1.0

V) or higher (> 1.0 V) potential values are quite similar to each other and do not
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show any significant difference to results obtained for applied potential equal to
1.0 V13, In all cases, the IrOx cluster is marked by a distorted octahedral
geometry because the two apical oxygen atoms are situated at a smaller distance
if compared to the four equatorial ones. This is usual for iridium oxide films in
acidic environment. Because of the highly hydrated form of the IrOx shell, it is
quite straightforward to assign the short Ir—O distance to the coordination with
oxide ions, whereas the long Ir—O distance is attributed to the coordination
with OH- (or H.O). It is also worth pointing out that in our model, keeping the
coordination numbers constant, both the short and the long Ir—O distance do
not show a sensible variation with the applied potential and the corresponding
Debye-Waller factors do not vary (within the experimental error) and are also
quite small. A reasonable explanation to this is that increasing the applied
potential determines a local reorganization in the film by increasing
(decreasing) the number of short (long) distances (which is hardly directly
visible by EXAFS due to the intrinsic poor sensitivity to coordination numbers),
rather than a simple contraction of the whole coordination IrOy polyhedral. The
iridium capacity to accommodate different bonds with different ligands (oxide
and hydroxide ions) at a single Ir site is one of the main reasons for which the
hosting of Ir in different oxidation states is very simple in electrodeposited
iridium films and nanoparticles. This feature makes these electrodes a very
challenging topic in material science. Finally, we should underline that the
amount of iridium oxide is larger than the metallic Ir and remains almost the
same in all the potential range investigated and for both electrodes.

In Fig. 5.8 the XANES spectra of samples el_1 and el_2 are presented. At
reducing potentials (0.3 V), a shift of the main peak toward lower energies
accounts for a reduction of Ir (possibly to a state close to Ir(III)). As said before,
at 1.0 V, beside the presence of metallic Ir, the position of the WL indicates that
Ir is present mainly as Ir(IV). For more oxidizing electrochemical conditions

(1.3 and 1.5 V), the shift of the main WL to energy values larger than 11221.3 eV
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and the significant spectral weight at lower energies can be explained with the

presence of both Ir(III) and Ir(V) (in agreement with the experiment reported in

section 5.1.2).

11205 11215 11225 1123! 11205 11215 11225 11235
E (eV) E (eV)

Figure 5.8. Ir L, edge XANES spectra of el_1 (A) and el_2 (B). Spectra were acquired at 0.2 V (red line), 1.0 V (blue line), 1.3 V (green
line), and 1.5 V (pink line). The brown line is the spectrum of metallic Ir, and the black line is the spectrum of bulk IrO,, shown for
reference.

XANES spectra acquired at 1 V

3.0 can be fitted as linear
L] E?<perimemal_(1.(_) V)_ )
25+ A Linear Combiation Fiting combinations of the spectra of
~~ —— IrOy Standard . .
c 20 ¢ metallic Ir and IrO. standard (Fig.
>
o 15+ 5.9) with weights 25 % and 75 %
S . .
E 1.0 ¢ respectively that are in perfect
05t agreement with those obtained by
0.0 ¢ ‘ ‘ ‘ ‘ ‘ EXAFS. This result suggests that
11200 11210 11220 11230 11240 11250

Ir and IrOx shell do not interact:
E(eV) the presence of the metallic Ir
core has no relevance on the
catalytic mechanisms, which can

be more effectively discussed
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Figure 5.9. A) Fitting of XANES spectrum recorded at 1.0 V by
means of a linear combination of Metallic Ir Standard (25 %)
and IrO; standard (75 %) spectra. B) Fitting of XANES spectra
after the subtraction of metallic iridium contribution for
applied potential < 1.0 V (1) and for applied potential > 1.0 V
(2).

analysing the difference spectra
obtained as

Usampte — Mmetarti 17X 0.25.
Normalized =~ XANES spectra
obtained from these differences,
along with the corresponding
second derivatives, are shown in
Fig. 5.10. The main evidence is
that the increase in the applied
potential determines a shift of the
WL to larger energy values (from
0.3 to 1.0 V) and a large increase in
the FWHM (for applied potential
larger than 1.0 V). So, this is in
nice agreement with the results
obtained for iridium oxide films,
except that the crystal field
splitting at 1.3 V was not observed.
This can be explained with the

assumption that in these materials

the IrOs octahedra are more interacting. The XANES spectra obtained after the

subtraction of Metallic Ir contribution were fitted with a proper combination of

Lorentzian and arctangent functions (Fig. 5.9). This step allowed to access Ir

oxidation states (Fig. 5.11) and therefore to demonstrate that for potentials

larger than 1.3 V, both Ir(III) and Ir(V) are present.
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Figure 5.10. XANES spectra (A,C) and their second derivatives (B,D) of el_1 (A,B) and el_2 (C,D) after the subtraction of metallic iridium
contribution. Spectra were acquired at 0.2 V (red line), 1.0 V (blue line), 1.3 V (green line) and 1.5 V (pink line).
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Figure 5.11. Ir oxidation state values obtained from the
fitting of XANES spectra for el_1 (blue dots) and for
3.0 el_2 (red dots).
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On the basis of the results obtained it is possible to affirm that the catalytic cycle
is present. Furthermore, we can conclude that the IrOx/Ir ratio is not modified
by the step of calcinations nor by the application of different potentials and the
local environment of Ir does not change appreciably in oxygen evolution

conditions.

5.3. MECHANISM AND KINETICS OF ION DIFFUSION IN IrOx IN

DIFFERENT CHRONOAMPEROMETRIC CONDITIONS

When dealing with electro-catalytic systems, like EIROF samples, complications
arise from the need of realizing a mounting, where the catalyst is deposited or
chemically bound, and from the presence of an heterogeneous system
(electrode/interface/electrolyte) which strongly influences the kinetics of the
processes under investigation.

The current itself carries in principle the most important information on the
kinetics of the electrochemical reaction. However, if the investigation is limited
to current measurements, a severe limitation arises from non-faradic
phenomena. As a consequence an independent determination is necessary in
order to obtain reliable mechanistic insights.

The study of the variations in the oxidation state or in the local structure of Ir
provides a very powerful tool to understand mechanistic insights lying under
the electrochemical processes. One of the main downsides associated to XAS
spectroscopy, is the time needed for the monochromator to scan over a desired
energy range and to settle between movements. A strategy to overcome this
limitation is represented by the so called QUICK-XAS4 technique, in which the

angle of the monochromator is continuously varied. This setup allows to acquire

55



a XAS spectrum in seconds or fractions of seconds. Nevertheless, the time
resolution needed to investigate the kinetics and the mechanism of
electrocatalytic systems is much higher. The achievement of a finer time
resolution and highly focused beams (of dimensions of less than 20 um) has
become possible after the advent of the 314 generation synchrotron radiation
sources and the introduction of time-resolved-XAS experiments. In a
Dispersive-XAS experiment the standard monochromator is replaced by a
polychromator so that the sample is crossed by a polychromatic beam which is
subsequently dispersed onto a detector (Fig. 5.12). This technique allows to

acquire spectra with a time resolution up to less than a millisecond.

Bragg/Laue
polychromator

12 ™ KB mirror

3™ refocusing £
mirror
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i 2 tapered undulators
CCD based PSD

Figure 5.12. Scheme of a Dispersive-XAS setup.

The following part illustrates a dispersive-XAS experiment performed in situ on
EIROF samples (Section 3.1.2) while applying specific chronoamperometric

programs in order to shed light on the kinetics of processes involved.
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5.3.1. BEAMLINE ID24 AND THE DISPERSIVE-XAS EXPERIMENT

Dispersive-XAS data were collected on ID24 beamline!s1¢ at ESRF. The X-ray
source consisted of two ondulators whose gaps were adjusted to tune constant
counts of the first harmonic for energies around the Ir Li-edge along the
spectra. The beam was focused horizontally by a curved polychromator (Si 111)
crystal in Bragg geometry and vertically with a bent Si mirror at a glancing angle
of 2.5 mrad with respect to the direct beam. The beam size at the sample was 8
mm FWHM horizontally and 80 mm FWHM vertically in order to decrease the
photon density in order to preserve the samples.

Spectra were recorded in transmission mode by means of a FreLonCCD camera
detector”7. The energy calibration was made by measuring the absorption

spectrum of a Pt foil (Pt-Lin: 11564 eV; Ir-Lin: 11215 eV).

Figure 5.14. 3D graph showing an example of sequence of Dispersive- XAS spectra acquired the first 50 seconds.

Sequences of spectra (Fig. 5.13) were acquired while applying different
chronoamperometrc programs corresponding to different potential jumps.
Series of 10000 and 20000 spectra were acquired in 116 and 232 seconds

respectively (each single spectrum is registered every 0.0116 s). Averages were
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calculated every 10 spectra in order to obtain a better signal to noise ratio: this
gives a final time resolution equal to 0.116 s. The experiment was repeated with
two different kinds of electrolyte (0.5 M aqueous H.SO, and 1 M aqueous
NaOH) with the application of different potential steps, corresponding both to
oxidation and reduction processes. Each step was carried out after a prolongued
(> 180 s) of pre-conditioning at the initial condition (starting potential). The
contour plots presented in Fig. 5.15 show data referred to the Ir(III) — Ir(IV)

oxidation range both in acidic and in alkaline medium.
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Figure 5.15. 2D maps showing data referred to the Ir(lll) -- Ir(IV) oxidation range for both the acidic (A,B) and alkaline (C,D)
medium. The potential steps applied are 0.2 - 1.05V (A), 1.05 - 0.2 V (B), 0.2 = 0.9 V (C) and 0.9 - 0.2 V (D). The maps refer to
the first 50 s.
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At first sight we note variations both in the position and the width of the white
line (enlargement and shift towards larger energy values for the oxidation,
narrowing and shift to lower energy values for the reduction). Ir(III) — Ir(IV)
oxidation range was not the only one investigated: as for example, Fig. 5.16
shows two contour plots obtained applying larger potentials, where Ir(V) is

expected to appear.
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Figure 5.16. 2D maps showing data referred to the Ir(IV) -- Ir(V) oxidation range for both the acidic (A) and alkaline (B) medium.
The potential steps applied are 1.05 = 1.3 V and 0.9 = 1.4 V respectively. The sequence of spectra obtained with alkaline
medium is shown for the first 30 s.

The potential steps were triggered by the spectra acquisition system through the
trigger option of the potentiostat (a CH Instrument 630D). The choice of
potential steps to be applied was made on the basis of cyclic voltammetry (CV)

runs recorded in acidic media on the same electrodes (Fig. 5.17).
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Figure 5.17. CV for IrO, recorded at 2 mV/s in 0.5 M H,SO, (full line) and CV for IrO, recorded at 2 mV/s in 1 M NaOH (dashed
line).

The manually-built spectroelectrochemical cell is made of PTFE and contains a
Pt foil counter-electrode and a reference electrode (AgCl/Ag in 0.1 M KCI). All

measurements were carried out at room temperature.

5.3.2.  DATA PROCESSING AND ANALYSIS

Data processing consisted of four steps: (i) preliminary analysis that includes
the normalization procedure and the extraction of XAFS signal, (7i) fit of
dispersive-EXAFS signals in order to monitor possible variations in the local
surrounding, (7ii) fit of the XANES spectra to get the parameters for
characterizing the time dependence of the process and (iv) assessment of a
kinetic law from the time evaluation of the DoR (Degree Of Reaction) along the

sequermnce.

EXAFS data extraction, carried out by means of PRESTOPRONTO software?8,

began with the evaluation a pre-edge and a post-edge baseline function (Fig. 5.
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18) that were then applied to the row signal. The first function reproduces
additional excitations of the photo-absorber or possible excitations of any other
element present (u,x) and was modeled with a straight line obtained by
interpolating the pre-edge data, and then extrapolated to the after-edge signal.
The latter function represents the absorption profile due to an isolated photo-
absorber (indicated as u,(E)) and was modeled with a 34 order spline using
first point of inflection as E,. The interval for the pre-edge fitting, E,, and the
interval for the post-edge fitting employed were the same for an entire sequence
of measurements but only some representative spectra were chosen for the

subsequent EXAFS analysis and fitting.
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Figure 5.18. EXAFS signal extraction: the experimental XAS spectrum is the black line, the pre-edge function is represented as a
green line, the post-edge function is represented as a red line.

The extracted EXAFS signal was then fitted to an appropriate structural model
with the EXCURVE code®. The calculation of the atomic scattering parameters
(phases and amplitudes) were based on the muffin-tin approximation, in the

framework of the Hedin-Lundquist and Von Bart approximations for the
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exchange and ground state potentials, respectively?9. This includes the effects of
losses due to the electron inelastic scattering. The fittings were made in the &
space, using a k2 weighting scheme and full multiple scattering calculation

within the assumed clusters. As goodness of fit (GOF) we used the F-factor:

N 2
F= 1002 [Xi,exp - Xi,calc]
- 0i
i

(5,2)

The XANES fitting stage was performed by a linear combination of one
arctangent and one Lorentzian function for each spectrum of a sequence (Fig.
5.19). This step of data analysis was carried out automatically by means of
MINUIT program2°, a well-known tool for function minimization and error
analysis, writing a subroutine for a multi-parameter function to be optimized.

This is the y2 of the fit of the experimental data yex,;to the model:

\2

(

| |
Z-gyexp"'— x,I_x N9 1+%arctan (xi_x1)¥

(G EC R

(5,3)

where x, is the Lorentzian position, b the Lorentzian width, 7 the Lorentzian
intensity, x; the arctangent position, A the arctangent width, g the arctangent
intensity, and the index 7runs over all energy scan steps of a single spectrum. To
explore the parameter space and to gain assurance that the real minimum has
been reached, we employed a preliminary Monte Carlo search, as the Minuit
package features a Metropolis algorithm for jumping out of a previous
minimum through function barriers. As a rule, 3 x 10® Monte Carlo steps were

applied to some selected spectra of a sequence. The consistency of these results
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was checked along the whole data set, and finally they were used as starting
values of the parameters for the final fits of all spectra of the sequence. The
refined fits were done using a combination of a simplex minimization followed
by a variable-metric gradient method22, which also determines the parabolic
errors. As an example, Fig. 19.B illustrates a series of measurements performed
in acidic medium and with the potential jump 0.2 2> 1.05 V. After the
application of the potential step, the WLs of the spectra move towards larger
energy values, thus indicating an overall oxidation from Ir(III) to Ir(IV), and
show an increase in the FWHM. The time dependence of these features can be

monitored thanks to the parameters obtained by the XANES fitting procedure.
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Figure 5.19. XAS at the Ir-L, edge. A): raw spectrum and fit according to the model described in the text. B): time evolution of the
spectra. This sequence is referred to an oxidation process from Ir(lll) to Ir(IV) and is shown for the first 50 s.
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For each parameter (here indicated by x) showing a sensible variation with time,
a DoR (&) can be calculated from the set of values along the whole sequence

according to the equation:

o fe=x]
d e p—xi]

(5,4)

where xis the parameter value at current time ¢, x; is the parameter value at the
initial time £, and xris the parameter value at the final time #z The most suitable
parameters for the determination of the DoR are the Lorentzian position (x, in
Eq. (5,3)) and the Lorentzian width (b in eEq. (5,3)).

The overall procedure for extracting a DoR from the features of a XAS spectrum
has been selected particularly for its simplicity and ease of implementation on
sequences of a large number of spectra. Before its routine application to the
whole set of experimental data, its reliability has been assessed by the excellent
agreement with the DoR obtained on random sets of XAS spectra using the
more conventional approach based on the best fit of a linear combination of

suitably selected initial and final spectra.

