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Abstract



Abstract

In this work a study of the electrochemical synthesis of TiO2 based nanostructured electrodes

for photocatalytic and electrocatalytic applications is presented.

The study on the electrochemical synthesis of TiO2 nanotubes (NTs) through anodization has
been aimed to develop a novel “single-step” anodization method in symmetric electrochemical
cells (i.e. both electrodes are Ti sheets), instead of traditional “double-step” processes, which
include the sequence of two anodizations separated by the dissolution of the first formed TiO:

and are carried out in asymmetric cells with Pt electrocatalysts as counter electrodes.

Besides the anodization, in relation to the specific applications discussed in this study, further

electrochemical synthesis routes, employing the anodized TiO: electrodes, were investigated.

In photocatalytic applications, the electrodeposition of Cu20 nanoparticles over the surface of
TiO2 NTs has been adopted as strategy to overcome the limited light absorption of the bare TiO:
photocatalyst (active only under UV irradiation). Here, in agreement with most of the studies
among the available literature, under visible irradiation the TiO2/Cu20 based electrodes showed
improved performances than the bare TiO (inactive under only visible light). These improved
performances have been frequently claimed based on the only analysis of the photocatalytic
performances under visible light, while in the present study it was found that, when the light
source employed was UV + visible rather than only visible, the photo-catalytic performances of
the composite electrodes were lower as compared to the bare TiOz electrode. Furthermore, the
bare TiO> activity registered under UV + visible was higher than the composite electrode activity
registered under only visible irradiation. To overcome this unexpected behaviour, at this stage
the study has been aimed to the development of photo/electrochemical post-treatments, which

allowed to improve the performances of the Cu20 based electrodes also under UV + visible light.

Black TiO- electrocatalysts were finally synthesized in the framework of the activities related to
the e. THROUGH EU project (H2020-MSCA-RISE-2017-778045), which is aimed to the recovery

of critical raw materials and sustainable remediation.



Briefly, this goal would be achieved through the development of electrokinetic technologies for
soil remediation, as in the case of the electrodialytic mine tailings remediation performed in this
work, where the transport phenomena involved during EK processes (i.e. electromigration,
electroosmosis and electrophoresis) are combined with the principles of the electrodialysis.
Electrodialytic remediations are generally carried out in symmetric cells which employ
commercial T/MMO (Mixed Metal Oxides; Ir/Ru-based) electrodes, for both anode and cathode,
where the soil matrix to treat is separated by the electrodic compartments employing ionic
exchange membranes. Main limit for the real employment of this technology is the energy costs
related to the stirring, requested to favour the contaminants mobilization in the soil matrix, and
the power supply. To overcome this limit and minimize the overall process cost, considering that
the main reactions involved during the process are the water splitting reactions, one of the
proposed strategies foresee the recovery of the evolved hydrogen as valuable byproduct. In this
perspective, the employment of a specific hydrogen evolution reaction (HER) electrocatalyst
instead of Ti/MMO, which is benchmark catalysts for the anodic reaction involved, would allow
to boost the hydrogen production and further contributing to minimize the overall energy cost of
the process. Consequently, at this stage the study has been aimed to the development of a non-
commercial hydrogen evolution reaction (HER) electrocatalyst, namely the Black TiO2 based
electrodes. These electrodes have been synthesized through a facile electrochemical reduction
strategy, starting from the amorphous TiO2 based electrodes resulting from the anodization. The
synthesized electrodes have been then tested in comparison to the commercial Ti/MMO

cathode.
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1 - Introduction

During the past several decades, the study of electrochemical phenomena (bulk phases
phenomena as well as across interfaces between ionic, electronic, semiconductor, photonic, and
dielectric materials) has advanced rapidly. This was owed, in large part, to the invention of a
suite of new scientific tools, strictly connected to the development of nanotechnologies, which
provided the ability to create precisely characterized systems, at unprecedented levels of
sensitivity, atomic resolution, and chemical specificity. At the same time, that ability was made
possible thanks to the development of electrochemical processes, either in the fabrication as
well as in the functionalization of many nanostructured materials, processes and devices [1].
Today, many research groups working in nanotechnology also have wider interests in
electrochemistry, as electrochemical methods are typically low-cost and highly effective for the
preparation of nanostructures. This mutual interaction among the study of electrochemical
phenomena and nanotechnologies, that is the applications of electrochemical phenomena in
nanotechnology (e.g. nanomaterial synthesis through electrochemical methods), and vice versa
(e.g. nanomaterials application in electrochemical systems), paved the way to the born of a new

field that includes both, namely the Electrochemical Nanotechnology [2].

This work focuses the attention on that interaction, on one side toward the electrochemical
routes for nanostructured materials synthesis, i.e. TiO2 based electrodes synthesis, while on the
other it is focused on their applications in photoelectrochemical, i.e. photoelectrochemical cells
for Hydrogen production, and electrochemical systems, i.e. Electrodialytic systems for soil

remediation.

1.1 Nanostructures through electrochemical methods

Transition to nanoscale, thanks to the strong reduction of the dimensions, results in a
precise control of the surface geometry of nanostructured materials, which exhibits novel and
unique catalytic, electronic, magnetic, optoelectronic and mechanical properties. These
characteristics are the result of the collective behaviour and interaction of a group of nano-

elements which acting together produce responses as a whole system [3]. These features led
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to a grown scientific interest of many research groups, involved in different topics, in the study

of nanomaterials and their applications.

To date nanostructures are synthesized through a large variety of methods ranging from
lithography [4], wet chemical processes employing microemulsion systems [9], electrochemical
processes [6], photochemical reduction [7], and also soft chemical routes that includes sol-gel

techniques [8] and wet impregnation [9].

Among them, electrochemical synthesis of nanostructures may be implemented following
two different strategies, one based on the electrochemical oxidation, that includes the so called
anodization processes, where the anodic polarization of metal substrates leads to the growth of
nanostructured oxides, while the other one is based on the electrochemical reduction, namely
the electrodeposition of metal or metal oxides over a conductive substrate. Both strategies are

particularly effective when supported nanostructures over conductive substrates are needed.

Anodic polarization of valve metals, such as Al, Ti, Ta, Sb, Nb, V, Hf or W, started to grow
interest in the last century in reason of the practical importance of the resulting bulk anodic
oxides in applications such surface protection (i.e. metal passivation) and capacitors. In the last
decades a further interest increase was registered for self-assembled nanostructured oxides, in
reason of their unique and excellent properties for optical, electronic, photochemical and
biological applications [1]. Besides that, the ordered nanoporous structure of some of these
anodic oxides, like “honeycomb” structures for Al20s3, or nanotubes array for TiO2, makes them
materials of interest also as templates for the synthesis of nanostructured metals or metal oxides

through electrodeposition techniques [10]-[13].

Electrodeposition indeed is the other electrochemical strategy (i.e. electrochemical
reduction) previously mentioned as a tool for nanostructured materials synthesis. Besides
template methods, several studies focused on the electrodeposition on conductive bulk
substrates, demonstrated as by controlling the experimental conditions of the electrodeposition
process is possible to control sizes and morphologies of the deposited nanostructures [14]-[16].
This latter aspect is of great interest, in particular in relation to catalytic purposes, considering
that the catalytic activity would be strongly influenced by catalyst morphology and sizes [17].
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In this work nanostructured TiO. based electrodes were synthesized through
electrochemical routes. Specifically, anodization processes were carried out to synthesize
Ti/TiO2 nanostructured based electrodes, while Cu2O electrodeposition was successively
performed to improve the TiO2 based electrodes characteristic respect to the photocatalytic
application. Furthermore, electrochemical methods have been employed also as post-
treatments useful to improve the TiO. based electrodes for both, photocatalytic and
electrocatalytic purposes. Electrodes synthesis and their applications will be widely discussed

in the following sections.

11



Chapter 2

TiO2 Nanotubes (NTs) synthesis
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2 TiO2 Nanotubes (NTs) synthesis
2.1 State of the art

Different techniques have been developed to produce nanostructured TiO», such as sol-gel
synthesis [18], anodization [19], electrodeposition [20], sonochemical deposition [21], and hydrothermal
techniques [22], with different geometrical shapes and structures. Among these, potentiostatic anodization,
which is a low cost nanofabrication method, leads to nanotubular structures that show a high surface to
volume ratio [23]H26]. Besides the cost effectiveness the main advantage of the anodic polarization is in
its versatility, allowing to have control on dimensions and morphology of the resulting oxide by the
modulation of anodizing parameters like voltage, pH, composition of the electrolyte and time of electrolysis
[23], [27], [28].

Highly ordered vertically oriented TiO2 nanotubes, in reason of the ordered material architecture, are
excellent electron percolation pathways for vectorial charge transfer between interfaces [29]. These
characteristics confer outstanding charge transport and carrier lifetime properties which makes this material
particularly appealing in such advanced applications, including sensors [30], dye sensitized solar cells [31],
hydrogen generation by water photoelectrolysis [32], photocatalytic reduction of CO2 [33], energy storage
devices [34] and supercapacitors [35]. Furthermore, TiO2 NTs demonstrated great utility in biomedical
related applications including biosensors, molecular filtration, drug delivery, and tissue engineering [29].

As above mentioned, anodization as production method gives the possibility to design and control
the geometrical features of the self-organized nanotubular architecture, allowing to achieve a material with
specific light absorption and propagation characteristics, which makes this material of great interest in
photocatalytic applications [36]{38]. As well as by an electrocatalytic point of view, considering thatin many
electrochemical reactions the electrolyte diffusion can be tuned by tailoring the pore sizes of the porous
materials [39].

In literature a large variety of works on the TiO2 NTs synthesized through anodization processes is
present. They can be classified in relation to the employed electrolyte in four different generations. First
NTs generation derives from anodizations carried out in acidic fluoride-based electrolytes, characterized
by a maximum nanotube lengths of approximately 500 nm [40]. In the second-generation, to reduce the
chemical dissolution of TiO2 during the anodization, buffered pH electrolytes were employed, reaching NTs

lengths up to approximately 5 um [41]. A further increase in NTs length, nearly 1000 jum, was reached
13



with the third NTs generation which was developed employing non-aqueous polar organic electrolytes
containing fluoride [27], [30], [42]. The fourth generation, unlike previous, is characterized by non-fluoride-
based electrolytes [43], using HCI [44], H20. aqueous electrolytes with nanorods morphology instead of
NTs [45] and the combination of both of them [46].

The general growth mechanism of nanoporous anodic oxides during anodization (Figure 2.1) can
be explained as the contribution of different processes. Oxide growth starts at the metal/electrolyte interface
through the interactions between the metal and Oz or OH-ions. Once the initial oxide layer is formed, Oz
anions migrate through it toward the metal where they react, and the oxide growth go on.

At the meantime, in reason of the applied electric field, metal ions move in the opposite direction,
from the bulk metal toward the oxide/electrolyte interface and are ejected, while the formed oxide
undergoes polarization promoting dissolution of the metal cations (i.e. field assisted dissolution), which
dissolve into the electrolyte, and the free O2 anions migrate towards the metal/oxide interface, as in the
first step described above, to interact with the metal. Besides that, chemical etching by the acidic electrolyte
on the formed oxide also takes place during anodization [47].

As reported in several works, this latter aspect is of great importance in fluoride based electrolytes
where the chemical dissolution plays a key role both, in the formation of nanotubes instead of nanoporous

continuous layer, either in top nanotubes morphology [31], [48], [49].

. b
Electrolyte
H,0 H* , Ti(OH)0,
\ L T
t o* L
AU
=T | TiO,
Ti

Figure 2.1 - Schematic representation of the Ti anodization (a) in absence of fluorides (flat layers), and (b) in presence of fluorides
(tube growth) [24].
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2.2 Anodization process: TiO2 NTs growth

Anodization is an electrochemical process generally carried out in acidic aqueous solution,
where the growth of an oxide layer on the surface of a suitable metal takes place under a
sufficient applied potential. During the current flow in the electrolytic cell, in which the metal
substrate is employed as anode, the anions migrate towards the anode oxidizing it. According
to the electrolyte composition and the specific experimental conditions of the anodization
process, three different scenario may occurs: 1) the metal is continuously dissolved with Mn*
ions which are solvated in the electrolyte (i.e. corrosion, or electropolishing of the metal); Il) a
compact oxide layer is formed in reason of the Mn* reaction with Oz, with the resulting oxide
which is insoluble in the anodization electrolyte (Figure 2.1, a); Ill) under some conditions, a
porous oxide layer is the result of the competition between solvation and oxide formation (Figure
2.1, b), where oxide solubility in the electrolyte plays a key role in the self-organized nanoporous

oxide growth [26].

Since first report in 1999 by Zwilling and co-workers on anodic oxide growth on titanium
substrate [40], was well recognized that the fluoride content in the electrolyte was the crucial
factor in nanotubes self-organized growth. Anodization in fluoride-based electrolytes to form
tube layers is usually carried out applying a constant potential in the range 5 — 150 V, with a
fluoride content in the range 0.1 — 1 %wt [26], [27], [31], [41].

The growth mechanism of nanoporous anodic oxides during anodization in non fluoride-based
electrolyte, as reported by Schmuki et al. [1], can be summarized as the contribution of the following

reactions:

Ti - Ti*t + 4e” (2.1)
Ti+ 2H,0 - TiO, + 4H* + 4e~ (2.2)
Ti** + 4H,0 - Ti(OH), + 4H* (2.3a)
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Ti(OH), - TiO, + 2H,0 (2.3b)
2H,0 +2e~ > H, T+ 40H"™ (24)

These equations describe the compact oxide layer growth: ion formation (2.1); reaction with Oz (2.2) or
OH- (2.3); and the cathodic reaction of hydrogen evolution (2.4). Specifically, oxide growth starts at the
metal/electrolyte interface through the interactions between the metal and O or OH- ions, generated by
the field assisted deprotonation of OH-or H20, respectively. Once the initial oxide layer is formed, in reason
of the electric field, anions migrate through the formed oxide toward the metal where they react and the
oxide growth go on (Figure 2.1).

In fluoride-based electrolytes are implied two further reactions:

Ti* + 6F~ - [TiF,]*~ (2.5)

H+
Ti0, + 6F~ — Ti+ 2H,0 (26)

namely the complexation of the ions that are moving through the formed oxide and are ejected in the
electrolyte (2.5); and the chemical etching of the fluoride on the formed oxide (2.6).

According to that, appears clear as the fluoride content and pH would strongly influence the overall
anodization process, as well as the anodization time. While it is well defined the linear relation between
nanotubes outer diameter and anodization potential [24], [50], the nanotubes length results strongly
influenced by the etching effect promoted by the same anodization electrolytes. Consequently, to achieve
the fine control on NTs length, the optimization of the anodization parameters is needed [49].

Anodization carried out in non-aqueous polar organic electrolytes containing fluoride, was
specifically developed to improve the nanotubes length thanks to the low water content [27], [30], [42].
Specifically, reduced water content (i.e. lower than 5%) strongly decrease the etching rate, and longer
nanotubes would be achieved [29]. It should be remarked at the same time that organic electrolytes imply

a reduced oxygen availability, which would lead to a decrease in the oxide formation rate [51].
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Appears clear as the electrolyte composition would play a key role in determining the nanotubes
morphology, as in the formation of “V-shaped” sidewall thickness profiles (i.e. thinner sidewall on the top,
thicker at the bottom), strictly connected to the electrolyte etching effect [52). Considering that this etching
effectis permanent during the anodization, the V-shaped profile evolves as function of the anodization time,
in a continuous thinning of the top tubes until they collapse, leading to a disordered top tubes layer called
nanograss [48], [52).

Consequently, fixed the fluoride content and the applied potential, the inner tube diameter such as
the top tubes morphology could be finely controlled through the combination of water content in the
electrolyte, as well as the anodization time. This control on the pore size of the nanostructures would results
in the tuning of the electrolyte diffusion, useful to regulate many electrochemical and photochemical
processes [39].

Titania nanotubes gained by anodization in fluoride-based polar organic electrolytes are generally
synthesized in “asymmetric” two electrodes electrochemical cells, generally employing Pt as counter
electrode [23], [35], [53].

The most diffused anodization methods are based on “double step” processes (Figure 2.2, A), where
after the first anodization, the formed oxide is selectively removed by the titanium substrate leaving an
imprinting on its surface which is useful to guarantee the self-ordered growth during the second anodization
[54], [55], while are very few works based on single anodization processes [53], [56], among which must
be highlighted some works where the authors proposed single step anodizations characterized by a
potentiodynamic regime in the early stage of the process, with the linear growth of the applied potential up
to the value of the subsequent potentiostatic anodization (Figure 2.2, B), reached which the anodization

proceeds in potentiostatic regime [57].

] "a Potentiodynamic

1% Anodization Selective removal 2% Anodization Anodization

m o m

Ti Ti n

Potentiostatic
anodization

Ti

(A) (B)

Figure 2.2 - Schematic representation of: A) typical “Double-step” anodization; B) “Single-step” anodization with potentiodynamic
pretreatment [58].
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2.3 Annealing treatment. From amorphous TiO- to its crystal phases

Titanium dioxide exists in three different crystalline phases: anatase, rutile and brookite [59], while
the TiO2 NTs resulting from the anodization process are characterized by an amorphous nature [60].

It is well recognized that for photocatalytic purposes the most photoactive phase is Anatase TiO>
[61]. It is a metastable phase which for high annealing temperature converts to Rutile, the
thermodynamically stable phase. Both, Anatase and Rutile crystallize in tetragonal structures [62].

Some works report on partial crystallization achieved already during the anodization for certain
electrolyte compositions and anodization potentials [63], [64], while the most common method employed
to improve the crystallinity of the Titania nanotubes is based on annealing treatments [65]-{67].

Annealing temperature and duration are the parameters that allow to control the crystal phases ratio
of the treated nanotubes, so that an increase in temperature and duration results in the transition from
Anatase to Rutile phase [68].

In several works Authors report on annealing treatments carried out in different atmospheres, like in
argon, air or nitrogen flow [24], [69]. In this latter case the annealing treatment allows to have the contextual

doping of the Titania NTs, thanks to the incorporation of nitrogen into the TiO2 lattice [70].
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Chapter 3

Ti02-based photocatalysts for solar energy conversion
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3 TiO2-based photocatalysts for solar energy conversion

3.1 Solar energy conversion through semiconductor photocatalysts

The increasing atmospheric concentration of greenhouse gases and the related risks arising from
global warming raises serious concerns on fossil fuels energy supply [71]. To date, great attention is paid
to the development of renewables-based energy production systems (e.g. solar, photovoltaic, geothermal)
[72].

The real employment of renewables in large scale energy production is limited by the large
degree of intermittency of which are characterized. Cause the natural variability of climate
factors, as well as the geographic position, the adoption of renewables as continuous supply
sources is precluded. As consequence electric energy from renewable productions imposes the
recourse to storage technologies, including batteries and accumulators, which are however

insufficient to guarantee the required autonomy in many applications [73].

A promising strategy to overcome these limits, is the conversion of the produced energy in
chemical fuels, which can be stored and later used to generate power. Among the fuels that can
be produced, attention has been paid to hydrogen, mainly for its high energy density and null
environmental impact deriving from its combustion [74]. Photocatalysts employed for that
purpose are semiconductor materials, among which are included transition metals oxides, like

titanium dioxide [75]

Figure 3.1 shows a schematic representation based on the energy band model. When the
atoms form a crystal, the motion of the electrons of the outermost layer is modified respect to
what happens for an isolated atom. The electrons are no longer bound to a single atom but are
shared between multiple atoms (which form the lattice structure). As consequence the allowed
energy levels close together lead to the bands formation. In a conductor (Figure 3.1, metal) these
bands are overlapped, so that the electrons which occupies the lower energy level, i.e. valence
band, in presence of an external electric field can acquire sufficient energy to move freely within

the crystal. Otherwise in an insulator the energy bands are separated by a forbidden band gap
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characterized by high energy. Under an external electric field, in reason of the high energy band

gap, electrons cannot acquire sufficient energy to move in the conduction band.

C

I E, ’ Er

e —

Electron energy (eV)

Metal Semiconductor Insulator

Figure 3.1 - Schematic representation based on energy band model. Comparison between metal, semiconductor and insulator

respect to the Fermi energy level (Er). Egis the energy band gap characteristic of the semiconductor; VB and CB are the Valence

and Conduction Bands respectively.

Semiconductors, compared to insulators, are characterized by lower energy band gaps
which allows to acquire sufficient energy useful to guarantee the conduction. When this happens,
e.g. under solar irradiation, an electron is promoted from the valence to the conduction band,
leaving a hole in the lattice structure (i.e. incomplete bound in the lattice). In this situation it is
possible that an electron of a neighboring atom goes to fill the formed hole producing in turn a
new hole. Subsequent movements of the electrons produce a “movement of the hole” through
the crystal, so that the hole behave like a particle with a positive charge, free to move in the

opposite direction to the motion of the electrons within the crystal.

An “intrinsic” undoped semiconductor is characterized by the absence of defects in its
lattice structure, and the concentration of the charge carriers, i.e. electrons and holes, is
constant. This condition is represented by the Fermi level (EF) which lies in the mid of the
semiconductor band gap. This is why the Fermi level can be considered to be a hypothetical
energy level of an electron, such that at thermodynamic equilibrium this energy level would have

a 50% probability of being occupied at any given time [76].

The introduction in the crystal of substitutive impurities, i.e. foreign atoms that replace

some of the atoms in the original lattice structure, involves the modification of the concentrations
21



of electrons and holes respect to the intrinsic semiconductor. This procedure is generally named

doping.

Er

n-type p-type

Figure 3.2 - Schematic representation based on energy band model. Comparison between n-type and p-type semiconductors.

According to the valence electrons of the substitutive atom, two kinds of doping are
possible. Lower valence atoms are called acceptors and cause an increase in the concentration
of holes leading to p-type semiconductors, while higher valence atoms are called donors and
cause an increase in the concentration of the electrons leading to n-type semiconductors (Figure
3.2). As showed the Fermi levels are shifted towards the conduction band and the valence band
for n-type and p-type respectively, as consequence of the varied concentrations of the majority

charge carriers.

TiO2 is an n-type semiconductor able to promote the photocatalytic water splitting. The
main feature that semiconductors must possess in order to promote both the water splitting
reactions is related to the energies of the conduction and the valence bands, which must restrain

the water reduction and oxidation potentials respectively, as in the case of n-TiO> (Figure 3.3).

In principle, when the photocatalyst is subjected to illumination, the supplied energy allows
the electrons present in the semiconductor valence band to overcome the forbidden energy band
(i.e. energy band gap) and pass into the conduction band leaving a positive charge in the valence
band, the so-called hole-electron pairs formation. In photocatalytic cells for water splitting the
overall reaction takes place over the photocatalyst surface, so that the photogenerated electrons
promote the water reduction at the conduction band, while the holes promote the water oxidation

at the valence band, closing the photo-electrolysis (photo-splitting) [77].
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Figure 3.3 - Schematic representation of the relation between energy band levels of TiO2 semiconductor and water reduction and

oxidation potentials. CB and VB are the conduction and valence bands respectively.

Besides photocatalytic cells, is possible to employ the photocatalysts in systems called
photoelectrochemical (PEC) cells, where, according to the type of doping, they can be employed
as photoanodes (n-type) or photocathodes (p-type), or both in a tandem cell configuration [78].
Respect to photocatalytic cells where the overall electrolysis reaction takes place over the
photocatalyst surface, in PEC cells the photocatalyst which acts as photoelectrode will be
responsible only for a half reaction. For example, referring to a PEC cell based on a n-type
photoanode and a metal as counter electrode, under illumination the photogenerated electrons
will be driven to the counter electrode, where they promote the reduction, while the holes will

promote the oxidation over the photocatalyst surface.

Titanium dioxide is one of the most studied photocatalysts, since Fujishima and Honda in

1972 for the first time demonstrated its employment in photocatalytic water splitting [79].

The main features that justify the extensive investigation on this material through the last
decades, are related to its high photocatalytic activity, photochemical stability, non-toxicity and
low cost, besides the advantages related to the nanotubular architecture, which thanks to an
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elevate surface to volume ratio can ensures a high number of photogenerated charge carriers
and their reduced recombination rate as a function of NTs length, enhancing the overall process
kinetic [80].

On the contrary, main limit for the TiO2-based photocatalyst activity is its wide band gap
(i.e. 3,0 - 3,3 eV [81], [82]), that makes it suitable only for UV light absorption, with the

consequent absence of photoactivity in the visible region of solar spectrum.

This can be explained considering that the band gap corresponds to the minimum energy
required to have photoactivity (i.e. to promote an electron from the valence to the conduction
band). As a consequence, considering that the energy source employed is the solar light, and
that there is an inverse proportionality between the energy and the light wavelength, there will
be a threshold wavelength value which will define the wavelength range that could be absorbed
for each semiconductor, so that wider will be the band gap, lower will be the absorbed light

fraction, and vice versa.

TiO2 energy band gap, as above mentioned allows to absorb light only in the UV region,
which corresponds to 3-5% of the entire solar radiation, while more than 40% is in the visible
region. Consequently, a lot of researcher efforts has been devoted to the study of strategies for

the improvement of the visible light absorption in TiO.-based photocatalysts.

One of the strategy commonly employed is based on doping of TiO2 with transition metal
ions, like Co, Cr, Cu, Fe, Mo, V and W [83]. The presence of foreign metal species induces
defects formation in the oxide structure, which produces as effect a variation in the number of
the intrinsic charge carriers, so that substituted elements with higher valence number respect to
Ti would increase the number of holes as charge carriers, conferring a p-type character to the
semiconductor (holes as majority charge carriers), while elements with lower valence number
would increase the number of electrons, n-type character (electrons as majority charge carriers).
Most recently also anion-doped TiO2 has attracted considerable attention due to its reported

photocatalytic activity under visible light irradiation [84].

Doped TiO2 results in band gap positions which shows a noticeable shift of light absorption

towards the visible region [83]. At the same time, the nature of the dopants would strongly
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influence the photoactivity, depending on dopants energy levels and d-electron configurations
[85]. Specifically, when TiO is doped with 3d transition metals (i.e. V, Cr, Mn, Fe, or Co), the
electrons are localized around each dopant. As the atomic number of the dopant increases the
localized level shifts to lower energy. For example, in the case of Co dopants, it is situated at
the top of the VB. In contrast, the electrons from the Ni dopant are rather delocalized, thus

significantly contributing to the formation of the valence band with the O 2p and Ti 3d electrons.

Another route provides to couple TiO2 with other materials. On one side through the
deposition of metals which would act as co-catalyst and contextually as “electron trap sites”
minimizing the charge carriers recombination probability in the TiO> substrate and improving the
photoactivity (i.e. employing the “trap state electrons” in the reductions at the metal/electrolyte
interface). On the other side the deposition of a suitable semiconductor that would be able to

absorb light in visible region acting in tandem with the TiO2 substrates [77].

3.2 Photoelectrochemical cell (PEC)

Figure 3.5, B shows a schematic representation of a photoelectrochemical cell based on
n-type semiconductor at the equilibrium (i.e. dark conditions). As previously mentioned, the
Fermi energy level of a semiconductor represents an energy level which has 50% probability of
being occupied by an electron [76]. It is located near the middle of the band gap for undoped
semiconductors, while it is near the conduction band for an n-type semiconductor (electrons as
majority charge carriers), and the valence band for a p-type semiconductor (holes as majority
charge carriers). In vacuum the Fermi energy level corresponds to the “Flat band” potential.
When a semiconductor metal oxide is exposed to air, water molecules from the air can
dissociatively adsorb on its surface, resulting in -OH surface termination which form new
electronic surface states within the bandgap of the semiconductor (after the adsorption the
symmetry of the bulk lattice at the semiconductor/air interface is broken). The energy levels of
these new surface states are below the conduction band, so that free electrons from the
semiconductor bulk moves to occupy these levels, leaving ionized donors which form a positive
space charge layer (i.e. depletion layer — Figure 3.4, f). An electric field now forms, and the
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charge transfer from bulk to surface will continue until the potential barrier becomes too large for
bulk electrons to cross it. At this point, a dynamic equilibrium establishes at which no net electron
transport takes place (Figure 3.4, [86]).
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Figure 3.4 - Simplified illustration of the formation of a space charge region (SCR) at a metal oxide semiconductor surface when
exposed to (humid) air. a, d) n-type semiconductor in vacuum; b, e) dissociatively absorption of water and c, f) new electronic

surface states formation, [86].