The final step of data analysis deals with the estimation of a kinetic law and of

its underlying coefficients.
5.3.3. DISPERSIVE-XAS RESULTS OBTAINED

EXAFS fitting procedure was carried out only for some selected spectra of an
entire sequence, in order to gain structural information about the initial and

final stages of the process and some intermediate advancement degrees. Fig.
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5.20 shows the IrOx film response during the application of the electrochemical
program corresponding to the oxidation process from Ir(III) to Ir(IV) in acidic
(A,B) and in basic (C,D) medium. In the former case the potential jump applied
is 0.2 —> 1.05 V and in the latter the potential jump is 0.2 2 0.9 V. The EXAFS
spectra illustrated (with the corresponding FTs) are separated by time intervals
of ca. 6 s within the first 40 s, when the chronoamperometric signal shows zero
current thus indicating that the oxidation process is concluded. Fig 5.18 shows
that EXAFS oscillations are well visible up to 8 A-: this allows the structural
characterization up to the second shell. The similarity that can be observed
between the spectra at different times clearly demonstrates that local structure,
at least within the first two shells, is maintained during the reaction.
Furthermore, a comparison with the signal of the standard (black lines) is a
clear demonstration that the local structure of Ir is very similar to that present
in rutile-type IrO. both in acidic and basic medium. The peak in the FT situated
at 1.5 A is due to the 6 O atoms in the rutile structure. The peaks between 3.4
and 3.8 A are mainly due to Ir and O atoms that are the Next Nearest Neighbors
(NNN) around Ir of IrO.. We should remember that the beginning of the
reaction Ir is present as Ir(III), and this experimental evidence demonstrated

the flexibility of the EIROF matrix in accommodating different oxidation states.
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Figure 5.20. EXAFS (A, C) and FT (B, D) spectra of sequences recorded within the first 40 seconds illustrated from the bottom to
the top, separated by a time interval of ca. 6 seconds. The IrO, standard EXAFS and FT signals are represented as black lines. A,
B: measurements were carried out in acidic medium for the potential step 0.2-1.05 V. C, D: measurements were carried out in
basic medium for the potential step 0.2-0.9 V.
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Figure 5.21. Comparison of the first peak of the FTs recorded in
acidic medium (red line) and in alkaline medium (blue line).

line, is characterized by an
additional shoulder towards lower
distance values. The results clearly accounts for the presence of a smaller Ir—O
bond distance. By comparison, the blue line, which represents the
measurements in basic medium, is marked by a narrower peak for the first
coordination shell with a maximum situated at larger distances. The only
reasonable explanation to this feature is the presence of six equal Ir—O bond
distances. This effect can be better investigated and quantified by fitting the
EXAFS signal with a structural model based on rutile-type IrO. as suggested by
the experimental evidence. As far as the acidic medium is concerned, the fit

model consists of iridium in a compressed octahedral site, in which two axial
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oxygen atoms are placed at a shorter distance than the equatorial ones. The
third shell consists of four oxygen atoms and the fourth one consists of four
oxygen atoms. The fitting was performed employing full multiple scattering
calculations and the exact curve wave theory. The best fit results are shown in
Fig. 5.22 A and B as red lines while the experimental data are indicated by the

black lines.
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Figure 5.22. Fitting of EXAFS (A) and relative FT (B) spectra in acidic and (C and D) basic medium. The experiment is the black
line whereas the theory is represented as ared line.

Tab. 5.2 illustrates the parameters obtained by the fitting procedure for the
different reaction times (Z.e. after 0.23, 5.2, 10.0, and 34.8 s) and the distance
parameters found in literature according to crystallographic information (r*)2.
The distance of the second and the third shell were kept constant and equal to

the crystallographic values in order to avoid correlation due to a too large ratio
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of number of parameters to number of data; however, it is worth mentioning

that the addition of these further shells is needed to obtain a good fit. In all

cases, the goodness of fit values (F) obtained are between ca. 25 and ca. 30 %.

This is a good value, given the unavoidable noise affecting the spectra.

0.23s 525
Shell [N|Atom [ r(A)  [6°(AY | r(A)*[Shell [N]| Atom [ r (A) [ 6°(A?) r(A*
1 2|0 1.64(7) | 3(2)*10° [ 1.943 | 1 2|0 1.65(9) | 3(3)*10 | 1.943
2 410 1.88(2) | 0(1)*10° [ 1.980 | 2 410 1.89(3) [ 0(2)*10” | 1.980
3 2 |Ir 3.110 |3(9)*10°|3.110 |3 2 |1Ir 3.110 | 2(9)*10° | 3110
4 410 3.406 | 1(2)*10* | 3.406 | 4 410 3.406 | 1(2)*10* [ 3.406
F=27.8 % F=32.4 %
10.0 s 34.8s
Shell [N | Atom [ r(A) [6°(A% | r(A)* [ Shell [N | Atom | r () | 6°(A?) r(A)*
1 2|0 1.70(9) | 4(3)*10° [ 1.943 | 1 2|0 1.70(9) [ 4(3)*107 | 1.943
2 410 1.91(2) | 0(2)*10° [ 1.980 | 2 410 1.90(2) | 1(2)*10~ | 1.980
3 2 |Ir 3.110 |0(1)*10”[3.110 |3 2 |Ir 3.110 | 1(2)*10° | 3110
4 410 3.406 | 1(2)*10° | 3.406 | 4 410 3.406 | 1(3)*10 | 3406
F=24.3 % F=26.0 %

Table 5.2. EXAFS fitting parameters obtained for spectra acquired at 0.23, 5.2, 10.0 and 34.8 s in acidic medium; r: distances; o’
distance variances; r*: crystallographic values; The coordination numbers N have been kept constant to their crystallographic
values.

On the basis of previous assumptions, the spectra recorded in basic medium
were fitted using a model consisting of a first coordination shell of six oxygen
atoms in an exactly octahedral arrangement (Tab. 5.3). The first comment
concerns the negative trend of the first Ir—O distances with time, as we can
expect for an oxidation process from Ir(III) to Ir(IV). The distances obtained for
the sample at the last time are markedly close to the mean value of the
crystallographic distances for IrO.. Furthermore, at all times the distances are
significantly larger than those obtained for the sample in acidic medium.
Finally, the goodness of Fit values (F) referred to this case are smaller than 30
%, thus supporting the inference of a perfect octahedral arrangement of oxygen

atoms in the first coordination shell. A reasonable explanation to this structural
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different between acidic and alkaline medium can be the protonation of the two

axial oxygen atoms in acidic medium.

0.23s 525
Shell [N | Atom [ r(A) | s°%(A9) r(A)* | Shell | N | Atom | r (A) | s°%(A9) r(A)*
1 210 2.00(2) [5(2)*10°[1.943 1 2|0 1.98(2) | 5(2)*10” [ 1.943
2 410 2.00(2) [5(2)*10° | 1.980 | 2 410 1.98(2) | 5(2)*10° [ 1.980
3 2 |Ir 3.110 | 1(9)*10° [3.110 | 3 2 |Ir 3.110 |[1(8)*10° |3.110
4 410 3.406 | 1(2)*10” | 3.406 | 4 410 3.406 | 1(3)*10° [ 3.406
F=25.9 % F=26.3 %
10.0 s 34.8 s
Shell [N | Atom [ r(A) | s%(A9) r(A)* | Shell | N | Atom | r (R) | s°(A9) r(A)*
1 2|0 1.97(2) [5(2)*10° [ 1.943 [ 1 2|0 1.96(2) | 3(2)*10” [ 1.943
2 410 1.97(2) [ 5(2)*10°|1.980 | 2 410 1.96(2) | 3(2)*10~ [ 1.980
3 2 |Ir 3.110 | 0(9)*10° [ 3.110 | 3 2 | Ir 3.110 [0(8)*10° |3.110
4 410 3.406 | 1(2)*10” | 3.406 | 4 410 3.406 | 0(2)*10° | 3.406
F=26.7% F=235%

Table 5.3. EXAFS fitting parameters obtained for spectra acquired at 0.23, 5.2, 10.0 and 34.8 s in alkaline medium; r: distances; o’
distance variances; r*: crystallographic values; The coordination numbers N have been kept constant to their crystallographic values.

Let’s now consider the results obtained from the XANES fitting procedure,
aimed at studying the time dependence of the oxidation/reduction process of Ir
in order to assess a kinetic law.

Both the Lorentzian position (x,) and amplitude (b) show a sensible variation
with time and therefore they can be used to calculate the Degree of Reaction
according to Eq. (5,4). An example of the overall time evolution of these
parameters is displayed in Fig. 5.23.A and in Fig. 5.23.B respectively.

The parabolic trend observed is a clear indication that the process is under
diffusion control. It is important to underline that the trend of the Lorentzian
position shows a lower noise and is definitely more reliable: the typical variation
between the first and the last spectrum is ca. 1 eV while the spectrum-to-
spectrum reproducibility is ca. 0.02 eV. As a matter of fact, we consider this

assessment valid for all the XAS measurements and therefore only this
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parameter will be discussed later on. Fig. 5.23 shows the results obtained from
the XANES fitting of a sequence of spectra corresponding to the oxidation
process from Ir(III) to Ir(IV). In this case the potential jump applied is 0.2 >
1.05V.
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Figure 5.23. Fitting results for the sequence of spectra corresponding to the oxidation process from Ir(lll) to Ir(IV) in acidic
medium A): time evolution of the DoR obtained from the energy of the Lorentzian component. B): time evolution of the DoR
obtained from the width of the Lorentzian component.

Fig. 5.24 shows examples of DoRs obtained in the experiment carried out in
acidic medium for different potential steps. It is important to underline that for
each potential step the measurements was performed more than once in order

to check for the reproducibility of the results.
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Figure 5.24. Examples of fitting results for sequences of spectra obtained in acidic medium applying the potential steps 0.2 2>
1.05 V (A), 1.05 > 0.2 V (B), 1.05 > 1.3 V (C), 1.3 > 1.05 V (D), 1.05 > 1.5 V (E), 1.5 © 1.05 V (F). The investigation of the DoRs
was made according to the energy of the Lorentzian function.
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Fig. 5.25 illustrates XANES results referred to some data sets obtained in

presence of alkaline medium as electrolyte.
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Figure 5.25. Examples of fitting results for sequences of spectra obtained in alkaline medium applying the potential steps 0.2 2>
0.9V (A),0.9> 0.2V (B), 0.9 > 1.2V (C), 1.2 > 0.9 (D). The investigation of the DoRs was made according to the energy of the
Lorentzian function.

Only sequences of spectra acquired in acidic medium will be discussed in this
part since we do not have identified yet a model to interpret XANES data
obtained in alkaline medium.

The common understanding for the redox process involving the IrOx material is
that the rate determining step of the reaction is the diffusion of H+* ions in the
electrodic moiety. Thus from the fitting results it is possible to obtain the

diffusion coefficient of H+.
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Taking into account that the system under investigation is mono-dimensional,

the second Fick’s law is:

on D 5%n
5t Sx?
(5,5)

wheren is the concentration (amount of substance/length3), D diffusion
coefficient, #time and x is the position inside the
electrode with respect to one of the surfaces. The
system under investigation can be described by a
1D model based on a porous electrode layer with

depth L enclosed between a metal body and a

buffered pool of liquid electrolyte, which acts as

Metal  Porous liquid an unlimited source of the diffusing species (H+)
electrode electrolyte

at a constant concentration (Fig. 5.26).

Figure 5.26. 1D model suggested for the
systems under investigation.

If we take into account the pertinent boundary conditions, an approximate

solution of the Fick’s Law is23:

> —(2n+1)%n?Dt
aw_,_8 Z L et
qs T2 P! (2n +1)2

(5,6)

where q(%)is the total amount that has entered the layer at time ¢ while gsis the
corresponding quantity at long times. Eq. 5,6 can be considered as an
advancement degree and is suitable to comparison with experiments. Thus, the

asymptotic expression is:
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=1 -— L?
qs n2
(5,7)
It is easy to demonstrate that Eq. 5,7 gives a linear plot of In [1 - (qi)] Vs L.
Taking into account that (qi) represents the DoR, we obtain:
8 n?Dt
In(1 — DoR) = ln; -
(5,8)

The value of the diffusion coefficient can be easily obtained from the slope by:

L*slope

T2

(5,9)

where L is the thickness of the electrode, which can be estimated from the
density by using the Lambert-Beer equation.

With this in mind it is possible to examine in more detail the results obtained
for the reduction process from Ir(IV) to Ir(III) and the oxidation reaction from
Ir(III) to Ir(IV). As described above, two independent measurements are in
principle available to calculate the DoR: i) the position of the Lorentzian peaks
used in the XANES fitting; and ii) the integral of the current under the
experimental conditions. It is important to note that in absence of non-faradic
phenomena, a correlation plot of the DoR obtained by XAS investigation vs the
DoR obtained by the integral of the current should lie on the diagonal of the first

quadrans. Such a plot is shown for the reduction and the oxidation in Fig. 5.27.A
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and 5.27.B respectively: in both cases we note a good agreement between

spectroscopy and electrochemistry.

FinlR Currert
Dol Current

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
DoR XAS DoR XAS

Dol Owcidation

0.0 02 0.4 0.6 043 10
DoR Reduction

Figure 5.27. Results obtained for the reduction Ir(IV) >Ir(lll) and the oxidation Ir(lll) >Ir(IV). The potential jumps associated
are 1.00.2 V and 0.2->1.0 V respectively and measurements have been carried out in acidic medium. A) DoR from current vs
DoR from XAS for the reduction process. B) DoR from current vs DoR from XAS for the oxidation process. C) DoR of oxidation

vs. DoR of reduction (both from the integral of the current).

Furthermore, we should point out that, if the mechanisms for the reduction and
the oxidation were exactly the same, the correlation plot of the DoR of oxidation
vs the DoR of reduction would also give a straight line in correspondence of the
diagonal of the first quadrans. Such a comparison is shown in Fig. 5.27.C using
the DoRs determined by the current for better clarity: the reduction is notably

faster at the beginning (DoR < 6) and then slower at the very end.
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Inf1-DoR)

Fig 5.28 illustrates the results obtained by testing the model described in Eq.
(5,6) and (5,7) against the experimental data. It is well apparent that for the
reduction process (Fig. 5.28.A) data are well interpreted by the Eq. (5,7) for t >
6 s ca., and by Eq. (5,6) in all the time interval considered. This suggests that the
reduction Ir(IV) - Ir(III) takes place under diffusion control in all the time
interval investigated. The diffusion coefficient obtained by fitting the linear part

of the graph shown in Fig. 5.28.B is ca. 4.4 x 10 cm?2/s.

[ (S:] f(S)

Figure 5.28. A) In (1-DoR) vs t for the reduction process (1.0->0.2 V). B) In (1-DoR) vs t for the oxidation process (0.2=1.0 V). The
green points refer to the DoR obtained from the current, the black points refer to the DoR obtained from the XAS, and the red
trace shows the asymptotic fitting model described in the text.

Now, we can discuss the oxidation Ir(IITI) - Ir(IV) (Fig. 5.28.B). The plot of the
DoRvs tis characterized by a linear trend extrapolating at In(8/n2) for t=0 after
15 s ca.. In this case the diffusion coefficient obtained by the fit of the linear part
is ca. 3.6 x 10" cm2/s. The initial stages of the process are limited by a slower
step, giving also a linear trend of In(1-DoR) vs t This feature is a further
evidence to the fact that the reduction from Ir(IV) to Ir(IIl) is faster than the
oxidation from Ir(III) to Ir(IV) for small DoRs.

Finally, let’s consider the series of spectra acquired in oxygen evolution
conditions. This case provides a clear evidence that coupling X-ray Absorption

Spectroscopy and current measurements leads to important insights into the
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mechanism in order to clarify whether the processes involve side reactions or
parasitic effects. The chronoamperometric programs applied are characterized
by the potential steps 1.5 V 2 1.05 V and 1.05 =2 1.5 V (1.3 V marks the potential
conditions at which oxygen evolution reaction begins). In this last case, the DoR
obtained by XAS is not directly comparable with the integral of the current since
oxygen evolution occurs uninterruptedly and thus the time integral of the
current does not reach zero. So, at long enough tomes, a constant current value
was estimated and preliminarily subtracted to the raw current data.

Fig. 5.29.A and Fig. 5.29.B illustrate the correlation plot of the DoR obtained by
the integral of the current vs the DoR obtained by XAS for both potential steps.
We can observe that spectroscopy and electrochemistry are not in good
agreement. For the potential step 1.5 V = 1.05 V, the correlation plot lies above
the diagonal of the first quadrans thus indicating that the process described by
the current is faster if compared to Ir reduction. This result can be explained by
the occurrence of another process in parallel with Ir reduction. For the potential
step 1.05 V = 1.5V, the variation in the oxidation state of iridium takes place at
a rate that it is comparable to the exchange of electrons (we should not forget
that we have subtracted the contribution due to oxygen evolution).
Furthermore, the mechanisms of the reductions and of the oxidation reactions
are not the same as shown by Fig. 5.29.C and Fig. 5.29.D which illustrate the
correlation between the DoR of the oxidation and the DoR of the reduction
process calculated on the basis of the integral of the current and of the XAS
respectively. The experimental evidence is that the process investigated in
oxidation conditions is notably faster than the one investigated in reduction
conditions. A reasonable explanation to this lies in the occurrence of an

electrochemical process, not involving changes in the oxidation state of iridium.
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Figure 5.29. A) DoR obtained by the integral of the current vs. the DoR obtained by the XAS for the potential step 1.5 = 1.05 V. B)
DoR obtained by the integral of the current vs. the DoR obtained by the XAS for the potential step 1.05 = 1.5 V. C) DoR of
oxidation vs. the DoR of reduction obtained from the integral of the current. D) DoR of oxidation vs. the DoR of reduction obtained

from XAS.

In Fig. 5.30 we can see the results obtained by testing the model described in
Eq. (5,7) to the data obtained for the potential step 1.5 V = 1.05 V (A) and for
the potential step 1.05 V = 1.5 V (B). For the measurements acquired in
oxidation conditions, the DoR from XAS shows all features required by the
diffusion model described by Eq. (5,7) such as the linear trend at high times, the
extrapolation of the linear trend to to In(8/xn2) for £ = o, the upwards curvature
of the trend of the initial data. In this case, the estimated Dvalue is ca. 5.2 x 10°°
cm2/s. For the same process, the DoRs from current data are initially in
agreement with the DoRs from XAS, then they become regularly larger, and

follow a roughly linear trend that is not consistent with the features of the
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diffusion model. In this case a tentative explanation concerns the oxygen
evolution process related to the formation of Ir(V) clusters. According to this
assumption, the formation of proximal Ir(V)-Ir(V) couples takes place after ca.
20 S.

For the measurements recorded in reduction conditions, it is evident that Ir
reduction accounts for only a certain amount of the total charge exchanged and
that the DoRs (both from XAS and current) do not show the features required
by the model. An explanation to this could be that the process does not occur

under diffusion control.

Infi-Dok)
Inf{-Dok)

0 20 40 60 B0 100 120

t(s)

Figure 5.30. Testing of the diffusion model described in Eq. (5,7) for the data related to the potential step 1.5V - 1.05 V (A) and for
the data related to the potential step 1.05 V - 1.5 V. Green points: DoR from the integral of the current; black points: DoR from XAS;
red trace: diffusion model.
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5.3.4. CONCLUSIONS

The Dispersive-XAS measurements performed in situ onto IrOx electrodes,
while applying different chronoamperometric programs, allowed us to study the
stability of IrOx material and the behaviour of the photo-absorber with a time
resolution of subseconds.

From the EXAFS signals it was possible to monitor the local chemical and
geometric environment of iridium. The results obtained showed that the local
structure around iridium remains the same while Ir changes oxidation state and
it is quite similar to that of the rutile. This is a nice proof that the material is
very flexible in accommodating different oxidation states of Ir.

The XANES allowed us to gain key information about the mechanisms of the
kinetics of the electrochemical reactions under different chronoamperometric
programs in acidic medium:

(i)  For the potential window 0.2 V — 1.05 V the agreement between
spectroscopy and electrochemistry confirms the absence of non-
faradic phenomena. Furthermore, the reduction process is clearly
faster than the oxidation one and both of them are well interpreted by
the diffusion model consisting of a finite layer characterized by an
infinite source of protons (Eq. (5,7)).

(if)  For the potential window 1.05 V — 1.5 V, spectroscopy and
electrochemistry are not in agreement neither for the potential step
up nor for the potential step down. This can be reasonably explained
by the occurrence of non-faradic phenomena. For the potential step
1.05 V 2 1.5 V, data are well interpreted by the diffusion model
described by Eq. (5,7) whereas it cannot be employed for the potential
step 1.5 V = 1.05 V. A reasonable explanation lies in the occurrence of

a process which does not change Ir oxidation state.
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6. IrOx/a-Fe.O3; COUPLING AND THE
PHOTO-ELECTROCHEMICAL WATER
SPLITTING

The goal of the work described in this chapter is to shed light on the role of Ir
catalyst when coupled to a semiconductor for light-driven water splitting!.
Photo-electrochemical water splitting represents in principle the ideal energy
conversion process since it allows the direct production of high purity hydrogen
from sunlight. When a semiconductor is irradiated by UV-Vis light
characterized by energy larger than the gap, electron-hole pairs are generated by
excitation from the valence to the conduction band. In presence of a n-type
semiconductor, thanks to the space charge generated within the semiconductor
when in contact with an electrolyte, holes migrate towards the
semiconductor/electrolyte interface and oxidize water to oxygen, while electrons
are driven through an external circuit to a counter electrode where reduce water
to hydrogen. In this work we consider photo-anodes in which IrOy
electrocatalyst is coupled to a semiconductor part composed of o-Fe.Os.
Hematite is considered one of the most promising materials because of its low
cost, absorption in the visible region and high stability under working
conditions. The behaviour of such a photo-electrochemical architecture is still
not well understood and the experiments described demonstrate how it is
possible to directly observe charge transfer phenomena between hematite and
IrOx while applying different potentials. Photo-anodes investigated are

described in section 3.1.4.
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6.1. THE INSITU-XAS INVESTIGATION

The experimental part was carried out on BM08 (LISA beamline, ESRF)!. X-ray
Absorption measurements were performed in situ and in operando at the Ir-Li
edge in the fluorescence mode and the experimental scheme was designed in

order to investigate light-driven electrochemical processes (Fig. 6.1).

optical pump a-Fe,0, o
400 nm f e

i

Ll

X-ray probe

X
N

x-ray fluorescence
reference

electrode

counter
electrode

Potentiostat

Figure 6.1. Representation of the photo-spectroelectrochemical setup.

UV-Vis light was generated by means of a 400 nm LED. The photo-
electrochemical cell employed was built by means of a 3D printer (see section
4.5.2). This device mounted with the three-electrodes setup is shown in Fig. 6.2:
the working electrode is composed of an IrOx domain in contact with hematite
supported onto Fluorine-doped Tin Oxide (FTO), the counter electrode is

represented by a Pt foil and the reference is a Ag/AgCL.
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Figure 6.2. Scheme of the photo-
spectroelectrochemical device mounted with the
three electrodes assembly.

The design of the cell was made in order to
ensure a width of the 1 M HK.PO, solution
equal to 1 mm. The need to fulfil this
requirement lies in the fact that one side of
the electrocatalyst is in contact with Fe.Os,
which prevents from measuring X-ray
fluorescence, and the other with the
electrode solution. We should remember that
the absorption length of water is 0.363 cm at
11215 eV and thus the width of the solution
layer should not be larger than 1 mm in order

to allow the recording of spectra with

adequate signal-to-noise ratio. The reference

electrode is separated from the solution by

means of a salt bridge filled with agar and containing a 0.2 M aqueous solution

of KClO,. One side of the electrochemical device presents a hole matching with

the area of the working electrode.

The investigation of the o-Fe.O; /IrOx systems was carried out in a broad

potential window which is much wider than that in which water splitting occurs.

The intention is to clarify the behaviour of the electrochemical architecture in

the different electrochemical conditions.

FEXRAYV and XANES signals were recorded at room temperatures both under

UV-Vis light irradiation and in dark conditions.
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6.1.1. LIGHT AND DARK XANES SIGNALS OF THE PHOTO-ANODES

While investigating the o-Fe.O5; /IrOx systems, FEXRAV2 measurements were
applied for the first time in a photo-electrochemical configuration in order to
study the variations in the absorption coefficient ¢ during a Cyclic Voltammetry
both under UV-Vis irradiation and in dark conditions (Fig. 6.3). The energy was
kept fixed to 11221 eV, which corresponds to the energy position of the WL for
Ir(IV). The electrodic solution was 1 M K.HPO, at a pH equal to 9.75: it was a
good compromise in order to ensure the stability of both IrO. and hematite and
to avoid any local pH variation induced by prolonged proton production during
the water oxidation process. The signals recorded account for a higher

absorption coefficient in presence of photo-currents.

1.02 7 —current, dark - 600
S 1 - —current, light - 500
S gg  —FEXRAV,light [ 400
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Figure 6.3. FEXRAV (second cycle) of Ir at 11221 eV. Hydrous IrO, is deposited onto hematite, that is kept in the dark (dark blue, full
line) or illuminated by means of a 410 nm LED (light blue, dashed line). In the figure, the data are normalized to absorption
coefficient equal to 1 at an applied potential of 1 V for the sake of better comparison. The corresponding values of current densities
(current intensities normalized for the geometric area under illumination) are reported in the secondary scale both as recorded
under illumination (black line) and in the dark (grey line).

Furthermore, a technique based on a slight modification of FEXRAV method

was also applied in order to study the variations in the absorption coefficient u
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while changing UV-Vis light conditions. Fig. 6.4 illustrates the raw Fixed Energy
Absorption Signal acquired during the application of three UV-Vis light “off-on”
cycles of 500 s. The measurement was carried out applied while keeping the
applied potential equal to 1.1 V, at which all iridium is supposed to be present in
the form of Ir(IV). The UV-Vis irradiation determines an increase in the
absorption coefficient. A reasonable explanation to this phenomenon is the

photo-deposition of Ir during irradiation.
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Figure 6.4. Absorption coefficient 4 recorded at a fixed energy value (11221 eV) during the application of three UV-Vis light “off-on”
cycles of 500 s. Potential was kept equal to 1.1 V.

Afterwards, XANES spectra were collected while applying different potentials
(in the range from 0.1 to 1.4 V) both in dark conditions and under UV-Vis light
irradiation. The measurements were performed in order to minimize possible
systematic errors: for each energy value the acquisition was performed both in
presence ("light") and in absence ("dark") of UV-Vis light before stepping the
monochromator to the higher energy value. This ensures that for each energy
value the absorption coefficient in light or dark conditions is measured in the

same instrumental conditions. The most striking difference between the XANES
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spectrum collected under irradiation and the one collected in dark conditions

appears at 1.4 V (vs. RHE), when photocurrent is observed (Fig. 6.5).
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Figure 6.5. Ir-L;,, edge XANES spectra acquired in presence (red line) and in absence (blue line) of UV-Vis light irradiation and the
corresponding difference (black line) at 1.4 V (vs. RHE) in aqueous 1 M K,HPO,. The inset in the right side is a magnification of the
XANES region while the one in the left side shows a series of dark/light steps during the XAS acquisition.

UV-Vis irradiation affects both the XANES and the EXAFS regions (located at
energy values larger than 11235 eV). As shown in Fig. 6.5, the absorption
coefficient x increases under illumination thus accounting for a larger amount
of photo-absorbers in the X-ray beam. However, the most important insights
come from the XANES region of the two spectra. The significant difference
observed in this region remains even after the normalization of the two data
sets. This feature is a clear indication that the increase in the absorption
coefficient under irradiation is not simply associated to a quantitative effect but
is due to differences in the 5d band. The larger WL peak area suggests that the

2p 2 5d electronic transition is more probable, likely because the 5d band is
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less filled. This assessment implies the occurrence of a hole transfer from the
excited hematite to the IrOx domain in presence of UV-Vis light.

In order to investigate the bilayer architecture in different electrochemical
conditions, the X-ray Absorption Analysis was extended to lower potentials: 0.8,
0.4 and 0.1 V. The last potential represents the electrochemical conditions at

which electron accumulation likely establishes.
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Figure 6.6. Ir L,y XANES spectra obtained in UV-Vis light (A) and dark (B) conditions at different potential values: 0.1 V (black line), 0.4 V
(pink line), 0.8 V (green line) and 1.4 V (cyan line). For reference, the absorption edges of Ir(lll) and Ir(IV) standards are indicated as
vertical lines, red and blue respectively. The charge state Vs applied potential graphs are illustrated for the light (C) and dark (D)
conditions. Charge states have been obtained from XANES fitting procedures.
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Fig. 6.6.A and 6.6.B illustrate the XANES spectra collected at the four different
potential values investigated with and without the presence of the UV-Vis light
respectively. For a better reference, the absorption edges of Ir(III) and Ir(IV)
standards are indicated as vertical lines (red and blue respectively). At first sight
we can observe a shift of the absorption edge as the potential increases for both
the light and dark conditions. When the potential is equal to 0.1 and 0.4 V the
absorption edges lie between those of IrCl; and IrO. standards, suggesting that
the mean oxidation state of iridium lies between (III) and (IV), while for larger
potential values (0.8 and 1.4 V) the position of the absorption edges are very
similar to that of IrO., thus indicating that the oxidation state of iridium is very
close to (IV). This provides a support to what was previously observed by means
of FEXRAYV investigation (Fig. 6.3): the decrease in the absorption coefficient,
taking place when the potential is lower than 0.8 V, can be explained by the shift
of the absorption energy towards lower energy values.

In order to quantify rationally the energy shift, a fitting of the XANES spectra
was performed. This procedure was carried out by means of a linear
combination of an arctangent and a Lorentzian function. Having in mind that
IrCl; and IrO. contain Ir(III) and Ir(IV) respectively, and considering the
position of their absorption edges, a relationship between the absorption

position and the charge state of the photo-absorber can be obtained:

(Charge State) = 0.6211 x (Lorentzian Position, eV) - 6966
(6,1)

The trend of the charge states Vs the potential is shown in Fig. 6.6.C and 6.6.D

for both the UV-Vis and dark conditions respectively. The numerical values are

indicated in Tab. 6.1.
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DARK CONDITIONS LIGHT CONDITIONS

Potential (V) | Charge State Potential (V) | Charge State
0.1 3.64 0.1 3.64
0.4 3.61 0.4 3.63
0.8 4.00 0.8 3.99
1.4 3.92 1.4 3.91

Table 6.1. Charge state values estimated by means of Eq. (6,1) for each applied potential both in absence and in presence of
UV-Vis irradiation.

The results obtained are roughly the same for the light and the dark conditions
and they illustrate that the charge state of Ir ranges from 3.6 to 4.0. We can
conclude that the shift in the absorption peak and therefore in the oxidation
state range of Ir is smaller if compared to previous results (see Chapter 5). A
reasonable explanation to this is the ohmic drop due to the presence of the
hematite.

Fig. 6.7, for each potential value, shows the difference signal obtained by
subtracting the XANES spectrum acquired in dark conditions from that
acquired under irradiation. Very interestingly, all difference spectra obtained for
potentials lower or equal to 0.8 V are marked by an increase in the weight at low
energy values and a decrease in the weight at high energy values. This
experimental evidence accounts for a shift toward lower energy values and thus
for a partial reduction of iridium in presence of UV-Vis light due to the
photoelectrons injected in the overlayer. These are able to partially fill the
empty 5d band of Ir, directly observed at the Ir Ly edge. It is important to note
that no significant photocurrent (due to water splitting reaction) are observed in
these electrochemical conditions. This means that charge transfer phenomena
between hematite and iridium oxide exist and are not limited to the jump of a

hole from the semiconductor domain to the electrocatalytic part. Furthermore,

90



the occurrence of an electron transfer at low potential values is an indication of
a good overlap between the semiconductor and the IrOy electronic states. This
represents a very important insight in the study of the role of overlayers on

hematite photoanodes.

0.15

0.10 |

0.05 ¢

Au (arb. un.)

-0.05

-0.10 ¢

11200 11210 11220 11230 11240

E (eV)

Figure 6.7. Light — Dark difference signal for the different applied potentials. The differences were calculated after normalization of
the original spectra.
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On the basis of the results obtained, it is possible to conclude that the beneficial
effects of the overlayer (anticipated photocurrents) are not directly related to an
improved reaction kinetics but rather lie in a modification of the energies of the
semiconductor generated by the contact with the iridium oxide part. Also
according to transient absorption spectroscopy experiments3, the effectiveness
of the overlayer is not associated to a true catalytic effect but to a depletion of
electron density in the semiconductor. The occurrence of a hole transfer and the
suppression of photocurrents in the presence of an overlayer are strictly
correlated. We should remember that the overlayer consists of a highly
conductive oxide, which is characterized by large redox activity with extended
density of states. Furthermore, the oxide should accumulate a sufficient amount
of oxidative equivalents before reaching the threshold of the catalytic cycle,
consisting of vicinal Ir(V) states4. Before attaining this condition, the holes are
accumulated in the overlayer and are stored causing an increase in the
occupancy of Ir 5d states: IrOx acts as a “hole trap”.

Fig. 6.8 show a scheme for the suggested mechanisms occurring in the bilayer
architecture when E < 0.8 V (left side) and when E is equal to 1.4 V (right side).
The illumination by means of UV-Vis light determines an electron transfer from
the valence band to the cinduction band of hematite. For the lower applied
potentials an electron transfer takes place from the conduction band of the

hematite to the 5d states of Ir.
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Figure 6.8. Scheme of the charge transfer processes occurring between the o-Fe,0; and the IrOx for potential lower or equal to 0.8 V
(left) and at potential equal to 1.4 V (right).
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This phenomenon is responsible for a reduction of Ir and determines a shift of
the absorption edge toward lower energy values. In oxygen evolution conditions
(E=1.4 V), it is reasonable to assume that a hole is transferred from the valence
band of the hematite to the 5d states of Ir. This is subsequently filled by the
oxygen evolution reaction. This phenomenon is responsible for an increase in

the WL peak area as shown in Fig. 6.8.
6.2. “PUMP AND PROBE” TIME RESOLVED ANALYSIS

In order to gain a more datailed understanding about the kinetics and the
mechanism of the processes described in the previous section, a “pump and
probe” time resolved analysis was carried out. This was able to improve the time
resolution up to hundreds of nanosecondss. Thanks to a multi-bunch based
experimental setup (Fig. 6.9), it became possible study the process with a delay

of 600 ns between the UV pump and the X-ray probe.