In the same way, when the n-type photoanode (Figure 3.5, A) is immersed in the electrolyte
a dynamic equilibrium is established in reason of the charge transfer across the
semiconductor/electrolyte interface (Figure 3.5, B), and the Fermi energy level of the
semiconductor shifts from the flatband potential to equalize the energy level of the redox couple
(i.e. O2/H20) in the electrolyte, giving rise to the “band bending” phenomenon. When the PEC
cell is illuminated, the photogeneration of the hole-electron pairs in the semiconductor takes
place, and the Fermi level varies decreasing the band bending, towards the flatband potential
starting value.
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Figure 3.5 — Schematic representation of: A) n-type based photoanode; B) PEC cell employing n-type photoanode at the equilibrium,
with depletion layer formation. VB and CB are the valence and conduction bands respectively, Er is the Fermi energy level and CE is

the counter electrode.

This “pband flattening” under illumination, due to the variation of the charge carriers
concentration (i.e. replacement of the electrons concentration in the depletion layer), is traduced
in an internal photovoltage (AVpnoto) generation (Figure 3.6), which is the driving forces of the

electrochemical reactions in the PEC cell [87].

e electron
hv o hole
P4
CB ® o 0 0 0 o ) Ox
. RedD
Y —
I Avphoto
Red
VB oooooo%igoi
— T * T —T—
n-type Photoanode Electrolyte CE

Figure 3.6 — Schematic representation of a PEC cell employing n-type photoanode under illumination. AVpnow is the potential

difference between Ernand Er,, which are the quasi Fermi level for the electrons and the holes respectively.
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AVpnoto drives the photogenerated electron flow from the semiconductor towards the
counter electrode promoting the reduction reaction, while over the semiconductor electrode

surface the holes promotes the oxidation reaction (Figure 3.6).

At this stage, since the system is no longer in equilibrium, the use of a single Fermi level
is no longer appropriate, so that the concept of quasi-Fermi level (Figure 3.6, Ernand Er ) would
be more useful [88]. Considering the photovoltage it could be defined as the potential difference
between the quasi-Fermi levels of electrons (Er ) and holes (Erp) under illumination, although
the accuracy of this formalism, particularly in the vicinity of semiconductor-liquid interface,
remains an active area of discussion within the PEC community [89]. Van de Krol defined it as
a direct measure of the concentration of electrons and holes at a certain point x in the

semiconductor bulk respect to the surface state at the semiconductor/electrolyte interface [90].

3.3 Strategy to enhance the light absorption in Titania based photocatalysts:

Ti/TiO2/Cu20 electrodes synthesized through Cu20 electrodeposition

Thanks to the unique characteristics that the nanotubular architecture confers in terms of electron
percolation pathways for vectorial charge transfer between interfaces [29], n-TiO2 NTs is one of the most
studied and appealing photocatalysts.

Furthermore, NTs morphology enables light to be internally scattered, increasing the chances to
have more photons absorbed [54]. Zhu et al. in particular calculated that the light harvesting efficiency of
TiO2nanotubes is 20% larger compared to nanoparticle films used in dye sensitized solar cells [91].

Unfortunately, the limited light absorption to the UV region of the solar spectrum, due to
the wide band gap of which this semiconductor is characterized [81], greatly reduces its
performances in terms of photoconversion efficiency. This is why during the years different
strategies have been adopted to improve the light absorption in Titania based photocatalysts
[92]. As previously mentioned, these strategies includes the incorporation of dopants in TiO2
lattice structure, useful to narrow the band gap [83], [93]-[95], and the formation of
semiconductors heterojunction, achievable through the deposition of a suitable semiconductor
able to absorb visible light [92], [96]-[98].
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Although doping would be the first useful strategy to this goal, the main effect that produces is a shift
in the band gap energy toward lower energy (i.e. , ranging from 2.4 to 3.1 eV, [93)]), that are in some cases
not so lower respect to the undoped Titania (i.e. approximately 3.2 eV, [29)), so that absorption respect to
the visible light remains almost unchanged. Consequently, the deposition of a semiconductor able to
absorb in visible seems to be a more promising strategy to extend the range of the light absorption towards
the visible region. Cuprous oxide, which is a p-type semiconductor (Figure 3.2, B) characterized by a
narrow band gap (i.. ranging from 2.0 to 2.6 €V, [29], [99)), is one of the candidates to this latter purpose.
Itis a low cost, environmentally compatible and abundant metal oxide [100].

Traditionally, Cu2O deposition techniques include the impregnation of nanostructured TiO, with a
copper salt and subsequent calcination. These methods offer low control on deposited particles (e.g.: size,
shape, composition), whose mainly determine the TiO2-Cu20 system activity [101].

Electrochemical deposition is one of the most versatile and cost effective methods to deposit
semiconductor nanoparticles over Titania nanotubes [102], [103]. This method allows to have a facile
control on sizes and morphology of the deposited particles by tuning the experimental conditions [102],
[104]-{106].

Cu20 electrodeposition is generally carried out employing Ti/TiO2 substrates as working
electrodes in alkaline electrolytes composed of copper (11) sulphate and lactic acid, which act as
complexing agent for Cu [36], [107]-[110]. The Cu20 electrodeposition employing copper sulfate

based electrolytes occurs following the simultaneous reactions reported below [102]:

Cu®t +e” - Cut (3.1)

2Cu™ + 20H™ 4+ 2e~ - Cu,0 + H,0 (3.2)

In alkaline solutions the presence of lactic acid, which forms soluble copper lactate
complex, is required to stabilize Cu2* ions and prevent the precipitation of Cu(OH). [111], [112].
As reported by Bijani et al., based on thermodynamic calculations, the predominant complex is
CuLac2, and the electrochemical reduction of Cu%* to Cuz0 involves the formation and
dehydration of a CuOH intermediate [113]:
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Culac, + OH™ + e~ - CuOH + 2Lac™ (3.3)

2Cu0H - Cu,0 + H,0 (3.4)

The electrodeposition strategy for TiO2 enhancement above mentioned and the TiO2 NTs
production through anodization of titanium substrates, in addition to the advantage to give low
cost and versatile electrochemical routes for the photocatalyst synthesis, offer the possibility to
integrate the two steps of the production in a single unit which would be particularly appealing

in a production process scalable perspective.

3.4 TiO2-Cu20 p-n heterojunction in photoelectrochemical (PEC) cells

The deposition of a suitable semiconductor over the Ti/TiO2 NTs electrodes produces as
result the formation of a heterojunction between semiconductors. This coupling, in addition to
the range extension of the useful wavelengths to promote photoactivity, would lead to an
increase in the photocatalytic efficiency also through the enhancement of the charge carriers
separation due to the relative energy bands position which characterize the two different
semiconductors, increasing the charge carriers lifetime.

Depending on the characteristic energy band position of the two semiconductors, three
different configurations of the heterojunction can be possible (Figure 3.7).

Among them the configuration Type Il reported in Figure 3.7, is the configuration which
guarantees an efficient separation of the photogenerated charge carriers. Indeed, the
conduction band of A side is less cathodic than the B side, while the valence band in B side is
less anodic than in A side, so that under illumination the photogenerated electrons would be
injected from B to A and the holes would migrate in the opposite direction, minimizing their
recombination. This type of configuration would be representative for TiO2 (A side) and Cu20 (B

side).
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Figure 3.7 - Schematic representation of the relative energy bands position of the two semiconductors involved in the heterojunction
in the three possible different cases (Type I, Il and Ill). It Should be noted that this schematic representation is not representative of
the established equilibrium when the heterojunction is formed but is representative only of the relative energy bands position of the

two semiconductors before that equilibrium is established.

Besides that, the heterojunction behavior in terms of current flow in a PEC cell is strictly
connected to the type of doping of the two semiconductors that are forming the junction. As
mentioned in paragraph 3.2, when a semiconductor is exposed to air a space charge layer is
formed in reason of the new electronic surface state deriving from the interaction of the
semiconductor with the air. The same situation happens when the semiconductor being brought
in contact with a metal or another semiconductor [114], where in reason of the different Fermi
energy levels (i.e. different electronic state), a charge transfer between them occurs until a
dynamic equilibrium is established, at which no net electron transport takes place [66]. The
charge transfer is the results of the free electrons that move from the n-side toward the p-side.
These electrons diffuse across the junction toward the p-side to combine with holes (i.e. acceptor
atoms in the lattice structure of the p-type semiconductor) and form new negative ions, leaving
positive ions in its back (i.e. donor atoms in the n-side). A space charge across the junction
builds up, creating a depletion layer which inhibits any further electron transfer unless it is helped
by a forward bias. As a consequence, a p-n heterojunction based photoelectrode can be
described as a basic diode with the current which can flow in one direction (i.e. from p to n side;
forward bias) but not in the other (i.e. from n to p side; reverse bias). This is why under

illumination, in principle, a p-n heterojunction would act as photoanode in a PEC cell.
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Composite Ti/TiO2/Cu20 electrode/electrolyte interface at the equilibrium is represented

schematically in Figure 3.8 (I). In principle, the photogenerated electrons will flow from B to A

and then through the ohmic contact toward the counter electrode were the reduction takes place,

while the holes migrate from A to B promoting the oxidization over the composite electrode

surface (Figure 3.8, II).
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Figure 3.8 - Schematic representation of a Ti/TiO2/Cu2Q electrode in a PEC cell. A) electrode/electrolyte interface at the equilibrium;

B) p-n photoanode under illumination.
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Chapter 4

Ti02-based electrocatalysts in Electrokinetic soil remediation
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4 TiO.-based electrocatalysts in Electrokinetic soil remediation

4.1 Electrokinetic technologies

Electrokinetic (EK) treatments are in-situ remediation processes employed in organic and/or
inorganic contaminants removal from soils or other porous matrices (sewage sludge, fly ash, etc.), which
exhibit a low permeability [115].

It consists of a direct current flow between two electrodes, placed in soils or porous matrixes, with
the resulting electric field which promotes contaminants mobilization [116]. During the current flow transport
phenomena like electromigration, electroosmosis and electrophoresis are involved (e.g. inorganic
contaminants will be transported as ions through electromigration, while organic contaminants and
uncharged inorganic species will be transported by electroosmosis towards the electrodes), with the
current which act as “cleaning agent’, while at the electrodes electrochemical reactions like electrolysis and
electrodeposition take place [117].

Electrodialysis (ED) for soil remediation is a specific ex-situ Electrokinetic technology, developed for
heavy metals removal from polluted soil, which combines the transport mechanisms involved during EK
processes with the principle of electrodialysis [118]. ED systems are characterized by the presence of ionic
exchange membranes, placed to separate the electrodic compartments from the treated soil matrix. This
results in a three compartment (3C) cell (Figure 4.1), where cationic species move towards the cathode
through a cation exchange membrane (CEM), while anions move towards the anode through an anion
exchange membrane (AEM), so that their separation in concentrated solutions takes place [119], [120].

In addition to the transport mechanisms, considering the non-perfect selectivity of the AEM
membrane respect to H* ions, some of them, during the current flow in the ED 3C cell, move towards the
cathode implying the formation of an acidic front, which contributes to dissolve important amounts of
contaminants from the soil [118], as well as the acidification and alkalization of anodic and cathodic
compartments respectively takes place.

Unfortunately, the main factor which limits the real use of this technology in remediation treatments
can be addressed to the energy costs related to the power supply and the stirring, with this latter which is
a crucial factor in the contaminants mobilization [121].

A promising strategy to minimize the energy costs can be directly derived from the electrolysis

reactions involved during the current flow. To minimize the overall ED treatment energy cost, the hydrogen
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evolved during the current flow can be recovered and stored or directly employed in a tandem Proton
Exchange Membrane Fuel Cell (PEMFC) for in-situ energy production [122].

As reported from several authors among the available literature, ED remediation treatments are
generally carried out employing commercial electrodes (metal and/or metal oxides based) [118], [123]-
[125], while to our knowledge, it has not been reported yet the use of non-commercial high aspect ratio
electrodes, like TiO2 NTs based electrodes synthesized in this work. Besides that, the same literature
analysis highlighted that ED cells employed are generally characterized by symmetric configurations, i.e.
the same electrocatalyst for both anode and cathode, while it is well recognized that specific electrocatalyst
for the oxidation and reduction reactions involved would be preferable. Even more considering that in
reason of the AEM and CEM membranes the two electrodic compartments, during the current flow,
undergo to operate in different pH ranges, and consequently the same electrocatalyst could result
ineffective in one of the two compartments. These latter aspects would suggest the selection of specific
electrocatalysts for each electrodic compartment (according to the reactions involved), in order to improve
the overall process kinetic. Furthermore, respect to the Hydrogen production, a specific hydrogen evolution
reaction (HER) electrocatalyst would mean an increase in hydrogen production rate which would contribute

to minimize the overall process cost.

4.2 Electrodialytic cells in soil remediation

Electrodialytic (ED) processes for soil remediation are carried out in a three compartments
(3C) cell (Figure 4.1), where the matrix to be treated is placed in the central compartment of the
3C cell, and is separated from anolyte and catholyte through ionic exchange membranes [123],

as described in the previous section.

Electrodic materials employed are metals or metal oxides based commercial electrodes,
generally in symmetric cell configuration (i.e. the same electrocatalyst for both anode and

cathode).
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Figure 4.1 - Schematic representation of a 3C ED cell during current flow with NaNOs as both, anolyte and catholyte. It must to be
highlighted that this representation doesn'’t take in account the non-ideal selectivity (< 100%) of the AEM membrane.

The main electrodic reactions involved during the current flow are the water electrolysis,

at the anode:

2H20(l) = 02(g) + 4H+ + 4e” (41)

while at the cathode:

2H+ + 2e” = HZ(g) (42)
In 3C ED cell configuration, considering the presence of ionic exchange membranes, fast
acidification and alkalization of anodic and cathodic compartments respectively occurs during
the current flow [119], so that at the cathode reaction (4.2) is replaced by the water reduction

reaction in alkaline medium:

2H20(l) + 2e” = Hz(g) + 20H™ (43)
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Further reactions could be metals electrodeposition at the cathode, while in presence of

chlorides at the anode chlorine gas evolution:

2Cl1~ = Clz(g) + 2e” (44)

Considering that the real employment of such technology in soil remediation is mainly
limited by the energy costs related to the stirring and power supply, a strategy to minimize that
costs can be directly derived from the electrolysis. Respect to the process goal, oxygen (reaction
4.1) and hydrogen evolution (reaction 4.3) are secondary products. In this perspective the

produced hydrogen would be a byproduct of great interest.