WE:
IrO,/Fe,0,/FTO
RE ? } CE

pump
. UV-Vis pulse

probe
x-ray pulse

e

Ati

Figure 6.9. Scheme of the “pump and probe” time resolved XAS experiment on the bilayer photo-anodes deposited on Fluorine

doped Tin Oxide (FTO). The pump is represented by a UV flash of 60 ns atA. =400 nm and the probe is the X-ray pulse. The storage
ring operated in the 4 bunches mode with a bunch spacing of 700 ns and a pulse duration of 100 ps.
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The experiment was carried out on LISA beamiline! with the storage ring
operating in the 4 bunches mode with a bunch spacing of 700 ns and a pulse
duration of 100 ps. The pump was a UV Light Emitting Diode (LED) working at
a wavelenght of 400 nm and characterized by a FWHM of 10 nm. The UV flash

are charcterized by a duration of 60 ns (Fig. 6.10).

UV Pump

Figure 6.10. Time-resolved “pump and probe” XAS. The UV pump duration is 60 ns, while the X-ray probe duration is 100 ps. The
distance between the X-ray bunches in the 4 bunches mode is 700 ns.

In order to synchronize it with the X-ray flashes we employed a programmable
board (BCDUS8, ESRF) and we used a fast Photo-multiplier Tube detector to
monitor the correct timing. The flux on the sample was hestimated to be ca. 0.5
W in continuous wave mode. The acquisitions were made both in simultaneous
irradiation of UV and X-rays with a delay of 600 ns, which is very close to the
maximum allowed by the four bunches mode at the ESRF. For each energy
point the aquisition was made both in presence and in absence of the UV pulse
before stepping to a higher energy value. The intention was to study the
differences between the spectra avoiding errors due to the movement of the

monochromator. The energy calibration was based on the measure of the
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Absorption Spectrum of a metallic Platinum foil at the Pt-Lur edge (Pt-Lim:
11564 eV). All signals were obtained at room temperature.
A picture of the spectro-electrochemical device employed for these

measurements is illustrated in Fig. 6.11.

Figure 6.11. Image of the spectro-photoelectrochemical cell mounted on BM08 beamline with the three electrodes setup: working
electrode (WE) constituted of IrOx/a-Fe,0;@FTO, counter electrode (CE) made of platinum and reference electrode (RE) constituted
of Ag/AgCl.

The cell, assembled manually by means of a mylar film and silicon, is
transparent to both UV light and X-rays and allows a lodging for a counter
electrode and a glass tube hosting the reference. The electrolyte solution
employed was aqueous 0.1 M K.HPO, (ensuring a pH of 9.1) or 0.5 M NaH.PO,

(ensuring a pH of 11.1).

6.2.1. “PUMP AND PROBE” TIME RESOLVED RESULTS

In the present experiment Ir-Lir XANES spectra were acquired at two different
applied potentials: 1.56 V Vs RHE, which is situated after the onset of the anodic

photocurrent, and 1.46 V5. Fig. 6.12 shows the comparison between the Ir-Lin
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XANES spectra acquired at 1.56 V without and with the activation of the UV
pump both for the application of a delay of 600 ns between the pump and the
probe and for simultaneous irradiation by means of UV light and X-rays.
Results presented are obtained from the average of three data sets obtained in

the same experimental conditions.
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Figure 6.12. A) Average Ir-L,, XANNES spectra recorded with (red dotted line) and without (black full line) the activation of the
UV pump with a delay of 600 ns between the UV pump and the X-ray probe (the two spectra are shifted along the y axis for the
sake of better clarity). B) Average (Light-dark) difference signals and corresponding error bars obtained by simultaneous
irradiation by UV light and X-rays (blue line) and with a delay of 600 ns (red line). The two signals are shifted along the y axis and
the zero is indicated by the black horizontal lines. All data were obtained at 1.56 V vs RHE.

Differences between the two spectra are observed in both cases examined. The
blue line represents the average (Light — Dark) difference acquired with A¢=0
while the red one represents the average (Light — Dark) difference acquired with
At=600 ns. In both cases the experimental signal is well above the statistical

error and shows an increase with the activation of the UV pump in the energy
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range corresponding to the 2p = sd transitions. Looking more closely at the two
different signals, it is possible to notice that the application of the delay between
the pump and the probe determines a (Light — Dark) difference signal in a wider
energy range. Having in mind that XANES is a direct probe for the density of
empty states, we can assume a larger number of holes in the 5d states of iridium
under irradiation. The only reasonable explanation to this is the occurrence of a
hole transfer between the hematite and iridium in these conditions.
Furthermore, when a delay of 600 ns is applied the effect is larger if compared
to the case of simultaneous irradiation. This experimental evidence likely
accounts for the occurrence of a charge transfer cascade between the
semiconductor and the iridium oxide overlayer. As a consequence we can
consider IrOy overlayer as a medium for accumulating photogenerated holes.

In order to further investigate the system in other electrochemical conditions,
we chose the potential 1.46 V Vs RHE. The main reason lies in the fact that this
value is not far from the previous one but is not characterized by the presence of
a net anodic photocurrent. It is important to underline that, in this experimental
approach, at least three spectra should be collected to obtain good data.
Therefore, because of the time consumption, only two potential values were
investigated. Fig. 6.13 illustrates the results obtained without and with the
imposition of the 600 ns delay at 1.46 V. The blue line represents the average
(Light — Dark) difference acquired with A7#=0 while the red one represents the

average (Light — Dark) difference acquired with 42=600 ns
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Figure 6.13. A) Average Ir-L,; XANNES spectra recorded with (red dotted line) and without (black full line) the activation of the UV
pump with a delay of 600 ns between the UV pump and the X-ray probe (the two spectra are shifted along the y axis for the sake of
better clarity). B) Average (Light-dark) difference signals and corresponding error bars obtained by simultaneous irradiation by UV
light and X-rays (blue line) and with a delay of 600 ns (red line). The two signals are shifted along the y axis and the zero is indicated
by the black horizontal lines. All data were obtained at 1.46 V vs RHE.

Like before, the (light — dark) differences referred to both cases show a
statistically significant signal but with a different trend if compared to the
previous case. These curves show a positive signal at low energy values (before
the edge) and a negative signal at higher energy values. This profile is a clear
indication of rigid shift of the spectrum toward lower energy values with the
activation of the UV pump. This result should be ascribed to a partial reduction
of iridium if subjected to UV irradiation. Additional information can be
obtained from the integral curves reported in Fig. 6.14 and indicated by the red

lines.
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Figure 6.14. (Light-Dark) difference signals (black lines) and corresponding integral curves (red lines) for simultaneous irradiation by
UV light and X-rays (A) and for the application of the delay (B)

The trend of the integral curve obtained in the case of simultaneous irradiation
by UV light and X-rays (Fig. 6.14.A) is marked by a positive peak in
correspondence of the absorption edge: this demonstrates that the positive peak
in the difference signal, located between 11210 and 1220 eV, is fully
compensated by the negative peak ranging between 11220 and 11230 eV. This
curve profile provides further support to the rigid shift of the spectrum under
illumination. A different trend of the integral curve can be observed in the case
of delay equal to 600 ns (Fig. 6.14.B). Also in this case a positive peak appears at
11220 eV but for larger energy values the signal does not tend to zero but
reaches negative values very large in modulus. This trend still accounts for a
reduction of iridium under illumination but indicates that the positive part of
the difference signal is not fully compensated by the negative one. In other
words the area subtended by the positive curve below 11220 eV is much smaller
than the area subtended by the negative curve situated above 11220 eV. This can
be interpreted by a transfer of spectral weight towards lower energy under

illumination by UV light: a reduction in width of the WL is accompanied by a
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shift towards lower energy values. A reasonable explanation to this
phenomenon can be due to the fact that in absence of delay a fraction of Ir sites
are reduced to Ir(II) although the coordination distances and the chemical
environment are maintained similar to those typical of Ir(IV). When the UV
pump and the probe are delayed of 600 ns, the system has time to relax and
reach the typical configuration of Ir(III). This phenomenon can be considered
the reason underneath the contraction of the spectrum in correspondence of the

WL.
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7. Ni(OH). / Fe.O3 ELECTRODES

The largest part of the most efficient electrocatalysts for the water splitting
reaction, is represented by noble metals* which are very expensive and not so
abundant for a large scale commercial use. In this chapter the attention will be
focused onto another cheaper and sustainable electrocatalyst also showing good
properties towards the water splitting reaction: nickel hydroxidez4. In particular
bilayer photo-electrochemical systems composed of a catalytic domain containing
Ni coupled to hematite will be discussed. The electrochemistry of nickel
hydroxide involves several phases and the oxidation and reduction processes
occur through topochemical reactions leading to amorphous productss. In
literature we can find much information concerning the very promising catalytic
properties of nickel oxide and nickel hydroxide films24.6-8 and the structural
features associated to the oxidation/reduction processes of Ni%°, However,
nothing is known about the behaviour of nickel hydroxide when coupled to a
semiconductor for photo-electrochemical water splitting. Two experiments will
be described in this chapter: (i) a Ni-K edge XAS investigation and (77) a Fe-Kj
edge HERFD-XAS analysis!. The purpose is to investigate the variations in the
chemical and electronic environment of the materials constituting the bilayer
system while applying different photo-electrochemical conditions. For the

preparation of the bilayer electrochemical systems see section 3.2..
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7.1. Ni-K EDGE: AN IN SITU
PHOTOELECTROCHEMICAL INVESTIGATION

As a preliminary study, electrodes consisting of only the electrocatalytic domain
were investigated. These are constituted of a 80 nm layer of Ni(OH).. Firstly, a
XANES spectrum of the electrode not connected in the electric circuit and in dry
conditions (Fig. 7.1.A) was acquired in order to identify the most adequate
energy value for the subsequent FEXRAYV investigation (Fig. 7.1.B). This was
carried out while maintaining the energy fixed to 8350.49 €V, which
corresponds to the maximum of the XANES spectrum (marked by the black
arrow): any shift of the maximum due to an oxidation process results in a
decrease in the absorption coefficient. FEXRAV signal was recorded while
applying a CV in the potential range between 1.3 and 1.7 V (Vs RHE), starting
from 1.3 V and performing two cycles to check for the reproducibility of the

results.
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Fig. 7.1. A) Normalized Ni-K edge XANES spectrum of the Ni(OH), electrode not connected in the electric circuit and in dry
conditions: the arrow marks the energy value chosen for the subsequent FEXRAV analysis. B) FEXRAV signal recorded at E:
8350.49 eV while apbplving a CV in the potential range between 1.3 and 1.7 V (Vs RHE) starting from 1.3 V.

102



As we can expect, at the beginning of the CV, when the potential is 1.3 V, the

absorption coefficient is characterized by its maximum value since Ni is present

with oxidation state (II). FEXRAV signal remains constant until potential

becomes ca. 1.55 V, then it starts decreasing until ca. 1.65 V when it reaches its

lowest value. The three coloured arrows mark the potential values chosen for

the subsequent full XAS investigation: green for potential 1.3 V (when u has its

largest value), red for potential 1.7 V (when u is characterized by the lowest

value) and blue for potential 1.6 V (situated in the region of variation).

According to electrochemistry at potential 1.7 V water oxidation should begin.

Fig. 7.2 presents the three XANES spectra acquired at the three different

potential values (A) and the corresponding first derivatives (B).
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Fig.7.2. Ni-K edge normalized XANES spectra (A) and the
corresponding first derivatives (B) of the electrode composed of
only the electrocatalytic part (80 nm layer of Ni(OH),) recorded in
situ while applying fixed potential values: 1.3 V (green line), 1.6 V
(blue line) and 1.7 V (red line). Ni(OH), and NiOOH standard
XANES spectra are added in A as references for Ni(ll) and Ni(lll)
respectively. For the sake of a better clarity these are shifted
along y-axis.

The arrow in Fig. 7.2.A evidences the variations detected in the spectra: as the

potential increases the maximum decreases in intensity and shifts slightly
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towards larger energy values. However, the absorption edge, corresponding to
the point of inflection in the spectrum and in the maximum in the derivative,
does not change position. A reasonable explanation to this trend can be the fact
that only a small part of the photo-absorbers undergoes oxidation since not all
the electrocatalytic material participates in the process. Ni(OH). and NiOOH
standard spectra are added as references and shifted along the y axis for the
sake of a better clarity. On the basis of the assumption that at 1.3 V all Ni is
present with charge state +2, we estimated an oxidation degree for the
potentials 1.6 and 1.7 V by performing a linear combination fit of the XANES
spectra. This calculation was carried out in the energy range between 8332.8
and 8374.0 eV and the two starting spectra employed in the linear combination
are: (1) the XANES obtained at 1.3 V (in conditions of reduction), and (i) the
XANES of NiOOH standard material. The graphical results are illustrate din Fig.

7.3.
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Fig.7.3. Linear combination fit of the Ni-K edge XANES spectra referred to the electrode composed of 80 nm of Ni(OH), obtained
at 1.6 V (A), and 1.7 V (B). The fit was carried out in the energy range between 8332.8 and 8374.0 eV and the two starting spectra
employed in the linear combination are: the XANES obtained at 1.3 V (in reduction conditions) and the XANES of NiOOH
standard material.

The parameters arising from the fitting procedure are listed in Tab. 7.1.
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Potential 16V | 1.7V

% XANES spectrum at 1.3V 59.3(7) | 31(2)
% NiIOOH standard XANES spectrum | 40.7(7) | 69(1)
R-factor 0.0004 | 0.0009

Tab. 7.1. Parameters obtained by the linear combination fit of the spectra illustrated in Fig. 7.3.

The percentages value of the standards employed in the two fits suggest that the
charge state of Ni is ca. +2.4 at potentials 1.6 V and ca. +2.7 at potential 1.7V .

When looking at the EXFAS signals at the three different potential values (Fig.
7.4), it is easy to observe that the oscillations recorded at 1.3 V are very similar
to those obtained at 1.6 V while the spectrum at 1.7 V is very different. This
experimental result suggests that at the applied potential 1.6 V Ni has begun the
oxidation process towards Ni(III) but the local chemical environment remains

that typical of Ni(OH)..
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Fig.7.4. Ni-K edge EXAFS signals referred to samples constituted of a 80 nm Ni(OH), layer obtained at 1.3 V (green line), 1.6 V
(blue line) and 1.7 V (red line).
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Let’s turn the discussion to the results obtained for the Ni(OH)./Fe.O4 bilayer

electrodes (in this experiment we considered electrodes of Type 1 described in
section 3.2). The experiments carried out on this kind of sample are aimed at

investigating the role of Ni catalyst when coupled to a semiconductor.
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Fig.7.5. Ni-K edge normalized XANES spectra recorded in presence (A) and in absence (B) of UV-Vis irradiation while
applying different potentials: 0.5 V (green line), 0.7 V (blue line) and 1.3 V (red line). Ni-K edge normalized standards of
Ni(ll) (black line) and Ni(lll) (brown line) are added for a better reference in A. In order the better visualize the spectra they
are shifted along the y-axis. C) CV performed in the potential range within 0.5 V and 1.6 V by applying 0.05 V/s under UV-
Vis irradiation. Potentials are Vs RHE.
Fig. 7.5 shows Ni-K edge normalized XANES spectra acquired in presence (A)
and in absence (B) of UV-Vis irradiation while applying different potentials: 0.5
V (green line), 0.7 V (blue line) and 1.3 V (red line). These values were chosen
on the basis electrochemical measurements (Fig. 7.5.C). At first sight it is easy to
observe that, when the UV-Vis light source is off, the XANES spectra recorded at

the three different potentials are characterized by almost identical spectral

profiles, which are very similar to that of Ni(OH).. Under UV-Vis illumination,
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the increase in the potential determines both a shift of the absorption edge
towards larger energy values and a modification of the spectral shape. This
experimental evidence is a clear proof that the variation of the photo-
electrochemical conditions results in a different oxidation state and local
structure of the photo-absorber. By observing the shape of Ni-K edge XANES
spectra present in literature34!2, we can safely affirm that, under UV-Vis
irradiation, Ni is characterized by oxidation state (II) and is present in the form
of Ni(OH). at 0.5V, is characterized by oxidation state (III) and is present in the
form of NiOOH at potential 1.3 V and is characterized by intermediate oxidation
state and local structure at 0.7 V. In order to better perceive the effect of UV-Vis
light on the sample, Fig. 7.6 compares the spectrum acquired in dark (blue line)

and the one acquired in light conditions (red line) for each applied potential.
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Fig. 7.7. Light-dark difference signals obtained from
the normalized XANES spectra at 1.3 V (blue line),
0.7 V (green line) and 0.5 V (red line). The difference
signal obtained by subtracting the Ni(OH), standard

8370

spectrum from that of NIiOOH is added as a
reference and indicated as a black line.

Fig. 7.7
the light-dark difference

For each potential value,
illustrates
signal calculated: the difference signal
obtained by subtracting the Ni(OH).
standard spectrum from that of NIOOH
is added as a reference and indicated as
a black line. The difference signal
referred to potential 1.3 V shows a great
similarity with that arising from the
standards both in shape and in
intensity: this is in agreement with the
previous assumption concerning the
oxidation of Ni under UV-Vis
irradiation at 1.3 V. This light-dark
difference decreases in intensity but is
stil marked by the same trend at
potential 0.7 V and completely
disappears at 0.5 V.

In order to quantify the oxidation
degree induced by UV-Vis irradiation at
each potential value, a linear
combination fit by means of ATHENA

software!s was carried out (Fig. 7.8). The

fit was carried out in the energy range between 8332.8 and 8374.0 eV and the

two starting spectra employed in the linear combination are: (i) the XANES

obtained at the same potential but without UV-Vis irradiation, (7i) the XANES of

NiOOH standard material. Tab. 7.2 illustrates the parameters obtained with the

fitting procedure. When the applied potential is 1.3 V (Fig. 7.8.A), the XANES

spectrum obtained in presence of UV-Vis light is dramatically different from
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that obtained at the same potential but in dark conditions and the contribution
of NiOOH standard spectrum is equal to 100(2) %. If the applied potential is
equal to 0.7 V (Fig. 7.8.B) the percentage of the XANES spectrum at the same
potential but in dark conditions is 72(1) % and the percentage of the XANES
spectrum of NiOOH standard is 28(1) %. Finally, for 0.5 V (Fig. 7.8.C) the best
fit is obtained with 100(1) % of the XANES spectrum at the same potential but

in dark conditions.
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% NIOOH standard XANES spectrum 100(2) | 28(1) | 0(1)

R-factor 0.003 | 0.0006 | 0.0007

Tab. 7.2. Parameters obtained by the linear combination fit of the spectra illustrated in Fig. 7.7.

Having in mind that Ni has charge state +2 in Ni(OH). and charge state +3 in
NiOOH, it is possible to affirm that all Ni is present with charge state +3 at 1.3 V
and with charge state +2 at 0.5 V. Furthermore, we can estimate an average
charge state of +2.28 for applied potential 0.7 V.

The reproducibility of the results obtained was checked by recording the
absorption coefficient 4 at a fixed energy value equal to 8349.05 eV
(corresponding to the position of maximum contrast) and at potential 1.3 V
while applying UV-Vis light off/on cycles. Fig. 7.9 shows the trend of the
absorption coefficient during two light off/light on cycles of ca. 500 s: under
irradiation the signal assumes a lower value with respect to dark conditions.
This is a further experimental evidence of the oxidation of the photo-absorber
under UV-Vis irradiation. In addition, the largest and the lowest values are
constant in the two cycles and therefore account for the reproducibility of the

process.
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Fig. 7.9. Measure of the absorption coefficient u at a fixed energy value equal to 8349.05 eV and at potential 1.3 V
while applying two UV-Vis light off/on cycles of ca. 500 s each.
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7.2.  EXPLORING THE K} OF Fe IN THE HEMATITE

After investigating the effects induced in the nickel hydroxide by the presence of
the hematite in the different photo-electrochemical conditions, it is important
also to study the influence of the electrocatalytic domain on the semiconductor
part. The main properties of 3dtransition metals are associated to the electronic
and magnetic structure and can influence the quadrupolar zs 2 2d transition!4.
Therefore, by observing the variations in the pre-edge features it is possible to

gain important information about the magnetic and structural properties?s.
7.2.1. THE ROLE OF HERFD-XAS

When investigating the pre-edge features at the K absorption of transition
metals, the main limitations of XAS spectroscopy deal with the 1s core-hole
lifetime of ca. 1.15 eV's. Even in presence of a good spectrometer it is not
possible to gain a high energy resolution. In addition it is difficult to separate
the components due to quadrupolar contribution from those governed by
dipolar contribution (generated by p-d hybridization and present in non-
centrosymmetric structures)!s. In the experiment described in this chapter,
aimed at investigating the local structure of hematite, the lifetime broadening is
reduced by recording the X-ray absorption signal of the emitted X-ray
fluorescence in a narrow energy bandwidth: this technique is called HERFD-
XANES (High Energy Resolution Fluorescence Detected XANES)¢. In this case
the Kj line was employed: it corresponds to final states with unpaired spin in
the 3p shell either parallel or antiparallel with respect to the unpaired spin in
the 3d shellv. Fig. 7.10 shows the energy level diagram for the intermediate and

final states involved in the electronic transition process.
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Fig. 7.10. Scheme of the energy levels for 1s3p HERFD-XAS: O, symmetry is considered for Fe 3d states.

The parallel or antiparallel alignment is conserved upon the 3p = 1s transition
(according to the As=0 selection rule neglecting spin-orbit interaction).
Therefore, the final states select the spin orientation of the photoexcited
electron and, as the 3d states constitute the conduction band, the spin selective
transition can provide information about the magnetic properties of the

material.

7.2.2. THE RESULT OBTAINED ON BEAMLINE ID26

The experiment was carried out on beamline D268 at the ESRF. The selection
of the incident energy was performed by means of a pair of cooled Si
monochromators characterized by an energy bandwidth of 0.5 eV. The incident
flux was of the order of 102 photons/s and the beam spot on the sample 0.35 x
1.0 mm. The detector was a Si photodiode. All the spectra were normalized at
the K edge jump. The electrodes considered in this experiment are of Type 2

(see section 3.2).
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The most interesting result obtained is illustrated in Fig. 7.11. This shows the
pre-edge features of the HERFD—XAS spectra of three types of electrodes
constituted by hematite, not connected in any electrochemical cell nor
immersed in any electrolyte: hematite alone (red line), hematite +
electrodeposited Ni(OH). (blue line) and hematite + photodeposited Ni(OH).
(green line). The two peaks marked by letters A and B are generated by
electronic transitions towards z,; and e; states respectively while the C and D

features are associated to the spin selective transitions to Fe band states?7.
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Fig. 7.11. Pre-edge features of the normalized HERFD-XAS spectra of three types of electrodic materials: hematite alone (red line),
hematite + electrodeposited Ni(OH); (blue line) and hematite + photodeposited Ni(OH); (green line).

arb. un.)

Hematite
——— Hematite/Ni(OH)2 Electrodeposited
——— Hematite/Ni(OH)2 Photodeposited

At first sight it is possible to observe that the pre-edge features referred to the
two electrodes containing nickel are almost identical to each other but show a
difference if compared to that referred to hematite alone. This difference, which
however should be investigated by further analysis, provides a clear
experimental evidence that the local structure of Fe in the hematite is influenced
by the presence of Ni electrocatalyst. Furthermore, the fact that it is located in
correspondence of the spin selective transition makes it reasonable to think that

it is due to differences in the magnetic ordering.
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In order to validate this assumption rationally, the pre-edge features were fitted

by means of ATHENA software!s using a proper linear combination of Pseudo-

Voigt profiles and error functions (Fig. 7.12).
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Fig. 7.12. Linear combination fit of the pre
edge features of the three HERFD-XAS
spectra by a linear combination of a proper
amount of Pseudo-Voigt profiles and error
functions. A) electrodes containing only
hematite; B) electrode containing hematite
+ electrodeposited Ni(OH),; C) electrode
containing hematite + photodeposited
Ni(OH),.

The most interesting parameters refer to Pseudo-Voigt 3 and 4, associated to the

spin selective electronic transitions, and are represented by the Gaussian

widths. As we can expect, in presence of bilayer systems we obtain identical

values (1.7 and 3.5 eV respectively) different from those obtained for the

hematite alone (1.0 and 2.0 eV respectively).
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7.3.  CONCLUSIONS

The research work presented in this chapter aims at studying the local structure
of the materials constituting the Ni(OH)./a-Fe.O3 bilayer architectures in order
to clarify the role of nickel electrocatalyst in the photo-electrochemically
induced water splitting. The results of two experiments have been illustrated: (7)
an in situ and in operando Ni-K edge XAS investigation and (77) a HERFD-XAS

analysis at the Kz of Fe.

(i)  In the first experiment we acquired XANES spectra while applying
different potential values both in presence and in absence of UV-Vis
light irradiation. The results obtained pointed out that in dark
conditions the spectral shape remains the same at the different
potentials whereas in light conditions an increase in the potential
value determines an oxidation of Ni. The reproducibility of these
results was demonstrated. The oxidation degree is much more if
compared to the response obtained in presence of electrodes
containing only Ni(OH).. This accounts for the occurrence of a bulk
process. On the basis of fitting procedures it was possible to estimate
a charge state for Ni at the different applied potentials: +3 at 1.3 V, +2
at 0.5 V and +2.28 at 0.7 V. It is reasonable to conclude that, under
UV-Vis irradiation and in presence of a sufficiently large potential, a
hole transfer occurs from hematite to nickel, causing Ni to pass from

oxidation state (II) to oxidation state (III):

Ni'l — OH -» Ni"' — 0 + H*
(7,1)

Then it promotes oxygen evolution:
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1
Hy0 + 2NIOOH — 2Ni(OH), + 50,

(7,2)
The process described by Eq. (7,1) is notably faster than that
described by Eq. (7,2).

(i)  The second experiment allowed to take advantage of a high resolution
X-ray absorption technique to compare the local electronic
environment of Fe in the hematite in presence of the Ni(OH). layer to
that in absence of the Ni(OH). layer. By observing the differences in
the pre-edge features, we can safely affirm that the presence of Ni
electrocatalyst influences the local electronic environment of
hematite. Even though a further investigation is needed, a reasonable
explanation deal with the presence of different magnetic orderings in

the different electrodes.
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8. Cu.O OVERLAYERS: THE
STRUCTURE AND STABILITY OF THE
PRECURSOR

Copper(I) oxide is considered one of the most important candidates for solar
energy conversion devices!. Among the main reasons behind the attention that
this material has attracted, we should remember its low cost, non-toxicity and

electronic properties. The main advantage is represented by the value of the
band gap, ranging from 1.96 to 2.38 eV2: these values lie in the acceptable range
needed for photovoltaic applications. Furthermore, Copper(I) oxide is a p-type
semiconductor characterized by resistivity varying from a few Q c¢m to 1014 Q
cm!, depending on the preparation method. Different are the techniques
employed to obtain Cu.O: thermal oxidation3, chemical oxidation4, anodic
oxidations, vacuum evaporation® and electrochemical deposition”. One of the
cheapest and most wide-spread procedures for preparing Cu.O films is
represented by the electrolization of an alkaline solution containing copper
sulphate, in which a large excess of lactate ions prevents the precipitation of
copper oxides/hydroxides8. On the base of solid structure determination, lactate
ions (L) are thought to from a complex with copper characterized by a 1:2 (Cu:L)
stoichiometry9, but not direct information is at present available. The
experiment described is devoted to the investigation of the structure and the
stability of a copper(II) lactate complex in an alkaline solution (the preparation
is described in section 3.3) by means of dispersive-XANES spectroscopy and

XANES simulation.
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8.1. XANES THEORY

The base of XANES theory lies in the Fermi’s Golden Rule, according to which

the X-ray Absorption coefficient is given by:

w(E) = am’aw ) |(i14 * pIf)I6(E - Ey)
f
(8,1)

Where E = hw — E; is the photoelectron energy, A*p is the coupling to the X-ray

field with vector potential A4, and the sum refers to unoccupied final states?©.

a(= 317) is the fine structure constant and w is the X-ray energy. The initial state
1 is defined core level and can be considered insensitive to the chemical
environment. The excited state fcorresponds to an X-ray core-hole and presents
a width I of several eV. The edge structures can be viewed as the convolution of

the final states and I'. I’ broadening can be viewed as:

h [2E

(8,2)

The spatial and energy dependence of the electron DOS can be expressed in

terms of the one-electron Green’s function operator:

G=[E — H]!
(8,3)
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with H: effective one-electron Hamiltonian and E: photoelectron energy. The
total DOS p(E) for real energies can be obtained from the integral of /m G in

position space':

2 Er
p(r) = —;Imf dEG(r,1,E)

(8,4)
In terms of Gthe absorption coefficient becomes:
1
u(E)~ — ;Im(il?: r'G(r',r,E)g-rl|i)
(8,5)
In the Multiple Scattering (MS) theory the propagator can be factored:
G(T',T,E) = LLRL(T)GL’LI 'RL '(T')
(8,6)

Furthermore, the matrix G, ;, can be re-expressed as a sum of all the MS paths
that a photoelectron can cross from the absorbing atom and back.

Recently, fitting procedures of the XANES region, from the edge up to 200 eV
above it, have been applied to several systems?2. These methods are based on the
comparison between the experimental data and theoretical simulations and the
fit is performed by varying selected structural parameters starting from a
proposed structure present in literature and characterized by a well defined
geometrical local arrangement. The method employed for the analysis of the
data collected in the experiment described in this chapter are based on the Full

Multiple Scattering (FMS) calculations?s.
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In the EXAFS region the absorption coefficient can be expressed in terms of

Single Scattering approximation as follows:

u(k) = po(l)[1 + x, (k)]
(8,7)

In which pu,(k) represents the atomic absorption coefficient and y,(k) is the
EXAFS function, calculated on the basis of scattering paths of order 2 (Single
Scattering paths).

Taking into account the Multiple Scattering effects (Fig. 8.1), Eq. (8,7) becomes:

u(k) = po (k)

1+ ixn(k)

(8,8)

Where y,, (k) indicates the contribution to the absorption coefficient due to the

scattering paths of order n and can be expressed as?2:

xn(k) = ZAn(k, pr)sin[kR, + ¢(k,p,) + 26|
Pn

(8,9)
The sum is calculated over all possible pathsp, of order n and R, is the

corresponding path length. 4, and ¢ are quantities that depend upon the

potential affecting the photo-electron.

120



Figure 8.1. Scheme of possible Multiple Scattering
* . paths occurring between the photo-absorber atom
N T (red circle) and the backscattering atoms (white

circles).

According to the relative contribution of the n-order of the paths, it is possible

to roughly divide the absorption spectrum in three regions?:

@)

(i1)

(iri)

A Full Multiple Scattering (FMS) region, generally 20/40 eV within
the absorption edge, where the scattering power of the environment is
strong enough to scatter the photo-electron many times. In principle,
in this region an infinite number of paths contribute to the spectrum
profile which provides information about the point group symmetry.
An Intermediate Multiple Scattering (IMS) region, situated between
30 and 200 eV above the edge, in which only a limited number of
paths of low order contribute to the convergence of the series in Eq.
(8,7). From this region it is possible to obtain information about bond
lengths and on angles between bonds.

A Single Scattering (SS) region, extending beyond 200 eV from the
absorption edge, in which all the paths characterized by n > 2 are
negligible. Thanks to the features of the spectral profile in this region
it is possible to investigate the relative positions of the central atoms

and of the backscatterers.
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In the following parts, Cu-K edge XANES sipectrum of the copper(II) lactate is
investigated in order to gain a deeper understanding about the local geometric
structure of copper in the complex. The experimental signal is compared to
theoretical simulations obtained on the base of the FMS approach. Calculations
are performed up to 60/70 eV over the absorption edge by means of EXCURVE
code4. The simulation is obtained through the use of the exact calculation of the

scattering path operator.

8.2. THE EXPERIMENT ON ID24 BEAMLINE

X-ray Absorption measurements were performed on ID24 beamline!s1¢ (ESRF)
at the Cu-K edge in the transmission mode. The X-ray source consists of two
ondulators whose gaps were adjusted in order to tune constant counts of the
first harmonic for energies around the Cu-K edge. The horizontal beam focusing
was achieved with a curved polychromator (a Si(111) crystal) in Bragg geometry
whereas the vertical beam focusing was achieved by means of a bent Si mirror at
a glancing angle of 2.5 mrad with respect to the direct beam. As far as the beam
size is concerned, the dimensions are 8 ym FWHM horizontally and 80 um
FWHM vertically. This setup ensures a photon density which preserves the
sample from damaging. Furthermore, the curved geometry allows the
polychromator to pass a broad band of energy through the sample and to
diverge towards a linear photodiode array detector (FreLonCCD camera'’),
where the beam position can be correlated to the energy. Thanks to this
experimental setup it was possible to perform time resolved measurements.

The spetcroelectrochemical device employed in this experiment is a cell
designed and built by means of a 3D printer:8. Fig. 8.2.A provides a scheme of
the main components of the electrochemical device. This consists of two parts: a

polycarbonate disc (1) and a Teflon hollow cylinder (characterized by 21 nm
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diameter, 6 mm thickness and 7 mm cavity (4)). The working electrode (2) is
held between the main body of the polycarbonate disc, through the use of an o-
ring (3), and the Teflon plate (which presents a hole allowing the X-rays to
pass). Furthermore, it can host a Pt counter electrode and a Ag/AgCl reference
electrode. This can be hold between the two sides of the device. The reference
electrode can be separated from the solution by means of a salt bridge made of a
glass pipette filled with agar containing 0.2 M aqueous KClO,. Fig. 8.2.B shows
an image of the electrochemical device with the three-electrodes setup, mounted

in the experimental hutch of beamline ID24.