To better explain that strategy it is essential to take a step back. In conventional water
electrolyzers crucial factors are the energy costs related to the overpotentials required to sustain
the overall water splitting. This is why is, whenever possible, is preferable to operate under
strongly acidic or alkaline conditions to minimize the overpotentials required. As consequence
would be preferable that both electrocatalysts, for hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), would operate in the same pH range. Unfortunately,
considering also the costs related to the electrocatalysts, it should be taken into account that
most of non-noble metal water splitting catalysts, could be highly active catalysts in acidic media

nevertheless may be inactive or unstable in alkaline electrolytes, or vice versa [126], [127].

Connecting back to the strategy useful to minimize the costs related to ED technologies
after this latter digression, should appear clear as the 3C cell configuration offers a great
advantage respect conventional electrolyzers. Here in reason of the acidification and alkalization
of the anodic and cathodic compartment respectively, which takes place during the current flow,
the employment of different electrocatalysts that are most effective when operate in tandem in
different pH ranges would be possible. In this way is possible to select electrocatalysts able to
guarantee minimized costs related to the overpotentials and at the same time increased

effectiveness in terms of produced hydrogen.
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As consequence, in order to optimize the cost effectiveness of the overall ED technology,
a first strategy would be to employ HER and OER electrocatalysts that could be most effective

when operate in different pH range.

To date, the benchmark catalysts for OER are Ir/Ru-based compounds, while Pt-group
metals are the most effective catalysts for HER [128]. The main limit to the widespread use of
these electrodic materials is related to the high costs and low abundance of which are
characterized. To answer this issue researcher efforts has been dedicated to the development
of non-precious metal based and highly efficient electrocatalysts [129], [130]. Among them,
nanostructured Titania based electrodes, like that synthesized in this work, are low cost water
splitting catalysts [131]-{133], employed in electrolysis cells both, as HER [134]-[136] and OER
electrocatalysts [137]-[139]. TiO2 NTs based electrodes, besides to guarantee high surface to
volume ratio, can be employed “alone” (i.e. electrodes composed by the bare TiO) or coupled
with other metals (for HER) and/or metal oxides (for OER) which can improve the electrocatalytic

activity.

An example of improved TiO. base HER electrocatalyst is the Black TiO2. Authors report
on improved performances due to the vacancy engineering achieved after the electrochemical

reduction carried out for its transformation [140].

In addition, regard the TiO2 NTs based electrodes synthesized in this work, these could be
ad hoc modified with suitable metals or metal oxides through electrodeposition techniques,

which would guarantee low costs and versatility.

Moreover, considering that one of the strategies suggested to minimize the overall ED
process energy cost is based on the recovery of the evolved hydrogen, which would be
employed in a tandem PEMFC (Proton Exchange Membrane Fuel Cell) for in-situ energy
production [122], the development of a suitable most effective HER electrocatalyst would mean

a further increase in hydrogen productivity and consequently in the costs effectiveness.
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Aim of the work and outline

The aim of the present study has been the implementation of electrochemical synthesis

strategies for nanostructured TiO2 based photocatalysts and electrocatalysts production.

TiO2 NTs synthesis is commonly carried by electrochemical anodization, following double-step
processes with noble metal electrocatalysts as counter electrodes. In order to enhance the
sustainability of the synthesis process, aim of the work at this stage has been the development
of a novel "single-step" anodization method. This approach can allow reaching improved
sustainability, guaranteeing two operation stages less than the conventional "double-step"
processes, and avoiding, thanks to the symmetric cell scheme (i.e. use of titanium sheets as

counter electrodes), the employment of noble metal electrocatalysts as counter electrodes.

One of the main difficulties addressed by this optimization study has been preventing the
formation of an undesired nanograss at the top of nanotubes, due to the etching effect of the
same electrolyte on the early stage formed oxide as a function of the anodization time. This
situation doesn't allow having an accurate control on morphology and NTs length. Aim of the
work, at this stage, has been thus the development of a post-treatment useful to guarantee
improved control on top tubes morphology and consequently NTs length. At the same time,
according to the anodization method developed which foresee the potentiodynamic behaviour
of the cell voltage during the early stage of the process, to achieve reduced NTs length with an
ordered free top tubes morphology, a further optimization of the experimental conditions has

been performed.

Further electrochemical synthesis step, employing the synthesized NTs based electrodes, have

been investigated according to the specific application showed.

In relation to the photocatalytic application, considering the limited light absorption characteristic
of the titanium dioxide (only UV active; ~ 3% of the total sunlight radiation), one of the most
implemented strategies to improve the TiO- light absorption, consist of the deposition of a
suitable co-photocatalyst active in the visible region of the solar spectrum (~ 47% of the total
sunlight radiation), as in the case of the Cu20 electrodeposition. Electrodeposition techniques

allow to effectively control sizes and morphology of Cu.O nanoparticles which ultimately
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determine the activity of the synthesized electrode. According to this strategy, aim of the work
at this stage has been the study of the Cu20 electrodeposition onto TiO2 NTs, evaluating the
effect of the applied potential and electrodeposition time on sizes and morphology of the

resulting Cu20 NPs.

The photocatalytic tests performed employing the so synthesized electrodes, in contrast to the
expectations and according to several previous studies, had evidenced as the TiO2/Cu20
electrodes exhibit photocatalytic performances in the UV + visible region lower as compared to
the bare TiO> electrode. Consequently, at this stage the work has been devoted to the analysis
of the mechanisms responsible for this unexpected performance. To this purpose, the influence
of the morphology of the Cu20 nanoparticles synthesized by electrodeposition and of the
underlying TiO2 nanotubes on the photocatalytic performances of the composite TiO2/Cu20
electrode has been evaluated. The results of this study have been exploited to develop a novel
electrochemical post-treatment strategy of the composite electrodes, allowing to achieve
improved photocatalytic performances in the UV + visible region as compared to the bare TiO2

electrode.

A further electrochemical synthesis step has been investigated in the framework of the activities
related to the e.THROUGH EU project (H2020-MSCA-RISE-2017-778045), aimed to the
recovery of critical raw materials and sustainable soil remediation through electrokinetic (EK)
technology, specifically, electrodialytic (ED) remediation. As reported in literature, ED processes
are generally carried out in symmetric cell schemes, with commercial Ti/MMO (Mixed Metal
Oxides; Ir-/Ru- based) electrodes for both anode and cathode. At the same time one of the
proposed strategies to improve the sustainability of the process by cost minimization, foresee
the hydrogen recovery as valuable byproduct. Consequently, to improve the effectiveness of this
strategy, a specific cathodic HER electrocatalyst to boost the hydrogen production would be
requested instead of Ti/MMO, which on the contrary is benchmark catalyst only for the anodic
OER. Aim of the work at this stage has been thus the development of a specific HER
electrocatalyst useful to increase the hydrogen production. To this purpose, a facile
electrochemical reduction strategy, to synthesize “Black TiO." HER electrocatalysts starting from

the amorphous TiO> resulting from the anodization has been followed.
41



Chapter 5

Materials and methods

42



5 Materials and methods

9.1 Electrodes synthesis

5.1.1 TiO2 NTs synthesis through “single-step” anodization

The anodization processes are carried out in a two-electrodes jacketed cell, kept at room
temperature (24.5 £ 0.5)°C and magnetically stirred. The two-electrodes are connected to a
power supply (Aim-TTi CPX200DP DC Power Supply Dual Outputs, 2 x 60V/10A 180W) and are
titanium planar electrodes (Alfa Aesar 99.5%, annealed, thickness 0.25mm), both the substrate
to be anodized (anode) and the counter electrode (cathode). The electrolytes employed to carry
out the process were Ethylene Glycol (Alfa Aesar, 99+%) based electrolytes, containing NH4F

(Alfa Aesar, 98% min.) and H20 in different concentration ratios (Table 5.1).

Table 5.1 - NH4F and H20 Concentration Ratios in Different Ethylene Glycol Based Electrolytes

Electrolyte NH4F [Yowt] H20 [%own]
EG1 0.1 0.5
EG2 0.1 1.0
EG3 0.1 2.0
EG4 0.3 0.5
EG5 0.3 1.0
EG6 0.3 2.0
EG7 0.3 6.0
EG8 0.3 10.0
EG9 0.3 15.0

Anodizations were carried out for different total durations, specified case by case in the

discussion of the results in the next section.
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Prior to anodization, the titanium electrodes were pretreated just by Acetone (VWR Prolabo
Chemicals, 100%) in ultrasonic bath (ElIma® S 10 Elmasonic, 220-240V~, 30W, 50-60Hz), in

order to degrease the electrodes surface.

The applied voltage (U) was imposed according two stages: a first linear growth (i.e.
potentiodynamic anodization, equation 5.1) up to the anodization potential, reached which, it
remains constant for different total anodization times (potentiostatic anodization). Following the

potentiodynamic early stage regime equation:

U=k-t, (5.1)

where U is the applied cell voltage during the potentiostatic anodization, k is the potential growth

rate and t; the duration of the potentiodynamic anodization.

Table 5.2 — Anodization methods (AM).

Method k [Vis] U [V]
AM1 0.5 20
AM2 0.5 40
AM3 0.5 60
AM4 0.05 60

5.1.2 Annealing treatment

Amorphous Titania resulting from anodization is thermally treated in a muffle furnace
(Nabertherm B410, Tmax1100°C, 1.2KW), where the constant temperature of the specific
treatment (T,) is reached with a heating rate of 8°C min-' (h). At the end of the treatment the
samples were immediately cooled out of the furnace at ambient temperature. The experimental

conditions of the different annealing treatment tested are summarized in Table 5.3.
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Table 5.3 — Annealing methods (AN).

Method h [°C/min] T4 [°C] t [min]
AN1 8.0 580 132.5
AN2 8.0 680 145.0
AN3 8.0 580 252.5
AN4 8.0 680 265.0

5.1.3 Cu20 Electrodeposition for TiO. based photocatalyst synthesis

The electrodeposition tests were performed in a three electrodes jacketed cell,
magnetically stirred and kept at room temperature. Ti/TiO2 NTs electrodes annealed were
employed as working electrode, a platinum gauze (Alfa Aesar 25 x 25 mm, 100 mesh woven
from 0.0762 dia wire, 99.9% metal basis) was used as counter electrode, while an Hg/HgO as
reference electrode. The applied potentials reported in the present study are instead all referred
to Ag/AgCl saturated electrode. CuSQO4-5H.0 (Sigma Aldrich, >98%) reagent has been
employed to prepare the electrolyte solution with Cu2* content equal to 0.4 M in Lactic Acid 3.0
M (Alfa Aesar, ACS 85.0-90.0% aq. soIn.). The pH of the solution has been successively
adjusted to 11.0 by the addition of NaOH 5.0 M (Merck, >99.98%).

The electrodeposition tests were carried out with an IVIUMnSTAT potentiostat, following
pulsed electrodeposition method based on the cyclic application of a first cathodic pulse (A

period, ton) followed by a zero-current time (B period, tor), as reported in Table 5.4.

Table 5.4 - Pulsed Electrodeposition Methods (PED). Ea is the applied potential during the A period, ton is the duration of the A

period, Is is the imposed current during the B period, toi is the duration of the B period.

Method Ea[V] ton [S] ls [mA] torf [S]
PED1 -0.6 0.5 0 5
PED2 -0.8 0.5 0 5
PED3 -0.9 0.5 0 5
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In each test, the duration of the electrodeposition experiments was indirectly assigned
fixing it in terms of overall transferred charge (Q), specified case by case in the discussion of the

results in the next section.

9.2 Electrodes characterization

Morphological characterization of the electrodes was performed through a field emission
scanning electron microscopy (FE-SEM Zeiss Auriga), equipped with an energy dispersive X-
ray analyzer (EDX Bruker QUANTAX 123 eV) employed for the analysis of the elemental

composition of the nanostructures. The software ImageJ was used to analyze FE-SEM images.

Optical properties of the semiconductor electrodes were investigated through Diffuse
Reflectance Spectroscopy with a KONICA MINOLTA CM-2600d Spectrophotometer, in the
wavelength range 360 - 740nm, and a SHIMADZU UV-2600 in the range 300 - 700nm.

A further DRS spectrophotometer (SHIMADZU UV-2450) was used for Black TiO:
characterization during the experiments carried out at NOVA University of Lisbon in the

wavelength range 360 — 700nm.

X-ray diffractometer (Bruker D8 ADVANCE) with a Molybdenum anode (Ko = 0.71A) was
employed for the crystal phases identification, for Ti/TiO- electrodes before and after annealing
treatment and for Ti/TiO2/Cu20 electrodes. The diffractometer has a Bragg-Brentano focusing
geometry which makes it suitable for thin films analysis using a reflection configuration. The
experimental peak assignments were given by comparison to Crystallography Open Database

references.

The surface atomic composition of the obtained samples was analyzed by X-ray
Photoelectron Spectroscopy (XPS), using a modified Omicron NanoTechnology MXPS system.
Experimental spectra were theoretically reconstructed by fitting the peaks to symmetric Voigt
functions and the background to a Shirley or a linear function. XPS atomic ratios (~10%
associated error) between relevant core lines were estimated from experimentally determined

area ratios corrected for the corresponding theoretical cross sections and for a square root
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dependence of the photoelectrons kinetic energies. All the samples were mounted on a magnetic
stainless steel tips with a conductive adhesive tape. The fit procedure has been optimized and

peak assignments were given by reference to previous literature references.

5.2.1 Electrochemical characterizations

Prior to the electrodeposition tests a linear sweep voltammetry (LSV) in the
electrodeposition solution was performed, employing the thermal treated Ti/TiO2 electrodes as
working electrodes in the same electrodeposition cell described above. The experiments were
carried out starting from an applied potential of 0.0 V toward the cathodic range up to -1.2 V at

a scan rate of 50mV/s.