REFERENCE
! ELECTRODE

Figure 8.2. lllustration of the 3D printed spectro-electrochemical cell. (A): schematic representation of the two sides (1,4), the
working electrode (2) and the O-ring (3). (B): image of the cell with the three electrodes set up, mounted in the beamline hutch.

XAS data were recorded in operando in order to investigate both the structure of
copper(II) lactate complex in the solution and the solution stability. Two kinds
of measurements were performed during this experiment: (i) the recording of a
single XAS spectrum, in order to gain information about the local geometric

structure of copper(II) lactate complex in aqueous solution, and (i) the
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acquisition of a sequence of XAS spectra in order to study the stability of
copper(Il) lactate solution. The SPEC software, at the basis of the control
system, allowed to select both the integration time and the number of
accumulations for each acquisition. Copper(I) lactate was investigated
recording a spectrum resulting from an integration time of 500 ms. The stability
of the solution of the complex was studied by recording a sequence of spectra
while applying a Linear Sweep Voltammetry (LSV). In this case the acquisition
consisted in 320 spectra characterized by an integration time of 500 ms each for
a total time of 160 s. These values were chosen as good compromise in order to
avoid saturation and to obtain an adequate signal to noise ratio.

The LSV was performed from 1.2 to -0.4 V (Vs Ag/AgCl) and was controlled by

means of a potentiostat (a CH instrument 630D).

8.3. Ab Initio-XANES, EXAFS AND THE STRUCTURE OF

CoPPER(II) LACTATE COMPLEX

The analysis of Cu(II) copper lactate XAS spectra is based on three main steps:
(1) preliminary processing and data extraction (by means of PyMCA and
PRESOPRONTO2° codes), (i1) EXAFS fitting and (7ii) XANES theory calculation.
In the investigation of aqueous complexes, only a very small number of ab-initio
XANES calculations have been performed so far, compared to qualitative
interpretations of XANES spectraz:-25, The main reason lies in the difficulty of
the theoretical treatment required.

In order to validate the ab-initio XANES simulation procedure employed, a
calculation of the Cu-K edge XANES spectrum of a 0.1 M solution of
CuSO,4e6H.0 standard was performed. Because of the high exchange rate of
water molecules and thus the difficulty in obtaining good theoretical

simulations26-27, Cu(II) hydrated ion is an excellent test system for our XANES
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fitting approach. Fig. 8.3 illustrates the comparison between the experimental
spectrum (blue dots) and the theoretical simulation obtained for three different
local geometries: (7) a distorted octahedral geometry (red line), (77) a square-
pyramidal arrangement (green line) and (777) a trigonal bipyramidal

arrangement (orange line).
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Figure 8.3. Cu-K edge XANES simulations of Cu(ll) aquoion. The blue spots represent the experimental signal while the coloured
lines are the theoretical calculations based on a trigonal bipyramidal local arrangement (orange line), on a square pyramidal local
arrangement (green line) and on a distorted octahedral local arrangement (red line). The insight provides a scheme of the three
clusters employed: A) trigonal bipyramidal, B) square pyramidal and C) distorted octahedral.

We can observe that very good simulations are obtained employing the distorted
octahedral and the square pyramidal models whereas large discrepancies arise if
the trigonal bipyramidal model is used. These results, showing the sensitivity of
XANES spectrum to local geometry, are in good agreement with recent

literature28, in which the most probable structures for the Cu(Il) hydrated ion
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are the distorted octahedral and the square pyramidal ones. The best fitting

parameters are listed in Tab. 8.1.

Simulation 1. Distorted Octahedral Arrangement

Shell | Coordination Number | Type of atom | Distance from Cu(ll) (A) o (A% B (A%
1 4 6 1.97(2)* 4(2) x 107 -
2 2 [¢) 2.09(3)* 7(7) x 10°%* | -1.1(3)*
3 8 H 2.664 5.0x 107 -
4 4 H 3.050 5.0x 107 -

Goodness of Fit F: 0.028 %

Simulation 2. Square Pyramidal Arrangement

Shell | Coordination Number | Type of atom | Distance from Cu(ll) (&) | & (A% B (A%
1 4 [¢) 1.90(3) * 3(4) x 10%* | -0.4(2)
2 1 [¢) 1.90(8)* 1(1) x 107> | -2(1)
3 8 H 2.664 5.0x 107 -
4 2 H 3.050 5.0x 107 -

Goodness of Fit F: 0.028 %

Simulation 3. Trigonal Bipyramidal Arrangement

Shell | Coordination Number | Type of atom | Distance from Cu(ll) (A) & (A% B (A%
1 3 [¢) 1.91(5)* 1(1) x 10™* --
2 2 [¢) 1.97(6)* 1(2) x 10™* --
3 6 H 2.642 5.0x 107 --
4 4 H 3.050 5.0x 107 --

Goodness of Fit F: 0.14 %

* Fitted values

Table 8.1. XANES Calculation parameters of the simulations obtained for the three different geometries. For each shell is
reported the coordination number, the type of atom, the distance from the photo-absorber, the thermal disorder (6?) and the
Skewness () when different from zero.

These results can be considered in quite good agreement with those found in
literature26-29-32, It is important to observe that, in some cases, the addition of
the 2nd order cumulant (most commonly known as skewness) was necessary in

order to improve the Goodness Of Fit. Furthermore, we note an excellent
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k2 »(k) (arb. un.)

agreement between experimental signal and theoretical simulation: this is far
better than any other that can be found in literature.

Let us now turn to the discussion of the X-ray Absorption Spectra referred to
the copper(II) lactate complex in alkaline solution. The Cu-K edge EXAFS signal

(A) and the corresponding Fourier Transform (B) are reported in Fig. 8.4.
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Figure 8.4. Cu-K edge EXAFS signal (A) and the corresponding FT (B) of the alkaline solution of Copper(ll) lactate. The
experimental signal is represented by the black line, whereas the fit according to the model described in the text is
represented by the red line.

The experimental signal is represented by the black line while the fit is the red
line. EXAFS oscillations are well visible up to =8 A~ and thus it is possible to
obtain reasonable quantitative parameters referred to distances within ca. 4 A
from the photoabsorber. The model employed for the EXAFS fitting is a cluster
composed of two coordination shells of oxygen atoms: the first is made up of
four oxygen atoms situated at ca. 1.9 A, and the second is composed by four
oxygen atoms at ca. 3 A. This large distance suggests that the two oxygen atoms
are not directly bonded to the central Cu(II). Coordination numbers are
intrinsically non well defined in EXAFS analysis but the presence of other
oxygen atoms in the second shell is a proof that the first shell of oxygen atoms is

not able alone to justify the local chemical environment of the photo-absorber.
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Tab. 8.2. shows the best parameters obtained in the fitting procedure. The GOF
value obtained (23.1 %) can be considered good, having in mind that the
dispersive-XAS spectrum is time resolved and thus the signal-to-noise ratio is

not as good as in the standard XAS acquisition procedure.

Shell | N | Atom | r (A) o (A?)
1 [4] O [1.87(2)|10(2) x10°
2 |4] O [335@6)] 8(9) x10°
Goodness of Fit F=23.1 %

Table 8.2. EXAFS fitting parameters for spectra in Figure 8.4. r: Distances, o”: Distance variances. Coordination numbers N have
been kept constant.

These results are the basis of the construction of the model employed in the
subsequent analysis, represented by the XANES simulation of the aqueous
complex. The presence of four oxygen atoms in the first shell of the cluster used
in the EXAFS fit (Tab. 8.2) accounts for a tetrahedral or square planar
arrangement of lactate anions around the Cu(II) central atom. We can therefore
assume three different local arrangements for the coordination geometry of
copper(II) lactate: (i) Model A (Fig. 8.5.A) consisting of two lactate ions acting
as bidentate ligands and characterized by a tetrahedral geometry; (ii) Model B
(Fig. 8.5.B) comprising two lactate ions acting as bidentate ligands in a square
planar arrangement in which two additional water molecules are present in the
apical positions yielding an overall distorted octahedral geometry, and (ii1)
Model C (Fig. 8.5.C), which is composed of four lactate ions acting as
monodentate ligands to yield a coordination number of 4 in a geometrical

arrangement characterized by point symmetry S,.
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Figure 8.5. Scheme of the three models (A, B and C) employed for the XANES calculations.

Fig. 8.6 shows the test of these three models against the experimental data. The
blue spots are the experimental signal whereas the coloured full lines represent
the Cu-K edge XANES calculations. At the bottom, the simulation for the
simplest geometry (a tetrahedral arrangement with two lactate ions acting as
bidentate ligands) is illustrated: the theoretical spectrum, represented by an
orange line, leads to poor results, according to previous assumptions made by
EXAFS analysis. The first coordination shell of four oxygen atoms is not able
alone to justify the local chemical environment of Cu2* ion; and another shell
composed of two oxygen atoms situated at ca. 3.3 A is needed. This
consideration led us to employ a model in which two ligands act as bidentate
ions in a square planar arrangement and two additional oxygen atoms are
present in the apical positions to yield an overall distorted octahedral geometry
(Model B). The XANES calculation performed by means of this model is shown

in the middle of Fig. 8.6 as a green line: this simulation is better if compared to
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that obtained with model A but still it can be improved. The major discrepancies
between the theoretical and the experimental spectrum are evidenced by the
black arrows. Furthermore, these discrepancies can be better observed in the
derivative spectra reported in the insight of the figure on the right.

Thus, we remove the constraint imposing the lactate anions acting as bidentate
ligands. Taking into account that even though lactate anion is 15 times more
concentrated than copper sulphate, steric hindrance limits the maximum
number of ligands around Cu in a single complex and assuming the presence of
four lactate anions acting as monodentate ligands (model C), we obtain that the
agreement between the experimental signal and theoretical simulation (red line)
is largely improved and all the relevant spectral features of XANES manifold are
correctly simulated. Therefore, the structure of copper(II) lactate in alkaline

solution is different from that assumed by copper(II) lactate in solid state?.

18 Figure 8.6. Cu-K edge XANES
simulations of copper(ll)
16 r lactate starting solution. The
blue spots represent the
14 + experimental signal while the
~ coloured lines are the
C- 12 L theoretical calculations
= according to the Model A
. 10 L (orange line), to Model B
o) (green line) and to Model C
— 0 8 L 0.6 (red line). An insight
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In Tab. 8.3 the best results of the XANES simulation referred to Model C are

shown.

130



Atom Number | Type of atom | Distance from Cu(ll) (&) | &* (A?)

1 o 1.855(4)* 6(2) x 107*
2 H 2.977 6(2) x 107*
3 C 3.000 6(2) x 107*
4 O 3.234 6(2) x 107*
5 C 3.720 6(2) x 107*
6 O 3.919 6(2) x 107*
7 H 4.351 6(2) x 107*
8 H 4.704 6(2) x 107*
9 C 4.871 6(2) x 107*
10 H 5.492 6(2) x 107*
11 H 5.583 6(2) x 107*

Goodness of Fit F: 0.013 %
* Fitted values

Table 8.3. XANES calculation parameters associated to Model C and referred to the theoretical signal represented by a full
red line in Fig. 8.6. the fitted parameters are marked by *.

Each line refers to an atom of the cluster employed to calculate the theoretical
signal: for each atom the distance from the photo-absorber and the
corresponding Debye-Waller factor are indicated. In the fitting procedure, only
the distances of the nearest oxygen atoms and the corresponding Debye-Waller
factors were fitted and maintained equal to each other. The GOF parameter,
which is 0.013 %, is a clear indication that the fit according to Model C is very
good. In addition, we observe that the parameters obtained by XANES analysis
are in perfect agreement to those obtained by EXAFS analysis (Tab. 8.2). All the
nearest distances between carbon and oxygen atoms, in each lactate, obtained
by the theoretical calculation (according to Model C) were checked by a
comparison with literature. As we can see from Tab. 8.4 there is no significant

difference between the two.
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LACTATE INTERATOMIC DISTANCES

Atoms | Distance in the model (A) | Distance in literature (A)
0,—C3 1.241 1.219
Cs—Cs 1.507 1.507
Cs—0¢ 1.219 1.219
0,—Cs 1.429 1.429
Ce—C+ 1.507 1.507
Cs—Cy 1.530 1.530

Table 8.4. Nearest distances between carbon and oxygen atoms in each lactate molecule present in Model C (Fig. 8.5.C): a
comparison between theoretical values and literature.

In order to validate this rationally we discuss the electronic transitions towards
localized empty states by observing the XANES spectrum of copper(II) lactate

complex in the alkaline solution and the corresponding derivative (Fig. 8.7).
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Figure 8.7. Cu-K edge XANES spectrum (A) and the corresponding derivative signal (B) of the copper(ll) lactate starting solution. The energy
range shown is limited to 30 eV around the threshold in order to better visualize the features corresponding to the electronic transitions

towards localized empty states.
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As we can observe from the normalized XANES spectrum (A), Cu(II) gives rise
to an intense White Line at 8999 eV corresponding to the electronic transition
from 1s states to continuums3 and other weak peaks before 8990 eV, in the pre-
edge region, ascribed to the zs 2 3d and 1s 2 4p electronic transitions. These
spectral features can be better evidenced in the corresponding derivative
spectrum (B). The peak A, situated at ca. 8983 eV is attributable to the 1zs 2 3d
electronic transition while the three features present in the energy range from
8985 and 8990 eV (B, C and D) are due to the 1s 2 4p electronic transitions.
The presence of three different signals for the 4py, 4py and 4p; final states is a
clear proof for the non-equivalence of the three space directions and thus for a
distorted local chemical surrounding. On the basis of the small distance between
the peaks (ca. 1 eV between B and C, and ca. 2 eV between C and D), a distorted
tetrahedral environment is expected. In order to ensure neutral charge, Cu :
Lactate stoichiometric ratio should be 1 : 2. However, since the solution present
a large excess of lactate compared to the copper sulphate (lactate is 15 times
more concentrated) it is reasonable to assume that the complex contains more
than one lactate anion and therefore that it is characterized by a negative
charge.

While performing XANES simulation an important point concerns the inclusion
of hydrogen atoms in the cluster. It is important to underline the small
scattering factor makes hydrogen atoms intrinsically not well defined in XAS
spectroscopy. During the processing of the data obtained in this experiment we
investigated the contribution of the hydrogen atoms to the theoretical
calculation. As far as the calculation based on Model C is concerned, in Fig. 8.8
a comparison between the simulation in presence (red lines) and in absence

(green lines) of hydrogen atoms in the cluster is illustrated.
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Figure 8.8. Comparison of the simulations of Copper(ll) lactate XANES according to Model C with (red line) and without (green line) the
inclusion of the hydrogen atoms in the cluster. The experimental signal is represented by the blue spots and the experimental - calculated
differences are illustrated at the bottom of the figure for the two cases.

It is evident that the inclusion of hydrogen atoms remarkably affects the
theoretical signal determining substantial variations in the simulated XANES
spectrum (evidenced by the black arrows). Observing the difference signal
between the calculated and the experimental spectra we note that the
simulation performed with the inclusion of hydrogen atoms leads to a best fit
result. This is a clear indication that the inclusion of hydrogen atoms cannot be

neglected, at least up to 20/30 eV above the absorption edge.
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8.4. COPPER(II) LACTATE STABILITY

The stability of copper(II) lactate complex was investigated in a potential range
in which the complex is expected to be electrochemically stable. A series of 320
spectra with an integration time of 500 ms for a total time equal to 160 s was
recorded. Measurements were performed in operando while applying a Linear
Sweep Voltammetry (LSV) from 1.2 to -0.4 V (vs Ag/AgCl) triggered by a
potentiostat (CH instrument 630D) which was controlled by the spectra
acquisition system. The data processing step was based on: (7) preliminary
processing and signal extraction, and (77) automatic XANES fitting by linear
combination of spectra of standard compounds. The process was carried out by
means of LinComb tool belonging to PRESTOPRONTO?2° software.

Fig. 8.9.A shows the XANES spectra of Metallic Cu standard, Cu.O standard
and copper(II) lactate in the starting solution. Differences in the spectra of the
three materials are not simply related to a shift of the absorption edge but also
to a substantial variation in the spectral profile. As for example, Fig. 8.9.B
illustrates seven spectra selected from the sequence and separated by time
intervals of ca. 25 s.

The increase in the pre-peak, marked by the black arrow, is a clear indication

that Cu(II) undergoes a little reduction process to Cu(I).
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Figure 8.9. A): Cu-K edge XANES spectra of the standards of Copper(ll) lactate (blue line), Cu,0 (brown line) and metallic Cu (black line). B)
seven spectra selected from the sequence recorded on the Copper(ll) lactate solution during the application of the LSV and separated by
a time interval of ca. 25 s

The variations along the sequence of spectra were evaluated by a XANES linear
combination of two normalized reference spectra (obtained from Cu.O standard
and from Cu(II) lactate starting solution). The experimental spectra pexp were
fitted by means of a theoretical curve calculated as a linear combination of the

two reference XANES spectra:

Hexp=Yjainen
(8,10)

Thanks to the investigation of the dependence of a; upon the potential, it was
possible to evaluate the percentage of copper(Il) lactate during the application
of the electrochemical program.

The energy range in which the fitting procedure was performed is 8950 — 9030
eV. Fig. 8.10 illustrates the results obtained: the coefficients «;, associated to the

amount of the two species, are related to the potential applied.
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Figure 8.10. Results of the automatic linear combination fitting of the XANES spectra of the sequence recorded during the
application of the LSV. The blue spots represent the percentage of Copper(ll) lactate, the black spots represent the percentage
of Cu,0 and the orange line is the LSV. In order to reduce the scattering of the results, only a spectrum every ten was selected.

At time zero, before the application of the electrochemical program, the amount
of Cu(II) lactate is equal to 100 % and no Cu(I) is present. A little amount of
Cu.O (10 %) begins to appear at potential ca. 1.1 V, increasing up to ca. 20 % at
ca. 1 V. Then it remains almost constant during the rest of the linear sweep. The
initial formation of Cu(I) oxide is not ascribed to radiolysis phenomena
generated by the X-ray beam since preliminary tests demonstrated that in
absence of the electric circuit the spectral shape remains the same along the
whole sequence. At the end of the CV (when the potential is -0.4 V) the amount
of Cu.0 is ca. 25 %. In order to check the percentage values obtained by the
automatic fitting procedure, four XANES spectra at different potential values
along the LSV were selected and fitted manually by means of ATHENA software.

Fig. 8.11 illustrates the results obtained in the four cases. At the beginning of the
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LSV (for potential equal to 1.2 V) the spectrum corresponds to that of copper(I1I)
lactate in the alkaline solution (A). A small amount of Cu(I) is detected at
potential 0.95 V (B) and the quantity is increased at 0.29 V (C). At the end of the
electrochemical program (at potential -0.39 V) the percentage of Cu.O formed is

slightly above 20 %.
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Figure 8.11. Manual linear combination fit of four XANES spectra selected among the whole sequence acquired during the LSV
program at 1.2 V (A), 0.95 V (B), 0.29 V (C) and -0.39 V (D). The Black spots represent the experimental signal while the red line the
theory, the blue line is Copper(ll) lactate contribution and the brown line represents Cu,O contribution.

The numerical values obtained by the manual fitting procedure are illustrated in
Tab. 8.5. The fractions of the standards at the four different time/potentials are
in good agreement with the outcome of the automatic linear combination

procedure.
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Time (S) Potential (V) Copper(ll) Lactate Fraction(%) | Cu,O Fraction(%)
0 1.2 100 0
25 0.95 89.3(8) 10.7(7)
91 0.291 79.7(7) 20.3(7)
160 -0.39 78.9(8) 21.1(8)

Table 8.5. Fractional parameters obtained by the manual linear combination fitting of the four XANES spectra reported in Fig. 8.11.

8.5. CONCLUSIONS

The experiment described in this section allowed us to investigate the geometric
structure and the electronic properties of one of the most used precursors for
the preparation of Cu.O: copper(II) lactate complex in alkaline solution.

EXAFS fitting and ab initiooXANES calculations were performed in order to
gain information about the local structure of Cu(II) in the aqueous complex. The
best fits obtained account for a model in which four lactate ions act as
monodentate ligands to yield a coordination number of 4 in an geometrical
arrangement characterized by point symmetry S,. This is different from the
structural determinations referred to solid state9 but is reasonable considering
the large excess of lactate (15 times more concentrated than Cu(II)).

For what concerns the electrochemical stability of copper(II) lactate solution,
the sequence of spectra recorded while applying a Linear Sweep Voltammetry
from 1.2 to -0.4 V (vs Ag/AgCl) showed that a little reduction from Cu(II) to
Cu(I) takes place below 0.4 V but at the end the percentage of copper(II) lactate

is still ca. 80 %.
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9. Ag ELECTROCATALYST AND THE
DEHALOGENATION OF ORGANIC
POLLUTANTS

Organic halides are gaining more and more attention both in fundamental
science and in the applied and industrial chemistry. In particular, they have
known a worldwide spread as building blocks!5 for the synthesis of value added
organic compounds and for the industrial production of polymers, pesticides,
herbicides and fungicides. The importance of these compounds ranges from
agriculture, to the production of mechanical and thermal fluids, and the
realization of solvents for industry and housework.

Chlorinated and brominated organic compounds are characterized by varying
degrees of toxicity and can cause harmful effects on living organisms®. The
major problem is associated to their carcinogenic and mutagenic properties?.
Among the organic halides, benzyl chloride (PhCH.Cl) is being carefully
investigated as a model compound since the C-Cl bond present is significantly
coupled to the aromatic systems.

Recent studies have pointed out that the reduction of organic halides can be
easily promoted by specific metallic cathodes such as Ag, Pd and Cu%2. In
particular Ag is considered the most powerful electrocatalyst for the
dehalogenation of organic halides!316 and appears to be applicable to a large
variety of organic halogenated compounds!:. Nevertheless, the reasons lying
behind this exceptional activity are still not well understood. The purpose of the
experiments presented in this chapter is to perform in situ and in operando
measurements combining spectroscopy and electrochemistry in order to shed

light on the mechanism governing the electro-cleavage of the C-X bond in

141



organic pollutants. The most threatening class of organic halides is represented
by the chlorinated compounds. In this case only the Ag-K edge is accessible in
the hard X-ray region, required to perform in situ and in operando
measurements. It is important to underline that the main downside of this edge
is associated to the short extension of the oxidation range presented by Ag.
Furthermore, the final states of this transition are of p character and thus any
charge state variation due to the electrochemistry of Ag (and associated to d
orbitals) is very difficult to observe in the XANES spectrum. An alternative
approach consists in employing a brominated organic compound as model for

the organic halide and exploring the Br-K edge.

9.1. THE EXPERIMENTS ON L.I.S.A. BEAMLINE

Two experiments have been carried out on LISA beamline” (BM08, ESRF) in
order to investigate the exceptional electrocatalytic activity of Ag: (i) the first
was performed at the Ag-K edge taking tri-chloromethane as a model and (i1)
the second was performed at the Br-K edge with the aim of studying the
adsorption of 2-bromophenol.

A Si(311) double crystal was employed as monochromator, the harmonic
rejection was realized by means of Pd mirrors (characterized by a cutoff energy

of 20 keV) and the detector was a 13-element Ge.
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Figure 9.1. Spectro-electrochemical device employed
to investigate the electrocatalytic activity of Ag,
mounted with the three-electrode configuration.

The spectro-electrochemical device employed
is a PTFE cell composed of a plate and a
frame cylinder which allows a three-electrode
configuration. The sample is irradiated by
means of the X-rays through a hole present
in the frame. Fig. 9.1 shows an image of the
cell assembled with the working electrode,
the counter (Au wire) and the Ag/AgCl
reference.

The working electrode is made of Ag
nanoparticles deposited onto glassy carbon
(Goodfellow, 1 mm thick and 1 cm?2 area) in

order to obtain 0.1/0.2 mg/cm2 of Ag (see

Section 3.4.1). The counter and the reference electrodes are inserted in the

device through two radial holes designed in the main body of the cell.

9.2. Ag-K EDGE AND THE ADSORPTION OF CHCl;

The preliminary X-Ray Absorption analysis we applied to the Ag electrodes was

the FEXRAV:8. The intention was to identify the potential range in which the

most important charge state variations of Ag occur. It is important to remember

that the u contrast in the case of a K edge can be quite small if compared to a L

edge. As a consequence the choice of the energy value to be fixed is not

straightforward and requires a careful evaluation on the basis of XANES

standard spectra. In Fig. 9.2 the spectra of three standards are illustrated.
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Figure 9.2. XAS spectra of Ag (black), Ag,O (red), AgCl (blue) standard samples.

The three coloured vertical lines mark the energy of the peaks closest to the
absorption edge. In order to obtain the best contrast between metallic Ag and
AgCl halide, the energy 25520 eV was chosen: at this value p44¢c; > pag > tag,o-
The energy should be selected in the XANES region where the chemical shift is
observed. Since this is the first time that FEXRAV is applied to silver
nanoparticles and that a heterogeneous charge transfer is studied at a silver
electrode, we first investigated the behaviour of the working electrode in
presence of 0.1 M KCl in aqueous 0.1 M KClO, (Fig. 9.3). The CV (indicated by a
black line) was carried out at 1 mV/s by means of a CHI
potentiostat/galvanostat (model 630D). The starting potential was -1.2 V and
the potential range investigated was -1.2 V — +0.5 V. The main Ag oxidation and
reduction peaks are situated at about +0.150 V and -0.012 V respectively. The
other two anodic/cathodic peaks, observed at -0.08 V and -0.28 V are generated
by the adsorption and desorption of chloride ions. The FEXRAV signal
(represented by the dashed red line) shows variations in agreement with the

electrochemical signal. An increase in the potential determines an increase in
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the absorption coefficient when the appropriate value for the oxidation of Ag is
reached. In detail, starting from -1.2 V, the absorption coefficient remains stable
to its lowest value until +0.13 V when it starts increasing. The maximum value is
reached when the potential becomes equal to +0.24 V, thus indicating that the
oxidation of Ag from o to +1 is complete. When the potential scan is reversed u
remains stable to its largest value until +0.05 V, then it starts decreasing as Ag
metallic is formed. During the negative potential scan, FEXRAV signal is
marked by two steps levelling at an intermediate potential value between -0.05
V and -0.20 V. At potential equal to -0.3 V, when chlorides desorption is
complete, i reaches its lowest value which remains stable for lower potentials.
Furthermore, if a second cycle is performed, the value of the absorption
coefficient for E > +0.2 V is lower than the previous one. This accounts for a
smaller number of Ag atoms due to a loss of material and is a demonstration
that the process is not completely reversible. However, the loss can be
considered low if we observe that the absorption coefficient for E < -0.3 V is

equal in the two cycles.
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Figure 9.3. CV ( full black line) and FEXRAV (dashed red line) signals for Ag electrodes in the presence of 0.1 M KCl in aqueous
0.1 M KCIO,, at 1 mV/s, in the -1.2/+0.5 V (vs Ag/AgCl) potential window. The FEXRAV signal has been smoothed.
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These results show that FEXRAYV technique is very sensitive in detecting small
variations in the absorption coefficient and provides a valuable tool for a
preliminary investigation. However, in order to perform a deeper and more
detailed study, is necessary to record full XAS spectra, carrying further
information about the local chemical and geometric environment. As far as the
electrochemical oxidation/reduction of Ag is concerned, the in situ investigation
was carried out in specific electrochemical conditions in order to study the
changes in the electronic structure of silver during the occurrence of the
electrochemical reactions. Full XAS spectra were obtained at three different
potentials: (7) -1.2 V, in fully reductive conditions, (i7) -0.1 V, in intermediate
conditions, and (7i7) +0.5 V , in fully oxidative conditions. The potential at which
Cl- is expected to be adsorbed and thus to have contribution is -0.1 V. Fig. 9.3
shows the normalized Ag-K edge XAS spectra for the three different applied
potentials, for the Open Circuit Potential (OCP) and for the Ag and AgCl

standards.
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Figure 9.4. A): Normalized Ag-K edge XAS spectra recorded at Open Circuit Potential (brown), at potential -1.2 V (red), -0.1 V
(green) and +0.5 V (blue). The spectra of metallic Ag and AgCl standard materials are added and represented by a black line
and a pink line respectively. For better clarity the spectra are shifted along the y axis. B) XANES spectra recorded at the three
different potentials in a smaller energy range. The black vertical line marks the energy value (25520.4 eV) at which FEXRAV
investigation was carried out.
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Looking at Fig. 9.4.A, as we can expect, at applied potential -1.2 V the spectral
profile (red line) is very similar to that of Ag standard: this confirms that Ag is
present in the metallic form. In oxidative condition (E=+0.5 V) the XAS
spectrum accounts for a partial oxidation of Ag (blue line) while the largest
fraction is present in the metallic form. This result is in agreement with
electrochemistry pointing to a residual reduced Ag amount of 89/90 %. This
behaviour can be explained by the formation of clusters in which the oxidation
of Ag takes place only on the outer layer. An enlargement of the spectra acquired
at the three different potentials is illustrated in Fig. 9.4.B: the XANES spectra
are shown in a smaller energy range and the black vertical line, in
correspondence of 25520.5 eV, marks the energy value employed during the
preliminary FEXRAV analysis.

The subsequent EXAFS analysis was carried out in order to validate this
assumptions for potential -1.2 V (Fig. 9.5.A), -0.1 V (Fig. 9.5.B) and +0.5 V (Fig.
9.5.C). EXAFS signal was extracted by means of ATHENA software? and
processed by means of EXCURVE code2°. The oscillations, visible above the
noise level up to 9 A+, allowed us to investigate only the first shell in the local
structure of the photoabsorber. EXAFS signals obtained at potentials -1.2 V and
-0.1 V were fitted by means of a model made up of one cluster of metallic Ag
composed of 12 Ag atoms arranged in a cubic compact environment. The
spectrum recorded at +0.5 V was treated with a model constituted of two
clusters: the first made of 6 Cl atoms in an octahedral arrangement (typical of
AgCl) and the other composed of 12 Ag atoms (typical of metallic Ag). The
multiplicities employed are 30% and 70 % respectively, in good agreement with
electrochemistry measurements.

Fitting results are illustrated in Tab. 9.1 for the three different applied
potentials. In all cases the GOF parameter is well below 20 % thus indicating a

good fitting procedure.
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Figure 9.5. Ag-K edge EXAFS signals and the corresponding FTs of the electrode material composed of Ag nanoparticles during the
application of an external potential value of -1.2 V (A), -0.1 V (B) and +0.5 V (C). The experimental signal is represented by a black

line whereas the theory is indicated by the red one.
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Fitting Parameters for Spectrum Recorded at -1.2 V

Shell | N | Atom | r(A) o (A% r(A)

1 12| Ag | 2.88(1) | 1.3(1)x10% | 2.889

F=18.3%

Fitting Parameters for Spectrum Recorded at -0.1 V

Shell | N | Atom | r (A) o (A?) r (A)
1 12 | Ag 2.872(6) | 1.10(6) x10? | 2.889
F=10.3%

Fitting Parameters for Spectrum Recorded at 0.5 V

Cluster 1: AgCl Multiplicity: 30 %

Shell | N | Atom | r (A) ¢ (A% r' (A)

1 6 |l 2.84(4) | 2.3(8)x10?% |2.735

Cluster 2: Metallic Ag. Multiplicity: 70 %

Shell | N | Atom | r (A) ¢’ (A% r (A)
1 12 | Ag | 286(1) | 1.25(9)x10? | 2.889
F=14.4%

Table 9.1. Fitting parameters for EXAFS spectra in Figure 9.5. r: Distances, o’: Distance variances. Coordination numbers N have
been kept constant. I' refers to coordination distances present in literature.
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Further considerations can be made on the base of a deeper look of the XANES
region of the spectra, in correspondence of the spectral features observed at ca.
25532 and 25553 €V. In the single electron approximations these structures can
be attributed to the s 2 5p and to the 1s 2 4ftransitions respectively. Fig. 9.6
shows a comparison of the XANES spectra acquired at -1.2 V and at —0.1 V (at
which CI- are expected to be adsorbed) in the region between 25490 and 25590
eVv.
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Figure 9.6. Normalized XANES spectrum of Ag electrode at potential equal to -0.1 V (red line) compared to the one at-1.2 V
(blue line) in the presence of 0.1 M KCl in 0.1 M KCIO,.

The first thing that we note by observing the insight in the figure is that the
potential -0.1 V (less negative than -1.2 V) determines an increase in the spectral
structure present at ca. 25532 eV and a variation in the shape of the feature at
25553 eV. The only reasonable explanation underneath this experimental

evidence is a modification of the electronic structure of Ag determined by the
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adsorption of Cl- anions occurring at -0.1 V. Similar effects characterize the
spectral shape of Pd at the K edge2! (very similar to that of Ag).

Let’s discuss the results obtained in presence of the volatile organic halide
CHCI;. Fig. 9.7 gives information about the FEXRAV analysis applied to an Ag

electrode in presence of 10 mM CHCl; in 0.1 M KCIO,.
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Figure 9.7. CV ( full black line) and FEXRAV (dashed red line) signals for Ag electrodes in the presence of 10 mM CHCl; in aqueous
0.1 M KCIO,4, at 1 mV/s.