To evaluate the electrode/electrolyte interfaces of the electrodes employed in ED
experiments (Section 3.5), an Electrochemical impedance spectroscopy (EIS) study was
performed. EIS analysis were carried out in a three-electrodes cell with TiO.-based electrodes
as working electrodes, Ag/AgCl as reference electrode and a Pt spiral wire as counter electrode,
while the electrolyte employed was NaNO3 0.01 M (Carlo Erba Reagent, > 99,5%). All the tests
were performed with an IVIUMnSTAT potentiostat equipped with a frequency response
analyser, set to AC amplitude voltage of 10 mV in a frequency range included between 10 kHz
and 0.01 Hz.

The resulting Nyquist plots were then analysed through the IVIUM equivalent circuit

analyser software based on a NLLS-fit for the equivalent circuit parameters estimation.

5.2.2 Photoelectrochemical characterization. Pulsed light LSV (PL-LSV)

The Ti/TiO2/Cu20 electrodes synthesized for photocatalytic applications were further
characterized through linear sweep voltammetry performed under pulsed light irradiation (PL-
LSV). This technique is commonly employed to define the photocurrent response of the analysed

photoelectrodes as function of the potential range investigated.
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Pulsed light LSV were performed in the potential range between -1.5 and 1.5 V employing
Na>S04 0,01M (Merck, > 99.0%) as electrolyte, Ti/TiO2/Cu20 electrodes as working electrodes,

Pt spiral wire as counter electrode and Ag/AgCl as reference, with a scan rate of 10 mV s-1.
The experiments were carried out in a “black box” (self-made, Figure 5.1) to guarantee no

external light sources interferences and to prevent the operator exposure to direct UV light.

Figure 5.1 - Two chambers “Black box” employed in PL-LSV and photodegradation experiments: A) reactor chamber and B) light source (OSRAM
ULTRA-VITALUX®) chamber.

The light source (OSRAM Ultra Vitalux 300W) was a sunlight-simulation lamp (Figure 5.2).
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Figure 5.2— A) OSRAM ULTRA-VITALUX® Spectral radiation and power distribution reported in the technical datasheet of the producer. B)
Experimental emission spectra collected under solar radiation (yellow and orange lines) and employing OSRAM ULTRA-VITALUX® (blue and
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PL-LSV characterizations were carried out under an incident light power density of 100

mW c¢m-2, characterized through a luxmeter (Gossen Mavolux digital).

The dark to light cycle was guaranteed by a mechanical shutter (self-made, Figure 5.3)

directly controlled by the digital output of the potentiostat employed during the LSV analysis. The

frequency of the shutter was set to 0,66 Hz.

Figure 5.1 - “Black box” reactor chamber equipped with the mechanical shutter: A) Shutter opened, reactor chamber in dark conditions; and B)

Shutter closed, reactor chamber under irradiation.

9.3 Photocatalytic tests

Photocatalytic activity was evaluated employing the synthesized electrodes as supported
photocatalysts (i.e. titanium substrate act as supporting substrate instead as current collector in
photoelectrochemical cells) in a quartz cuvette photochemical cell magnetically stirred. Photo-
degradation experiments were carried out through the degradation of an organic dye, employing
methylene blue (MB) (Alpha Aesar, 1%w/v) as degradation target. The experiments were carried
out immersing the supported photocatalyst in 10 mL of MB solution with an initial concentration
of 6.25 mg/L.

The mixture was first stirred for 30 minutes in the dark at room temperature to ensure that
the adsorption equilibrium was reached. Then the photochemical was illuminated with a sunlight-
simulation lamp (OSRAM Ultra Vitalux 300W) with an incident light density of 100 mW cm2,
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characterized with a luxmeter (Gossen Mavolux digital). The experimental apparatus was

contained in a “black box” to ensure that no external light source would perturb the experiments.

Furthermore, the light source chamber (Figure 5.1, B) has been equipped with an air
cooling system (Figure 5.4, B), useful to prevent the uncontrolled temperature increase due to
the power of the light source employed (i.e. 300 W), in the reactor employed during the

photodegradation tests (Figure 5.4, A).
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Figure 5.2 — A) Temperature behavior in the photocatalytic reactor during the irradiation employing the OSRAM ULTRA-VITALUX ® light source:
without cooling system (red dots) and in presence of the air cooling system (blue triangles). B) External view of the light source chamber of the

“Black box” equipped with the air cooling system.

MB solution samples were collected at fixed time intervals to evaluate the concentration
variations through UV-vis spectroscopy (Varian Cary 50 Scan spectrophotometer). The self-
degradation of methylene blue under the same conditions of the photo-degradation experiments
was also evaluated. A calibration curve (not shown here) of MB solution was obtained at

664.1 nm wavelength at different concentrations prepared.
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9.4 Photoelectrochemical tests

Photoelectrochemical measurements were performed in a three electrodes jacketed cell
(24.5 £ 0.05) °C, with electrolytic solution containing 0.01 M Na2SO4 under simulated sun-light
irradiation (ASAHI SPECTRA HAL-320, 300 W Xe lamp, built in AM1.5G solar simulation filter),
with an incident light density of 100 mW - cm-2, characterized with a luxmeter (Gossen Mavolux
digital).

The synthesized photoelectrode, both the bare Ti/TiO2 and Ti/TiO2/Cu20, were
alternatively tested as working electrodes (WE) in a three electrodes photoelectrochemical cell,
with a platinum spiral wire as counter electrode (CE) and Ag/AgCl as reference electrode (RE).
The photogenerated current was evaluated connecting the described photoelectrochemical cell
to a potentiostat (SOLARTRON 1287 Potentiostat).

To evaluate the photogenerated current the cell was maintained at open circuit potential
(OCP), measured in dark conditions, then the illumination was provided. Short duration
photocurrent tests were carried out according to a pulsed light method, alternating cyclically light
to dark conditions for fixed time intervals (30s). The tests carried out under only visible light
irradiation were realized with the same solar simulator above mentioned equipped with an UV
cut off filter (A < 400nm).

9.5 Electrodialytic tests
The experiments were carried out at CENSE laboratories of NOVA University of Lisbon in

a three compartment electrodialytic cell developed by CENSE researchers (Figure 5.5).

In this cell configuration anionic and cationic exchange membranes (lonics: AEM-AR204
SZRA B02249C; CEM-CR67 HUY N12116B) are placed to separate the central compartment
by the anodic and cathodic sides respectively. The cell was made of Plexiglas with an internal

diameter of 8 cm, each compartment is characterized by a length of 5¢cm.

Anolyte and catholyte employed in all the ED tests described below were both NaNO3z 0.01

M (Carlo Erba Reagent, > 99,5%), 250.0 mL for each compartment. The same for the constant
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current flow that was fixed in all the ED experiments at a current density of 21,2 mA - cm2. The
electrodes were placed at a distance of 12,5 cm and connected to a power supply (Hewlett
Packard E3612A, Palo Alto, USA).

TeJFCT |
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Figure 5.5 — Electrodialytic cell employed during ED remediation treatments. In this configuration the cathodic compartment is
connected to a volumetric variation indicator employed for Hz production rate estimation (beaker on the left of the picture connected
to the ED cell on the right).

Commercial Ti/MMO rods (Titanium/Mixed Metal Oxides; 0.50 cm length; 0.03 cm dia.)

were employed as anodes in all the ED cells configurations tested (Table 5.5).

Table 5.5 - ED cell configurations tested

Electrodes
3C ED cell configuration
Anode Cathode
S TiIMMO TiIMMO
A TiIMMO Anatase TiO2
B TiIMMO Black TiO-
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The cathodic materials tested were non-commercial TiO2 based electrodes and

commercial Ti/MMO rods.

TiO2 based electrodes employed were synthesized following the anodization method AM4
(Table 5.2) in EG7 electrolyte (Table 5.1) for 27 min. Anatase TiO2 were achieved after the
annealing (AN1, Table 5.3) of the so synthesized electrodes, while Black TiO2 were synthesized
through an electrochemical post-treatment carried out at the end of the anodization and
described below. The TiO. electrode resulting from the anodization were then employed as
cathode in a two electrodes electrochemical cell, connected to a power supply (Aim-TTi
CPX200DP DC Power Supply Dual Outputs, 2 x 60V/10A 180W), with a Ti sheet (Alfa Aesar
99.5%, annealed, thickness 0.25 mm) as anode in NaNOs 0,01 M (Carlo Erba Reagent, >

99,5%), at a constant current density of 20,0 mA - cm-2 for 30 minutes.

In Electrodialytic water splitting experiments the central compartment was filled with tap
water and 0,3 g of NaCl (Merck, Reag. Ph Eur). The experiments duration was fixed at 20 min
and the experiments were carried out in two replicates. The Hz production rate was evaluated
connecting a volumetric variation indicator to the cathodic compartment, measuring the volume
variation as function of time during the current flow. This set of experiments was carried out

testing all the ED cell configuration reported in Table 5.5.

In soil remediation experiments Panasqueira mine residues from Covilha, Portugal, named
in the text as MTAW (Mine Tailings As W), 22,2 g of MTAW were dissolved in tap water, with a
solid to liquid ratio of 1:9, and 11,0 g of NaCl were added. The duration of the experiments was
set to 120 hours (5 days) and was performed in two replicates, both in configuration S and

configuration B (Table 5.5).

At the end of each experiment liquid samples of the three compartments, named
ANOLYTE, CATHOLYTE and LIQUID PHASE MTAW, were collected from the anodic, cathodic
and central compartment of the ED cell respectively (data showed in Figure 6.47). The AEM and
CEM membranes as well as the Ti/MMO anodes were leached in HNO3 1,0 M (Panreac, Reag.
Ph Eur) for 24 hours, at the end of which a liquid sample of the relative leach liquor was collected

and named LEACH LIQUOR AEM, LEACH LIQUOR CEM and LEACH LIQUOR ANODE
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respectively (data showed in Figure 6.47). The MTAW was first filtered and then dried for 24
hours, after that was dissolved in 12 ml of aqua regia with a solid to liquid ratio of 1:24. After 48
hours on a skating table, a liquid sample was collected and named SOLID PHASE MTAW (data
showed in Figure 6.47).

Total concentrations of As, Cu, Sn, and W, were determined by Inductively Coupled
Plasma with Optical Emission Spectrometry (ICP-OES) (HORIBA Jobin-Yvon Ultima, Japan),
equipped with generator RF (40.68 MHz), monochromator Czerny-Turner with 1.00 m

(sequential), automatic sampler AS500 and dispositive CMA-Concomitant Metals Analyser.
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Chapter 6

Results and discussions
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6 Results and discussions

6.1 “Single-step” Anodization: Structural and Morphological Properties of the
Ti/TiO2 Electrodes

Anodization processes are generally carried out in two electrodes asymmetric cells, where
the substrate to treat is titanium (anode), while the counter electrode is a noble metal catalyst
with high aspect ratio (cathode), like Pt mesh. In this work the anodizations were carried out in
symmetric cells where, both the substrate to anodize and the counter electrode are titanium
sheets. With this configuration, a “double step” anodization method, is generally performed to
synthesize an ordered array of TiO2 nanotubes.

In this work a “one-step” anodization method was optimized to generate ordered arrays of
TiO2 nanotubes. The method includes the progressive and controlled variation of cell voltage
during the early anodization stage (potentiodynamic control) followed by a period of anodization
under constant cell voltage (potentiostatic control). Further, the anodizations were carried out in
symmetric cells where both the anode and the cathode were titanium sheets, thus excluding the
application of the costly Pt counter electrode.

Considering the possible applications of the electrode to synthesize, it must be taken into
account that in many electrochemical reactions such as OER and HER, the electrolyte diffusion
can be tuned by tailoring the pore size of the porous materials. In detail, Macroporous
nanostructures (i.e. pore diameters > 50 nm) would provide facile transfer and diffusion of
reactants and products in the reaction over the electrodes [39].

According to that, and taking into account that the tuning of the anodization parameters is
a crucial factor for the resulting structural and morphological properties of the TiO2 NTs array
[26], [55], a first set of anodization experiments was carried out in order to evaluate the
relationship between the experimental parameters (i.e. cell voltage, fluoride and water contents
in the electrolyte and anodization time), and NTs characteristics (i.e. inner tube diameters and

nanotubes length).
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It is well known that the growth dynamics of the TiO2 NT arrays are mainly dictated by the
cell voltage (hereafter also referred to as potential) and the electrolyte composition, specifically
in terms of fluoride content [49], [50].

The relation between pore diameters (d) and applied potential (U) in porous anodic

oxides, is described through the following general equation [24], [141]:

d=k-U (6.1)

with k as growth factor of the specific porous anodic oxide. Lu and Jiao estimated for TiO2 k =
1.3 - 3.3 nm V" depending on the employed electrolyte [72].

TiO2 NTs, unlike other porous oxides, are characterized by a nanotubular architecture
instead of the porous honeycomb matrix. As consequence, NTs would be characterized by two
different diameters (i.e. inner and outer).

While it can be assumed that in the close packed NTs array, outer diameters are barely
exposed to the electrolyte, resulting mainly function of the applied potential [24], [50], it must be
taken into account that inner tube diameters, on the contrary, are directly exposed to the
electrolyte and are thus largely influenced by the fluoride etching effect of the same electrolyte
on the formed oxide [49], (Equation 2.6).

It is worth underlined once more that inner tube diameters ultimately control the diffusion
of the electrolyte species into the nanotubes and contribute to determine the specific surface of
the TiO2 array [39]. These would be aspects of interest for both, photocatalytic and
electrocatalytic applications.

The first set of experiments was carried out in order to evaluate the relationship between
outer NTs diameters and applied potentials. Anodization tests were performed maintaining
constant the duration of anodization and the electrolyte composition (EGS, Table 5.1), while
were varied the potential values imposed during the potentiostatic period, and equal to 20, 40
and 60 V (AM1, AM2 and AM3; Table 5.2). Otherwise, in order to evaluate the effect of the
electrolyte composition on the inner tube diameters, anodization tests were then separately

performed maintaining constant potential equal to 60 V (AM3, Table 5.2) and anodization time
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equal to 122 min while was varied the ratio between water and NH4F in the electrolyte
(electrolyte compositions EG1-EG6, Table 5.1).

The results of the anodization tests performed with constant electrolyte composition by
varying the potential are reported in Figure 6.1.