The CV, carried out in the potential range between -1.1 V and +0.3 V, is
represented by the black line and accounts for the formation of AgCl at +0.3 V:
the presence of an Ag oxidation peak is a support for the presence of Cl- ions
generated by the dehalogenation electroreduction. When the potential is
reversed, a peak associated to the electroreduction of AgCl appears. FEXRAV
result, indicated by the red line, is in good agreement with the electrochemistry:
the increase in the signal at ca. +0.3 V is due to Ag oxidation while the decrease
at ca. +0.1 V accounts for its reduction. Furthermore, FEXRAYV signal is marked
by a slight (but well above the noise level) decrease in the first potential scan

performed from -0.3 V to -1.1 V. This trend is reversible as the absorption
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coefficient increases back to the original value if the potential scan is reversed.
In order to clarify the reason behind this phenomenon, a XANES spectrum was
acquired while applying a potential equal to -0.3 V. Afterwards, this was

compared to a XAS spectrum acquired in absence of CHCl; (Fig. 9.8).
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Figure 9.8. Normalized XANES spectrum of Ag electrode at potential —0.3 V in presence (red line) and in absence (blue line) of 10
mM CHCl; in 0.1 M KCIO,.

The effect determined by the presence of the organic chloride is analogous to
that observed in Fig. 9.6, which compares the XANES spectra recorded in
conditions where Cl- ions are adsorbed (-0.1 V) and in conditions where CI- ions
are desorbed (-1.2 V). The similarity between the two cases is a clear suggestion
that a similar mechanism is involved for the presence and absence of CHCls.
Therefore, it is reasonable to assess that polarizing the electrode at -0.3 V, in
presence of CHCl;, determines the absorption of the organic halide on the

surface of Ag. On the base of this assumption, it is possible to make further
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considerations about the mechanism governing the process under investigation.
The decreasing trend of FAXRAYV signal observed starting from a condition in
which CHCI; is adsorbed (-0.3 V) (Fig. 9.7) and going towards more negative
potentials (-1.1 V) can be explained by the occurrence of CHCl; desorption after
its electroreduction. This is confirmed by the significant current observed in the
CV. The results presented so far provide support to the exceptional

electrocatalytic activity of Ag in the dechlorination of organic pollutants.

9.3. Br-K EDGE AND THE ADSORPTION OF PhBr

The aim of the second experiment, carried out on Ag electrodes, is the study of
the adsorption of an organic bromide: 2-bromophenol. This compound provides
a good model that can be investigated also from a different absorption edge, still
belonging to the hard X-ray region: Br-K edge (13474 eV). This is preferable to
the Ag-K edge because it allows access to the valence states of the halogen,
which are directly involved in the electrochemically driven interaction with Ag.

In order to start the investigation of the interaction between bromide and Ag a
FEXRAYV analysis was carried out in presence of a 150 uM solution of KBr. The
CV was performed in the potential range from -0.4 V to -1.0 V starting from -0.4

V (Vs Ag/AgCl), while maintaining the energy fixed to 13488.2 eV (Fig. 9.10).
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Figure 9.10. FEXRAV signal for Ag electrode in presence of a 150 uM solution of KBr in the potential range -0.4 --1.0V (Vs
Ag/AgCl) as a function of time (A) and of the potential (B).
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This value was chosen in correspondence of AgBr absorption edge in order to
gain the maximum contrast in the absorption coefficient . The aim was to
investigate the region in which Br- adsorption is expected to take place. The
absorption coefficient assumes its largest value at -0.4 V and gradually
decreases as the potential is reduced, reaching its lowest value at -1.0 V: from
the reverse path we can observe that the phenomenon is reversible. Potential -
1.0 V represents the electrochemical conditions at which Br-ions are in solution
and do not interact with Ag. Since the oxidation of Ag to AgBr does not occur for
potentials lower than 0.0711 V22, the variation in the absorption coefficient can
only be attributed to a modification in the local environment of Br- due to its
adsorption onto the Ag electrode. In order to check the reproducibility of the
process two cycles were performed.

Fig. 9.11 illustrates the Br-K edge spectral profile for three different local
environments of Br: 150 uM aqueous bromide (green line), silver bromide (blue
line) and for a 150 uM solution of KBr while applying a potential equal to -0.2 V
(red line), conditions in which Br- is expected to be adsorbed. This last spectrum

is the average of three spectra acquired in the same conditions.
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Figure 9.11. Normalized Br-K edge XANES spectra of AgBr standard material (blue line), of 150 uM aqueous bromide (green line)
and for a 150 uM solution of KBr while applying a potential equal to -0.2 V (Vs Ag/AgCl).
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In the cases of 150 uM aqueous Br- without potential and of AgBr no pre-peaks
are observed. If a potential of -0.2 V is applied to the solution of KBr, a peak
appears in the pre-edge region: this signal is ascribed to the zs 2 4p electronic
transitions. This difference, observed in the pre-edge region, can be explained
on the base of the electronic configuration of Br. Br- anion is characterized by
external configuration 3d?94s24p°. 4p electronic states are thus completely filled
both in the aquoion and in AgBr, where the degree of iconicity of the Ag—Br
bond is very high. For these two cases no absorption peaks are present in the
pre-edge region as no p states are available for localized electronic transitions.
Observing the XANES spectrum recorded at applied potential -0.2 V in presence
of a 150 uM solution of KBr, we note a pre-peak at 13475 eV (indicated by the
arrow). This is a clear experimental evidence that in these conditions 4p
electronic states are not completely filled and therefore the local electronic
environment of Br is different from both that of the aquoion and that of the
silver bromide. It is reasonable to assume that the electrochemically driven
process leads to the adsorption of Br on Ag causing a partial emptying of 4p
states. In order to confirm this assessment the whole XAS spectrum was

considered and the EXAFS signal was extracted and fitted.
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Figure 9.12. Br-K edge EXAFS signals (A) and the corresponding FT (B) obtained at potential -0.2 V in presence of a 150 pM
solution of KBr. The experimental is represented by the black line while the theory is the red one.
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Fig 9.12 shows the EXAFS modulations (A) and the corresponding FT (B).
Oscillations are visible up to 10 A~ but the low signal/noise ratio, due to the fact
that the phenomenon under investigation occurs at an interface, gives rise to
many peaks at large distances in the FT and
does not allow to obtain F values lower than
30 %. The EXAFS fitting was performed by
means of EXCURVE code20: full multiple
scattering was employed in presence of a
cluster composed of five shells of Ag atoms

and characterized by C,v punctual symmetry

(Fig. 9.13). The choice of such a geometrical

Figure 9.13. Scheme of the cluster employed in the

fitting of the EXAFS spectrum obtained at -0.2 V in . .
presence of a 150 uM solution of KBr. surrounding was based on the assumption

that bromine atoms adsorbs onto the Ag electrode in crystallographic positions
corresponding to Ag sites. On that basis each Br atom can be considered as
situated in the apical position of an octahedron constituted of Ag atoms: the first
shell comprises the four Ag atoms in the equatorial position and the second one
consists of the one Ag atom present in the other apical position. The other
shells, entirely made of silver atoms, are constructed considering the fcc
arrangement of the metal. Tab. 9.2 shows the best fitting parameters obtained

for the EXAFS spectrum illustrated in Fig. 9.12.

Shell | N | Atom | r(A) ¢’ (A? B1 (A% C1 (A%

1 4 | Ag 2.66(3) | 3.1(8) x102 | 3(2) x10™ | 6.9(4) x107

2 1 | Ag 3.9(1) | o@)x10? . .

3 4 | Ag 4.2(2) 1(2) x102 . .

4 8 | Ag 41(2) | 3(4) x10? : i

5 4 | Ag 5.11(7) | 3(8) x107 : :
F=334%

Table 9.2. Fitting parameters for EXAFS spectra in Figure 9.12. r: Distances, o’: Distance variances, B1: 3"
cumulant or Skewness, C1: 4™ cumulant or Kurtosis. Coordination numbers N have been kept constant.

156



k2 (k) (arb. un.)

For the first coordination shell, also the 3 and the 4t cumulants were
considered and fitted. The former, also defined Skewness, represents a measure
of the asymmetry of the probability distribution while the latter, also called
Kurtosis, refers to the deviation from the Gaussianity. The distance found for
the first shell of Ag atoms is smaller if compared to literature data referred to Br
Nearest Neighbours in silver bromide (2.83 A)23. This is reasonably explained by
the presence of a partially covalent interaction and therefore is a further support
to the fact that Br, when adsorbed, is characterized by a different local electronic
environment.

Let’s turn the discussion to the results obtained in presence of the brominated
organic model compound. In order to verify the structure of the 2-bromophenol
we acquired and analyzed a full XAS spectrum of a 150 uM solution of
bromophenol. Fig. 9.14 shows EXAFS spectrum and the corresponding FT: the
experimental is the black line whereas the best fit obtained by means of

EXCURVEZ?0 is the red line.
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Figure 9.14. Br-K edge EXAFS signals (A) and the corresponding FT (B) referred to a 150 pM solution of bromophenol.

Tab. 9.3 illustrates the parameters obtained for the best fit and Fig. 9.15

presents a scheme of the cluster employed. This is made of seven shells
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containing one atom each: EXAFS fitting was carried out applying multiple

scattering and imposing C, point symmetry to the central atom.

Shell | N | Atom r (A) o’ (A%
1 1 C 1.89 4(2) x10°
2 1 C 2.88 1.2(5) x10”
3 1 C 2.88 1.2(5) x10”
4 1 C 4.14 4(3) x10°
5 1 C 4.15 4(3) x107°
6 1 C 4.66 2(3) X107
7 1 0 3.4(1) 2(2) X107
F=29.7%

Table 9.3. Fitting parameters for EXAFS spectra in Figure 9.14. r: Distances, o’:  Figure 9.15. Scheme of the cluster employed in order to
Distance variances. fit the spectrum shown in Fig. 9.14.

In order to preserve the interatomic distances of the organic compound the
cluster was treated as a stable unit. On the basis of electrochemical
measurements (Fig. 9.16) we investigated the local structure of Br at potential -

0.8 V, at which the bromophenol is supposed to be adsorbed.

Current (A
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Figure 9.16. CV performed in the potential range within -1.6 V and 0.5 V, starting from -0.5 V and applying 0.05 V/s. The
desorption peak can be seen at ca. -0.8 V. Potentials are Vs Ag/AgCl.

158



Fig. 9.17 compares the Br-K edge XANES spectra of a 150 uM solution of 2-
bromophenol (blue line), of the same solution while applying a potential equal
to -0.8 V (red line) and of the adsorbed bromides (black line). In all cases the
pre-peak ascribed to the zs -2 4p transition is observed: the covalent bond
between Br and C in the bromphenol determines a partial emptying in the 4p

states of Br.

= 150 uM 2-Bromophenol at -0.8 V
= Adsorbed bromides
= 150 mm pM 2-Bromophenol

13440 13455 13470 13485 13500
E (eV)

Fig. 9.17. Br-K edge XANES spectra of a 150 uM solution of 2-bromophenol (blue line), of the same solution applying a
potential equal to -0.8 V (red line) and of the adsorbed bromides (black line).

A detailed observation of the spectral profile in the three pre-edge regions
points out small variations in the shape of the pre-peaks: the aqueous 2-
bromophenol spectrum presents a peak characterized by a sharp maximum
while the adsorbed bromides give raise to “plateau-like” structure in
correspondence of the maximum. The intermediate shape observed with the
application of potential -0.8 V suggests an interaction between the Br atoms of
the organic compound and the Ag of the electrode. In this case, EXAFS signal
was extracted and fitted (Fig. 9.18). The experimental is represented by the
black line while the best fit is the red one: although the oscillations are visible up

to 9 A the low signal to noise ratio prevents us from obtaining a good fit index.
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In Tab. 9.4. the best fitting parameters obtained are presented. EXAFS fit is
compatible with a model constituted of two clusters: (7) an organic part
(contained in the bromophenol) and (77) the metallic part (Ag in a fec
arrangement). This fit, carried out treating the bromophenol as a stable unit, is
in agreement with the previous assumptions made by observing the XANES
spectrum. On the basis of this analysis we can hypothesize that at -0.8 V (Vs
Ag/AgCl) 2-bromophenol is adsorbed onto Ag.
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Figure 9.18. Br-K edge EXAFS signals (A) and the corresponding FT (B) referred to a 150 uM solution of bromophenol applying a
potential of -0.8 V.

Shell [ N [ Atom | r(A) | J° (AZ)
1 [1] c 189 | 7(5)x10"
2 1| c 2.73 | 3(4)x10"
3 |1]| cC 2.90 | 12)x10"
4 [1| ¢ | 402 | ouxi0”
5 1| cC 415 | 03)x10"
6 |1]| C 459 | 1(7yx10"
7 [1] O |3206) | o)x10°
8 |5| Ag |35703) | 73)x10°
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9 4 Ag 3.84(6) 9(8) X10-3

10 | 8| Ag |4.06(8) | 302)x10°

11 | 4| Ag | 4894) | g5)x10°

Table 9.4. Fitting parameters for EXAFS spectra in
Figure 9.18. r: Distances, o”: Distance variances.

F:50.3 %

9.4. CONCLUSIONS

This chapter illustrates two experiments with the aim of studying the
exceptional electrocatalytic power of Ag in the dehalogenation of organic
halides: in the first one XAS investigation was performed at the Ag-K edge and

in the second one at the Br-K edge.

In the first case we investigated the process of C-Cl electro-cleavage in the
CHCI; organic chloride. XANES spectral shape and electrochemical
measurements suggest that at -0.3 V (Vs Ag/AgCl) trichloromethane is
adsorbed onto the Ag electrode and, by comparison to the results obtained in
presence of a 0.1 M solution of KCl, it is possible to assume that the adsorption
process of CHCl; is very similar to that of Cl-. Furthermore, starting from a
condition in which CHCl; is adsorbed and polarizing the electrode to more
negative potentials, we observe a decrease in FEXRAV signal thus accounting

for a desorption as a consequence of electroreduction of the organic compound.

In the second experiment we investigated the interaction of Ag electrodic
material and 2-bromophenol. The low signal/noise ratio observed in the XAS
spectra and associated to the nature of the system under investigation made it

difficult to treat data. However, on the basis of the model compatible with the
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experimental signal at -0.8 V, we can hypothesize that in these conditions 2-

bromophenol is adsorbed.
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10. FINAL REMARKS

This PhD thesis dealt with research works aimed at shading light onto the
mechanism and kinetics of electrocatalytic and photo-electrocatalytic processes
of increasing interest. Electrochemical and photo-electrochemical methods were
coupled to X-ray techniques for an in situ and in operando investigation: X-ray
absorption analysis were performed to study the local chemical and electronic
environment of the materials considered while applying specific electrochemical
and/or photochemical conditions.

The electrodic materials chosen for the experiments play a key role in the
catalysis of two processes: the water splitting reaction and the dehalogenation of
organic pollutants. IrOx based electrodes show great potentialities in the
electrocatalysis of the former process: thanks to X-rays as local structure probe,
a deeper understanding about the mechanism and kinetics of the
electrochemical reaction was gained. Associating this electrocatalytic material to
hematite it was possible to obtain and study bilayer architectures for the UV-Vis
light-induced catalysis of the water splitting reaction. Other -electrodes
considered provide a sustainable and cheaper material for the photo-
elecrocatalysis of the water oxidation reaction: these are constituted of Ni(OH).
as electrocatalytic domain and hematite as semiconductor part. The last
material taken into account for the water splitting process is Cu(I) oxide, one of
the most important candidates for energy conversion devices. In particular the
attention was focused on the characterization and the stability of the precursor:
a Cu(II) lactate solution.

As far as the electrochemical dehalogenation of organic pollutants is concerned,

this thesis focused the attention onto Ag electrocatalyst. Two organic halides
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were considered as model compounds in the experiments performed: tri-
chloromethane and bromophenol.

All the in situ and in operando experiments were carried out at the E.S.R.F.
(European Synchrotron Radiation Facility in Grenoble, France) on different
beamlines depending on the experimental needs associated to the samples and
to the electrochemical programs applied. In order to perform the
measurements, adequate spectro-electrochemical devices were designed and
built so that they could host the three—electrodes setup in the beamline hutches.
Thanks to FEXRAV (Fixed Energy X-ray Absorption Voltammetry) it was
possible to identify the potential windows in which the most important
processes occur. This method therefore served as a preliminary study in order to
chose the most suitable potentials for the subsequent full-XAS investigation.
The XANES (X-ray Absorption Near Edge Spectroscopy) part allowed to study
the local geometric and electronic environments and the EXAFS (Extended X-
ray Absorption Fine Structure) oscillations brought information associated to
the chemical surrounding within 10 A. Moreover, the employment of time-
resolved energy dispersive XAS was successful in the investigation of the
kinetics associated to the processes considered. In presence of photo-electrodes,
composed of an electrocatlytic part and a semiconductor domain, the
experimental setup was complicated by the presence of a UV-Vis light source
acting as a solar simulator. In some cases the study of the mechanisms and the
kinetics was further improved by a X-ray multi-bunch based setup, which
allowed to gain a time resolution of hundreds of nanoseconds.

To conclude, the experiments carried out not only proved the exceptional
catalytic power and the most important properties of the samples but also
identified the best running conditions of the electrochemical tools.
Furthermore, the techniques employed displayed strategies that can be useful in

the investigation of other (photo-)electrochemical devices.
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