Cross sectional FE-SEM images of the TiO2 nanotube arrays are displayed at the top of
Figure 6.1, evidencing that the outer nanotube diameter and the nanotube length increases with
increasing the anodization potential, while the derived outer diameters distributions are report at
the bottom of the same figure.

The evolution of the mean outer diameters shows an increment as the potential is growing,

with a comparable growth factor (k, equation 6.1), falling in the range 1.3 - 3.3 nm V-1, which is
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Figure 6.1 — FE-SEM images, cross sectional view of Ti/TiO; electrodes anodized for 32min in EG5 electrolyte at 20V, 40V and 60V
and related outer diameter frequency distribution.

The results of the tests performed by varying the electrolyte composition are reported in
Figures 6.2 and 6.3. Top-view and cross-sectional SEM images of the synthesized TiO>
nanotube arrays are reported in Figure 6.2, while the evolution with water and NH4F content in
the electrolyte of the mean inner and outer nanotube diameter, as computed by the analysis of

SEM images, is reported in Figure 6.3.
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Figure 6.2 — FE-SEM images, Ti/TiO2 electrodes anodized for 122 min at 60V in different electrolytes: A) EG1, 0.1%uwt NHaF -
0.5%w H20; B) EG2, 0.1%uwt NHaF — 1.0%uw H20; C) EG3, 0.1%wt NH4F — 2.0%uw H20; D) EG4, 0.3%wt NHaF —0.5%w H20; E) EGS,
0.3%ut NH4F — 1.0%uw H20; F) EG6, 0.3%wt NH4F — 2.0%w H20. The FE-SEM images insets show the corresponding cross-sectional

views.
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Figure 6.3 - Mean diameter as a function of electrolyte concentration ratios. A) Outer tubes diameter (mdourer); B) Inner tubes
diameter (mdinner). In both diagrams the black circles correspond to 0.1%uw: NH4F while the green triangle to 0.3%wt NH4F.

As it is apparent from Figure 6.3, no significantly statistical difference was found (statistical
significance p < 0.05%) between the mean outer diameters attained with the two selected NH4F
contents (Figure 6.3, A), while statistically different inner diameters were found (Figure 6.3, B).
Particularly, the mean inner diameter varies from about 30 - 60 nm to 70 - 130 nm by modifying

the NH4F percentage from 0.1 to 0.3 %, respectively (Table 6.1). This confirms that the outer
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diameter is mainly influenced by the applied anodization potential, while the inner diameter is

affected mainly by the electrolyte composition.

Table 6.1 - Effect of the Electrolyte Concentration Ratios on tubes diameter. md is the mean diameter and s the relative standard

deviation.

Electrolyte mdouter [nM] s [nm] mdinner [nM] s [nm]
EG1 122 21 35 3
EG2 135 13 48 8
EG3 145 16 52 7
EG4 117 15 86 11
EG5 119 11 100 9
EG6 129 15 113 15

The influence of the electrolyte composition on the mean inner diameter can be explained
by the etching of TiO2 by the fluorides in the electrolyte [26]. Specifically, increasing fluoride
content increases the etching rate ultimately determining, in agreement with data reported
(Figure 6.3, B; Table 6.1), larger inner tube diameters. This is confirmed by the data reported in
Figures. 6.1 and 6.3. These data evidence that the mean outer diameter varied from about 160
nm, attained at 60 V with the EG5 electrolyte and 32 min of anodization (Figure 6.1), to about
120 nm attained under the same anodization conditions but 122 min of anodization (Figure 6.3,
A). This result can be explained by observing that the top of the tubes is constantly in contact
with the electrolyte, though most of the outer tube surface is not wet by the electrolyte. This
determines the progressive thinning of the outer diameter at the top of the TiO2 nanotube array
during the anodization. The decrease in outer diameters as function of the anodization time
corresponds to the “V-shaped” sidewall thickness profiles characteristic of TiO2 NTs synthesized
in fluoride based electrolytes [52].

In order to further characterize the mechanisms governing the growth dynamics of the TiO-
nanotubes, the evolution of the nanotube length with the anodization time at 60 V and 0.3%

NH4F is shown in Figure 6.4.
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Figure 6.4 — NTs length of samples anodized in EGS electrolyte at 60V for different durations (17min, 32min, 62min, 92min, 122min).

The nanotube length monotonically increases with the anodization time, an almost
constant growth rate around 0.13 pum min-' attained during the initial anodization hour. The
growth rate is then decreased to about 0.01 um min-' and it remains up to two hours. This
variation in the nanotube growth rate is determined by the interplay between oxide growth rate
at the bottom of the nanotube, the etching reaction taking place at the TiO2 nanotube internal
surface and the diffusion of fluoride ions. Fluorides are transported by diffusion through the
nanotubes simultaneously etching the TiO2 generated by titanium anodization. Therefore, the
concentration of the fluoride ions, and thus the etching rate, is larger at the top than at the bottom
of the nanotubes.

Owing to the progressive thinning, nanotube sections closer to the top surface eventually
collapse, which determines, in agreement with data reported in Figure 6.4, a reduction in the
nanotube growth rate, confirming once more the V-shaped profile of the NTs cross section [52].
The progressive thinning of the top tube walls leads to the formation of a disordered layer which

covers the underlying nanotubes, commonly named nanograss (Figure 6.5, A).
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Figure 6.5 — FE-SEM images. A) Cross sectional view, nano-grass layer on sample anodized in EG5 electrolyte at 60 V (AM3); the

inlet is a magnification of top tubes. B) Cross sectional view, free nano-grass morphology in sample anodized in EG5 electrolyte at
60 V (AM3) after sonication post-treatment; the inlet is a top view of the same sample.

Nanograss formation can negatively affect the performances of the TiO> NTs array in
electrocatalytic applications by increasing the resistance to the transfer of reactants and
products through the underlying nanotubes. On the other hand, the illustrated experimental
analysis unequivocally demonstrates that nanograss formation can hardly be prevented if arrays
nanotubes with length of the order of several um are produced.

In order to produce NTs with length = 10 um, hereafter referred as “Long NTs”, with a free
nano-grass top tube morphology, a post-treatment of the electrodes produced by one-step
anodization was developed. To this purpose, electrodes obtained with EG5 electrolyte at 60 V
and 62 min of anodization time were employed. The optimized post-treatment included: washing
with acetone, drying 24 h and sonication in a water bath at ambient temperature for 20 minutes.
The effect of the developed post-treatment is clearly illustrated by Figure 6.5. Here, FE-SEM
images of NTs electrodes with length around 10 um after anodization (Figure 6.5, A) and after
the post-treatment (Figure 6.5, B) are reported. The comparison evidences the ability of the post-
treatment to remove the nanograss formed during anodization.

On the other hand, depending on the targeted application, the synthesis of considerably
shorter nanotubes may be needed. The synthesis of NTs arrays with length between 200 nm
and 2 um by one-step anodization was then evaluated.

Major obstacle to produce these TiO2 nanotubes, according to the one-step anodization

method (AM3, Table 5.2), is represented by the formation during the early stage of the
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anodization, of a tree-like oxide layer characterized by a large polydispersity of the diameter
distribution (see the scheme reported in Figure 2.2, B - potentiodynamic period). This layer is a
protective “mask” for the underneath NTs growth and is progressively dissolved during the
anodization by the etching of the electrolyte. However, if a nanotube length around 2 um is
targeted, the anodization time must be decreased, according with the growth rate derived from
data displayed in Figure 6.4. The reduced anodization time may cause the impossibility to attain
the dissolution of the tree-like oxide layer.

This was verified by repeating the anodization with the EG5 electrolyte and 60 V potential
and decreasing the anodization time to 17 min. FE-SEM images of the electrodes produced by
this anodization are reported in Figure 6.6. As compared to the electrodes produced with the
same electrolyte and potential, but longer anodization time as in Figure 6.5, an oxide layer with
heterogeneous porous structure is extending over the ordered NTs array as clear also seeing to

the FE-SEM cross sectional view in the insert of Figure 6.6.
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Figure 6.6 - FE-SEM image. Top view of a sample anodized in EG5 electrolyte (anodization method AM3) for 17 min. The insert
represents a detail of the top tubes cross sectional view.

Therefore, in order to produce nanotubes with length between 200 nm and 2 um and
ensure dissolution of the tree-like oxide layer, a modification of the anodization conditions is
needed.

The time needed to attain the complete dissolution of the tree-like oxide layer can be

decreased by increasing the percentages of water and fluoride in the electrolyte. However, while
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this may allow attaining the dissolution of the tree-like oxide layer within shorter anodization time,
it may simultaneously increase the growth rate and the disorder of the underlying nanotube
structure. In order to overcome this limitation, an optimization was performed by increasing the
concentration of water in the electrolyte, which allows faster dissolution of the tree-like oxide
layer, and decreasing, at the same time, the growth rate of the potential during the early
anodization period. Decreasing the potential growth rate decreases the average voltage applied
during the potentiodynamic anodization period, thus preventing the increase in the growth rate
and disorder of the underlying nanotubes that would be determined by the increased water
content.

Figure 6.7 shows mesoporous “short” NTs (i.e. inner diameter > 50 nm; NTs length < 2
Mm) produced by increasing the electrolyte water content (6 %v/v) and decreasing the potential
growth rate to 0,05 V s (i.e. anodization method AM4, Table 5.2). These NTs will be referred

hereafter to as “short NTs”.

Figure 6.7 — FE-SEM image. "Short" NTS synthesized in EG7 electrolyte for 27min following anodization method AM4. The insert is
the corresponding cross sectional view.

Further increase in water content (> 6 %v/v) exceedingly increased the etching rate and
thus the disorder of the nanostructure (Figure 6.8, A and B), while a higher potential growth rate
during the early anodization period did not allow to attain the dissolution of the tree-like layer
(Figure 6.8, C).
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(A) (B) (C)

Figure 6.8 - FE-SEM image. A) NTs synthesized in EG8 electrolyte (10 %v/v water content), following anodization method AM3 for

17 min; B) NTs synthesized in EG9 electrolyte (15 %v/v water content) following anodization method AM3 for 17 min; C) NTs
synthesized in EG7 electrolyte (6 %v/v water content) following anodization method AM3 for 9 min.
Among the electrodes synthesized during the tests above mentioned, two types of were
selected for the rest of this study, which were synthesized by the optimized one-step anodization

strategies described in Table 6.2.

Table 6.2 — Electrodes employed in this work after optimization of the anodization parameters.

Type EG AM kI[Vs'] UI[V] Overall anodization time [min]

‘Long NTs" EGS AM3 0.5 60 62

‘Short NTs”  EG7 AM4 0.05 60 27

6.2 Effect of the Annealing Treatment on the Ratio of the Crystal Phases

The TiO2 NTs electrodes produced by the electrochemical anodization have amorphous
structure. Therefore, thermal annealing was optimized to induce TiOz crystallization. Particularly,
the influence of the thermal annealing parameters (e.g. duration, temperature) on the ratio of the

two TiO2 crystal phases, Rutile and Anatase, was analyzed.

Thermal annealing experiments were performed employing “Long” TiO2 NTs (Table 6.2),
under conditions described in Table 5.3. The samples were characterized through XRD analysis
(Figure 6.9).
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Figure 6.9 - XRD experimental spectra: Titanium electrode prior to anodization (black line); Ti/TiO: electrode after anodization (red
line); Ti/TiO2 electrode after annealing treatment AN3 performed at 580°C for 3 h (blue line); Ti/TiO: electrode after annealing
treatment AN4 performed at 680°C for 3 h (green line). The bars at the bottom of the diagram are crystallographic database peaks

related to Titanium (black bars); Anatase (red bars) and Rutile (blue bars) used for comparison with experimental spectra.

The Rutile/Anatase ratio was determined according to the method described by Ding et al.
[142]:

1

%Rutile = [1+o8("/, )|

-100 (6.2)

where [ and Ir are the integrated intensity of Anatase (011) and Rutile (101), which are located
at about 20 = 11.5° and 26 = 12.5°, respectively.
The diffractograms of the electrodes treated in the tests performed are reported in Figure

6.9, while the derived intensities of Anatase (/4) and Rutile (/r) ratio computed by Equation 6.2
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are reported in Table 6.3. Rutile percentage increases with the temperature and duration of the
treatment. Further, increasing the duration of the treatment increases the main peak intensities,

which evidences an increase in the relative abundance of the two crystal phases.

Table 6.6 - Effect of Annealing treatment on the crystal phases Ratios.

Method a Ir In/Ir %Rutile
AN1 5795
AN2 23078 4990 4.6 21.3
AN3 24412 873 28.0 4.3
AN4 48833 19883 24 33.7

The percentage of rutile in the electrodes produced by the treatment AN1, as showed in
Table 6.3 could not be estimated because of the negligible intensity of the (101) rutile peak.
Therefore, it is possible to assume that, with the treatment AN1, the formed crystal phase is
almost exclusively Anatase (%Rutile <5 %).

Since Anatase is the most photoactive phase [143], the treatment AN1, unless otherwise
specified, was then implemented to prepare the electrodes employed in the rest of the study

related to the photocatalytic applications, for both Long and Short NTs.

6.3 Cu20 Electrodeposition on Ti/TiO2 Electrodes

Ti/TiO2/Cu20 composite electrodes were produced by the electrodeposition of Cu20
nanoparticles onto the surface of the TiO2 NTs. In what follows, the mechanisms of Cu20
nanoparticle formation are discussed by analyzing the results of the electrodeposition performed
with the Long TiO2 NTs (Table 6.2) thermally treated (AN1, Table 5.3).

Electrodeposition was performed by using a CuSOs solution containing lactic acid at pH
values greater than 9. The alkaline pH is required to ensure the existence of a potential range

characterized by thermodynamic stability of the solid Cu20 phase, while the lactic acid ensures
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the formation of complexes with copper ions, thus preventing the precipitation of copper
hydroxide [111], [112].

In order to evaluate the potential values effectively sustaining the electrodeposition of Cu20
over Ti/TiO2 electrodes, a linear sweep voltammetry (LSV) was initially performed with the
employed electrolyte solution. The potential was varied from 0 to -1.2 V (Vs. Ag/AgCl) with a
scan rate of 10 mV s-'. The evolution of the recorded current with the potential is reported in
Figure 6.10, A.

-1,0 ' -OI.5 ' 0,0
E (V vs Ag/AgCl)

Figure 6.10 - A) Linear sweep voltammetry in electrodeposition solution (CuSQ4 0.4M, Lactic Acid 3M, pH 11 - that concentrations
are referred to the electrolyte before adjusting pH), scan rate 10 mV/s, employing Ti/TiO2 Electrode as working electrode; B) FE-
SEM images PED1, 120 OmC of transferred charge (cross sectional view); C) FE-SEM images PED3, 1200 mC of transferred
charge (top view).

A non-negligible cathodic current is observed starting from -0.4 V, which marks the onset
of copper ion reduction. A cathodic peak is successively attained at about -1.0 V following which
the cathodic current progressively decreases. The cathodic current peak can be attributed to the
establishment of a mass transfer electrodeposition regime. Under this condition, the
characteristic time of copper ion reduction is much lower than the diffusion characteristic time
and thus the cathodic current is only determined by the diffusion of copper ions to electrode
surface. An increase in the cathodic current is successively detected at potential lower than -1.2

V, which can be attributed to water reduction. It is worth noticing that water reduction can
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decrease the faradaic efficiency of copper ion reduction, which can considerably lengthen the
duration of the electrodeposition experiments that is required to attain a prescribed size of the

Cu20 nanoparticles.

The reported LSV evidences that copper ion reduction over TiO, nanotubes can be
performed while maintaining a negligible water reduction by the application of potential values
between -0.4 and -1 V. However, it is important to notice that the LSV cannot confirm that copper
ions are exclusively reduced to Cu20 over this potential range. Owing to the absence of separate
cathodic peaks, which may be attributed to the two different reduction processes, a gradual
transition to the formation of metallic copper could be attained by the application of increasing

cathodic potential values (i.e. decreasing the negative potential).

In order to investigate the effect of the potential on morphology and crystal structure of the
deposits, electrodeposition tests were performed by implementing the pulsed electrodeposition
method illustrated in the previous chapter (see section 5.1.3), investigating cathodic potential

values ranging between -1 and -0.4 V (Table 5.4).

A comparison between the morphologies of the deposits obtained at the different
electrodeposition potentials is reported in Figure 6.10. The FE-SEM images of the deposits
generated at -0.6 V (PED1, Figure 6.10, A) and -0.9 V (PED3, Figure 6.10, B) evidence that a
morphological transition from octahedral to spherical Cu2O NPs is observed, moving from less
cathodic (PED1) to more cathodic (PED3) electrodeposition potential, respectively. FE-SEM

images which clarify the effect of the transferred charge are reported in Figures 6.11 and 6.12.

At any potential, increasing the transferred charge increases the size of the Cu2O NPs (Figure
6.11 and 6.12).

Figure 6.11 — FE-SEM images. PED3: A) 100mC (cross sectional view); B) 400mC (top view); C) 1200mC (top view).
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Figure 6.12 - Frequency distribution of the apparent diameter (d_NPs) estimated for the same samples reported in Figure 6.11.
The synthesized electrodes were characterized through XRD analysis, and the resulting
spectra have been compared with the bare Ti/TiO, electrode annealed (AN1). All the composite
electrodes show the appearance of new peaks which can be attributed to Cu20 NPs and no
significant differences have been found between the composite electrodes synthetized varying

the applied potential (Figure 6.13).
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Figure 6.13 — XRD experimental spectra of the composite Ti/TiO2/Cu20 Electrodes: PED1, 1200 mC of transferred charge (blue
line); PED2, 1200 mC of transferred charge (green line); PED3, 1200 mC of transferred charge (red line). The black line is the XRD
pattern of Ti/TiO: electrode annealed (AN3). The bars at the bottom of the diagram are crystallographic database peaks related to
Anatase (black bars), and Cu20 (green bars) used for comparison with experimental spectra.
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In accordance with the reported results, it can be concluded that copper ion reduction

proceeds towards the formation of Cu20 nanoparticles over the selected potential range.

The illustrated electrodeposition tests were repeated by employing “Short” nanotubes. As
compared to the experiments with Long nanotubes, the overall transferred charge was
decreased to leave almost unchanged the ratio between the transferred charge and the surface
of nanotubes. With this approach, qualitatively comparable results were obtained confirming the
morphological transition from octahedral to spherical electrodeposited particles with increasing

the cathodic potential, and the formation of Cu20 nanoparticles.

This indicates that the increased mass transfer resistance induced by increasing the length
of nanotubes did not significantly influence the deposition process. It is conjectured that the
absence of such an effect could be attributed to the implementation of the pulsed
electrodeposition method. With this method, the cathodic potential sustaining electrodeposition
is applied over very short time interval following which a potential preventing electrodeposition
is applied which allows restoring the concentration of copper ions inside the nanotubes.
Therefore, the absence of significant differences between the morphology and the surface
density of the particles produced with long and short NTs can be attributed to the ability of this

method to prevent the occurrence of an electrodeposition regime governed by diffusion.

6.4 Optical Characterization of the Electrodes

As in the electrodeposition tests, the optical characterization was performed on both series
of synthesized electrodes, Long and Short NTs. Although here are showed the characterizations
performed on Short NTs series, the same considerations reported below can be representative

of the Long NTs series too.

Diffuse Reflectance Spectroscopy (DRS) was employed as characterization technique for
the definition of the optical properties of the semiconductor-based electrodes and, particularly,
to estimate the energy band gap (Eg). The result of the analysis is a Reflectance spectrum as

function of wavelength (Figure 6.14, A), which can be converted into an equivalent absorption
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spectrum (Figure 6.14, B) through the Kubelka-Munk function. According to the Kubelka-Munk
(K-M) theory, reflectance can be converted into the equivalent absorption coefficient (a) [110],

[144], as follows:

_ (1-Rx)? _ k@)
F(Ry) = TR (6.3)

where F(R,) is the so called K-M function with Ro, = Rsampie/Rstandara, k(1) is the
absorption coefficient and S(A) is the scattering coefficient for the measured sample [145]. In
equation 6.3, assuming the scattering coefficient wavelength independent the K-M function

(F(R)) would be approximately proportional to the absorption coefficient (a).
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Figure 6.14 — Examples of DRS spectra: A) Reflectance spectra achieved for Short Ti/TiO2 annealed electrode (a, black line) and
Short Ti/TiO2/Cu20 electrode (b, red line); B) Equivalent absorption spectra achieved for Short Ti/TiO2 annealed electrode (a, black
line) and Short Ti/TiOz/Cu20 electrode (b, red line).
The band gap estimation starting from DRS measurements has been performed by two

different methods.

The first and simpler method, according to Radecka et al. [146], can be applied directly to
the Reflectance curve, plotting its first derivative (dR /dA) as function of the wavelength (1),
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(red dots, Figure 6.15 A). The optical band gap is calculated substituting the wavelength
corresponding to the maximum point of the differential reflectance curve in the following

equation:

E, =~ (6.4)

where h is the Plank’s constant and c is the speed of light.
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Figure 6.15 - Energy band gap estimation starting from DRS spectra: A) Radecka method. Short Ti/TiO2 annealed electrode

Reflectance spectrum (a, black line) and its 1st derivative (b, red dots); B) Transformed equivalent absorption product

([F(Ry) - hv] Yn ) for n = 1/2 (black dots) and straight intercept with energy axes (red line), obtained for the same Short Ti/TiO2

annealed electrode.

The Tauc plot method is the other and more extensively implemented estimation method
[147]. It assumes that the absorption coefficient (a) is related to the energy band gap (E,) by

the following equation:

ahv = A (hv — E;)" (6.5)
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where A is a proportionality constant and n is a power index related to the electronical transition,
which may assumes the values 1/2 or 3/2 for direct electronic transition, allowed and forbidden
respectively; and 2 or 3 for indirect electronic transition, allowed and forbidden respectively [93].
In the case of equivalent absorption derived from DRS measurements, substituting equation 6.3

into equation 6.5 gives:

[F(Re) - hv]'/n = A (hv — E,) (6.6)

The application of the method then proceeds by the construction of a plot reporting the

absorption product ([F(Ry,) - hv] 1/n) versus the photon energy hv. The energy band gap is
estimated extrapolating the intercept between the linear part of the plot and the photon energy
axis (Figure 6.15, B).

As reported from Wang et al., it is well established that bulk Cu20 has a direct allowed
band gap (i.e. optical Eg) of 2.62 eV [100]. In Table 6.4 the energy band gaps estimated for

Cu20 in composite Ti/TiO2/Cu20 and the bare TiO2 annealed (AN1) electrodes are summarized.
Table 6.4 - Energy band gap estimation. Eqrenergy band gap estimated through Radecka method; Eq 1 energy band gap estimated

through Tauc plot method for n = 1/2 (direct allowed band gap), with s the relatives standard deviations. All the electrodes employed

for the analysis are Short TiO2 annealed based.

Electrode PED method Eqr[eV] s[eV] Egr[eV],n=1/2 s[eV]
Ti/TiO2 3.37 0.01 3.36 0.01
Ti/TiO2/Cu20 PED1 (120mC) 2.58 0.03 2.53 0.04
Ti/TiO2/Cu20 PED2 (120mC) 2.60 0.05 2.56 0.06
Ti/TiO2/Cu20 PED3 (120mC) 2.58 0.03 2.55 0.03
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It is important to remark at this stage that the presence of TiO2 nanotubes unavoidably
influences the estimation of the Cu20 band gap. This influence can be evidenced by comparing
Cu20 based electrodes achieved in the same experimental conditions (i.e. PED method) but
different durations (i.e. different quantity of transferred charge, Q). In Figure 6.16 are showed
the equivalent absorption spectra achieved for Ti/TiO2/Cu20 electrodes synthesized increasing
the electrodeposition time. It is evident that increasing the transferred charge, which correspond
to increased amount of Cu20 and increased dimensions of the deposits, determines an increase

in the absorption across the visible region (A > 400nm).

20

Abs (a.u.)

A(nm)

Figure 6.16 - Equivalent absorption spectra achieved for Ti/TiOz/Cuz0 electrodes synthesized following the electrodeposition
method PED1 for different amount of transferred charge: 1 mC (b, red line); 10 mC (c, blue line) and 120 mC (d, green line). For
comparison is reported also the bare Ti/TiOz annealed electrode (a, black line).

While this increase reflects improved performances in visible light absorption, which can
be attributed to the deposition of Cu20, different absorption profiles are found, which lead to
determine, with the implemented estimation methods, different band gap estimates for the same
compound in the visible region (Cu2O contribution), as well as in the UV region (TiO2
contribution). Therefore, the Eg estimated in the visible region should be intended to provide an
optical characteristic of the Cu20 electrodeposited onto the Ti/TiO2 nanotubes rather than of the
Cu20 pure crystal phase. On the other hand, it should be noticed that the estimated band gaps
for the electrodes synthesized with transferred charge Q = 120mC are in agreement with the

band-gap values reported in the literature for Cu2O alone. Accordingly, it can be assumed that
75



for the electrodes synthesized at 120mC, the relative abundance of the two oxides is comparable
and the Eg estimations could be representative of the separate compounds that compose the

electrode.

This hypothesis is supported by the FE-SEM images of the samples synthesized with
transferred charges Q equal to 1 mC (Figure 6.17, A) and 120 mC (Figure 6.17, B).

(A) (B)

Figure 6.17 — FE-SEM images. Ti/TiO2/Cu:0 electrode synthesized setting: A) 1 mC and B) 120 mC.

6.5 Analysis of the photocatalytic performances

6.5.1 Methylene blue photo-degradation tests

The photo-activity of the synthesized electrodes was preliminarily evaluated by analyzing
their ability to catalyze the photo-degradation of methylene blue (MB). The photo-degradation
experiments hereafter described were performed by employing as supported catalyst in the
photocatalytic cell the Long TiO> NTs electrodes with and without electrodeposited Cu20

particles.

The diagrams reported in Figure 6.18 describe the evolution of the MB concentrations
observed employing the bare Ti/TiO2 electrodes and the composite Ti/TiO2/Cu20 under UV +
visible light irradiation (100 mW cm-2). The self-degradation of MB is also reported, and the

activity is estimated as the ratio between the final (C) and initial MB concentration (Co).
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Figure 6.18 - MB photo-degradation tests [148]. A) Comparison between electrodes synthetized for fixed electrodeposition potential
(PED2, -0.8 V), increasing the amount of transferred charge: (1) no electrode (self degradation); (2) Q = 1200 mC; (3) Q = 400 mC;
(4) Q=100 mC; (5) Q=0 mC (bare Ti/TiO2 electrode). B) Comparison between electrodes synthetized for fixed amount of
transferred charge (Q = 100 mC), varying the electrodeposition potential: (1) no electrode; (2) PED3 (-0.9 V); (3) PED2 (-0.8 V); (4)
PED1 (-0.6 V), (5) bare Ti/TiO: electrode. All the potential reported are Vs Ag/AgCI.

The results of the experiments evidence that the bare Ti/TiO, electrodes ensure faster
photodegradation of the MB as compared to the Cu20 based electrodes. This result is not in line
with expectations. The deposition of Cu20 should allow to improve the absorption of light across
the visible range, which cannot be attained with the bare TiO- electrode, which instead absorbs
only in the UV range. Accordingly, an improved photoactivity of the composite Ti/TiO2/Cu.0
electrodes was expected, in contrast with the results reported in Figure 6.18, as compared to

the bare Ti/TiO2 electrodes [149].

Remarkably, data reported evidence that Cu>0 based electrodes synthesized at the same
electrodeposition potential but varying the Cu20 content from 100 to 1200 mC (Figure 6.18, A),
show a decrease in the photoactivity increasing the mass of the electrodeposited Cu20. In Figure
6.19 top-view and cross-sectional FE-SEM images of the composite electrodes employed to
perform that photodegradation tests are reported. Here, according to DRS measurements
(Figure 6.16), the increased sizes Cu20 particles observed increasing the transferred charge,
should have led to increased absorption across the visible range instead of the opposite behavior
registered.
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Figure 6.19 - FE-SEM images. Composite Ti/TiO2/Cu20 electrodes synthesized through the electrodeposition method PED?2 for
different amount of transferred charge: a) and d) 100 mC; b) and e) 400 mC; c) and f) 1200 mC. The images on the left are top views
(a, b and c), while on the right are reported the cross sectional views (d, e, and f).

The influence of the electrodeposition potential on the photo-activity of the produced
electrodes was separately investigated. The electrodes employed to perform the photo-
degradation tests were synthesized fixing the amount of transferred charge and varying the
electrodeposition potential from -0.6 to -0.9 V, which corresponds to the morphological transition
from octahedral to spherical Cu2O nanoparticles previously described in Figure 6.10. In

accordance with the results of the photo-degradation tests reported (Figure 6.18, B), the
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transition from octahedral to spherical Cu20 particles which is induced by increasing the cathodic

potential is accompanied by a decrease in the photo-activity of the electrodes.
The results of the performed photo-degradation tests can then be summarized as follows:

o The octahedral morphology of the Cu20 particles ensures improved photo-activity as
compared to the spherical morphology;

o Increasing the CuxO particle size progressively deteriorates photo-degradation
performances;

o Under UV + visible irradiation, the bare TiO electrodes invariably exhibit improved

performances as compared to the composite Ti/TiO2/Cu20 electrodes.

A possible explanation for the reduced performances of the composite electrode is the
exceedingly large size of the electrodeposited Cu20 particles. Particularly, on the top of the TiO:
nanotubes, Cu20 particles with size up to 300 nm are found with transferred charge during
electrodeposition equal to 1200 mC. These particles cover the underlying TiO2 nanotubes and
thus reduce the rate at which holes and electrons are photogenerated in the TiO2. This effect is
more pronounced with increasing the size of the Cu.O particles, i.e. with increasing the
transferred charge, which is in agreement with the results of the photo-degradation tests (Figure
6.18, A). The reduced photoactivity of TiO. nanotubes may be not compensated by the
photoactivity of Cu20 if the size of the Cu20 particles is exceedingly large. Increasing the size
of deposited Cu20 particles decreases indeed the fraction of the holes and electrons
photogenerated in Cu20 which are effectively employed to sustain the degradation process. The
diffusion length of Cu20 has been estimated to be of the order of 100 nm [36]. Therefore, the
electrons photogenerated in the bulk of the deposited 200 - 300 nm Cu0 particles cannot reach
the TiO2/Cu20 interface.

An additional element which may contribute to lower the performances of the composite
electrode is represented by the “downwards bending” consequent to the establishment of
Cu2O/electrolyte interfaces (Figure 6.20). This bending contributes to drive the electrons towards
the electrolyte interface and the holes in the opposite direction. The bending of the energy bands
at the Cu20/TiOz interface is, in contrast, expected to drive the electrons from Cu20 to TiO2 and
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the holes from TiO2 to Cu20 (Figure 6.20). In this respect, the energy band bending taking place
at the Cu2O/electrolyte interface can be thought to configure an energy barrier to the flow of the
charge carriers induced by the TiO2/Cu20 heterojunction, which may ultimately enhance the

recombination kinetics, thus deteriorating electrode performances.

I:I Ohmic contact A n-type B p-type Electrolyte
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Figure 6.20 - Schematic representation of p-n photocatalyst under illumination supposing “bulk effect” due to the exceedingly large
size of Cuz20 NPs.

It is important to remark at this stage that very few previous studies have demonstrated
the possibility to improve the photo-catalytic performances under UV + visible light of supported
Ti/TiO2/Cu20. Among the available literature on Ti/TiO2/Cu20 systems most of the authors
investigate the photoelectrochemical performances employing them as photoanodes in PEC
devices [33], [150]. Furthermore, in some of these works the Cu2O deposition is not achieved
through electrodeposition, as reported by Sang et al. which deposited the Cu2O NPs in autoclave
[151]. Besides that, it is often not full clarified if the improved performances are directly
attributable to the Cu20 deposition rather than to the doping achieved during the annealing
process on TiO2 NTs (prior to the Cu20 deposition), which could allow, alone, to achieve TiO-
sensitization across the visible region. As for the above mentioned works ,where Authors recall

previous report for TiO2 NTs synthesis, and the performed annealing guarantees the contextual
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TiO2 doping and consequently an increased absorption in the visible region for the bare Ti/TiO:
[152], [153].

In order to investigate the mechanisms responsible for the progressively deteriorating
performances of the Ti/TiO2/Cu20 electrodes with increasing amount of electrodeposited Cu20,
the photocatalysts were employed in a PEC cell as photoanodes. The results of this study are

discussed in the following paragraph.

6.5.2 Photoelectrochemical tests
The synthesized electrodes were employed in a PEC cell as photoanodes in order to

evaluate the photocurrent generated under UV + visible and only visible irradiation.

Separate experiments were performed under chopped light irradiation (i.e. periodically
alternating dark and irradiated conditions) to emphasize the differences between the different
response of the PEC cell with and without irradiation. All the experiments were performed
employing as photoanodes the Short NTs electrodes (Table 6.2) with and without

electrodeposited Cu20 particles.

Prior to analyse the results of the performed photoelectrocatalytic experiments, it is here
worth to clarify a fundamental difference between the application of the synthesized electrodes
in a PEC cell and in the photo-degradation process analysed in the previous subsection. In the
photo-degradation process, both the reduction and the oxidation reactions take place onto the
electrode (Figure 6.21, B), whereas, in PEC cells, the electrode can work either as anodes or
cathode, meaning that only one of the two half-reactions (i.e. reduction and oxidation) takes

place over the electrode surface.

Specifically, the synthesized Ti/TiO2 (n-type) and Ti/TiO2/Cu20 (p-n heterojunction)
electrodes, according to the semiconductors characteristics, act as photoanodes and thus water
oxidation takes place onto the photoelectrode surface, while proton reduction, with hydrogen
evolution, takes place at the cathode (Figure 3.8), generally a platinum spiral wire, as used in

the present study.
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Figure 6.21 - Schematic representation of n-type photocatalyst: A) dark conditions (dynamic equilibrium) and B) under illumination.

PEC devices which employ p-Cu20 alone, on the contrary, would show under illumination
cathodic photocurrents. Here, the downward bending of the conduction and valence energy
bands at the interface with the electrolyte drives the photogenerated electrons towards the

electrolyte, thus promoting reduction, while the counter electrode promotes the oxidation.
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Figure 6.22 - Cathodic photocurrent registered for Cu/Cuz0 electrode under UV + visible chopped light irradiation. This electrode
was been ad hoc synthesized to verify the p-type character of the Cu20 NPs achieved through the electrodeposition method adopted
in this work for the Ti/TiO2/Cu20 electrodes synthesis.

Figure 6.22 describes the cathodic photocurrent registered under chopped UV + visible

light irradiation, for a Cu/p-Cu20 electrode ad hoc synthesized through electrodeposition onto a
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Cu planar electrode with the same electrodeposition method implemented to electrodeposit
Cu20 onto the Ti/TiO- electrode. Furthermore, this evidence proves the p-type character for the

electrodeposited Cu-0.

On the other hand, when Cu20 is coupled to the n-type TiO. semiconductor, a p-n
heterojunction is formed. It can be described as a basic diode with the current which can flow in
one direction (i.e. from p to n side; forward bias) but not in the other (i.e. from n to p side; reverse
bias). This is why under illumination, in principle, a p-n heterojunction would act as photoanode
in a PEC cell. Furthermore, it is worth noting at this stage the role of the Ti substrate of the
synthesized photoelectrodes in relation to their employment in photocatalytic cells rather than in
PEC devices. In photoelectrocatalytic applications (i.e. PEC devices), it has the role of current
collector, thus, according to the configuration described above, electrons will flow to the counter
electrode and no trap state effects are expected [154], as instead in photocatalytic degradation
tests, where the Ti substrate is not connected to the external circuit and both reactions take
place over the p-n heterojunction based catalyst surface. Here, the electrons that flow prom p to
n and then to the Ti substrate cannot flow in an external circuit neither promote directly the
reduction (Ti substrate not exposed to the electrolyte), thus the recombination phenomena
probability (with the photogenerated holes in the n-side, at the solid interface Ti/TiO2) increases,
contributing to deteriorate the overall performances.

The synthesized electrodes were firstly characterized through a pulsed light linear sweep

voltammetry (PL-LSV), which consists of a classic LSV carried under chopped light irradiation.

Figure 6.23 shows the evolution of the current with potential recorded during the PL-LSV
under UV + visible light irradiation with the bare Ti/TiO> (a, black line) and the Ti/TiO2/Cu20 (b,
red line) electrode in NaxS0O4 0.01 M.

Both the employed electrodes show the characteristic behavior of photoanode under
illumination. Over the cathodic range from -1.5 to around -0.8 V (Figure 6.23, inset), the
irradiation does not affect significantly the generated current, which is mainly determined by the
application of the cathodic potential. This is apparent by the absence of differences between the

current values generated during the dark and the irradiated period. This can be explained by
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noticing that the application of these cathodic potential values increases the built-in potential
difference across the interface between the two semiconductors, implying that the heterojunction

is operated under reverse bias [90].
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Figure 6.23 - PL-LSV carried out under UV + visible light irradiation (100 mW cm-2), employing as working electrodes: ) Ti/TiOz
(black line) and b) TifTiOz/Cuz0 (red line). The insert is a magnification of the potential range corresponding to the transition from
cathodic to anodic currents.

Moving towards more anodic potentials the effect of the irradiation becomes noticeable.
The anodic current densities registered show an increase in correspondence of each light pulse.
Comparing the two electrodes, Ti/TiO2/Cu20 is characterized by a higher anodic photocurrent in
the entire potential range investigated, thus apparently exhibiting improved performances
respect to the bare Ti/TiO2. The anodic photocurrent generated with the bare Ti/TiO.
monotonically increases as the potential increases above the short-circuit value (~-0.55 V), i.e.
with increasing the applied forward bias. For the Ti/TiO2/Cu20, the anodic current reaches, in
contrast, a maximum value around 0,1V and then decreases, eventually approaching the anodic
photocurrent generated with the bare Ti/TiO2 electrode. The anodic current peak attained with
the Ti/TiO2/Cu20 electrode, as supported by several authors [101], [109], [155], could be

attributable to corrosion processes promoted by the synergistic effect of the photogenerated
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holes (h*) and the applied potential (direct bias lead to an increase in the charge carriers

concentration):

Cu,0 + 20H™ + 2h* = 2Cu0 + H,0 (6.7)

Cu,0 + H,0 + 20H™ + 2h* = 2Cu(OH), (6.8)

The PL-LSV experiment was performed also employing as irradiation source only visible
light (Figure 6.24). As expected, the bare Ti/TiO2 electrode doesn’t produce any significant
anodic photocurrent as compared to the same electrode under UV + visible irradiation (Figure
6.23). TiTiO2/Cu20 allows generating, in contrast, an anodic photocurrent, which can be
attributed to the ability of Cu20 to absorb the radiation energy across the visible range. However,
with Ti/TiO2/Cu20 electrode, the photogenerated current is significantly lower than that observed
under UV + visible light. This indicates that the number of photogenerated charge carriers is

strongly influenced by the TiO> contribution.
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Figure 6.24 - PL-LSV carried out under only visible light irradiation (100 mW cm-2), employing as working electrodes: a) Ti/TiO
(black line) and b) Ti/TiO2/Cu20 (red line). The insert is a magnification of the potential range corresponding to the transition from

cathodlc to anodic currents.
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A maximum in the anodic photocurrent is, again, attained under visible light only around
0.1V, as previously found under UV + visible light (Figure 6.23). Following the maximum, the
photocurrent slightly decreases to a current value which is maintained constant at larger
potential values. The different photocurrent maxima attained at identical potential values under
UV + visible light (Figure 6.23) and visible light only (Figure 6.24) suggest that the photo-
corrosion process (Equations 6.7 and 6.8) could be mainly influenced by the number of

photogenerated charge carriers in TiO2 rather than by the applied potential.

Electrode performances were successively analyzed by photocurrent tests performed at
imposing a constant potential equal to the open-circuit potential (i.e. zero current), attained under
dark conditions. With this approach, the contribution to the photocurrent generated by the

application of a potential bias (i.e. forward or reverse bias) is excluded.

The temporal evolution of the photocurrent generated with the bare Ti/TiO2 and the
composite Ti/TiO2/Cu20 electrode under UV + visible and only visible chopped light irradiation
are compared in Figure 6.25. The analysis confirms the photo-inactivity of TiO2 under only visible

light irradiation.

80 vda
50F a
light off
25}
60
L L 0.0} b
- b
SO 25t
‘e 40 2710 280 290 300 310
(&)
<
=
T ok
a | I
— _a —
0 I~ — o — - J‘——t‘_—m'g:i"s‘{_‘:——
light on
L | ! N | " //// X | N 1 L | X
0 50 100 150 250 300 350 400
time (s)

Figure 6.25 - Photocurrent registered during chopped light irradiation (100 mW- cm-2) for Ti/TiO2 electrode (a, black line) and
composed TiO2/Cu20 Electrode (b, red line). After the axis break (t > 200 s) an UV cut-off filter was used (only visible irradiation).

The insert is a magnification of the photocurrent registered under only visible irradiation.
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The composite Ti/TiO2/Cu20 electrode, in contrast, allows to generate an anodic photocurrent
under visible irradiation. This ability confirms that the composite p-n heterojunction allows
effectively separating photogenerated charge carriers, with electrons driven from Cu20 to TiO>.
The anodic photocurrent generated with the composite electrode increases under UV + visible
light (Figure 6.25, before the axis break), which can be attributed to the contribution of TiO.
induced by the UV irradiation. However, under UV + visible light irradiation, the photocurrent
density with the composite electrode is lower than the photocurrent generated with the bare TiO:

electrodes.

6.5.2.1 Analysis of the mechanisms justifying the lower performances of the

composite electrodes

It is important to remark at this stage that the composite electrodes are developed to
improve the photoelectrochemical performances as compared to the bare TiO electrodes under
sunlight irradiation, i.e. UV + visible light. Therefore, the ability to generate an anodic
photocurrent over the visible light range, where the TiO2 is photo-inactive, cannot be considered
sufficient to justify the application of the synthesized composite electrode in place of the bare
Ti/TiO2 electrode. Remarkably, this analysis is in contradiction with most of the previous studies
analyzing the photocatalytic application of composite Ti/TiO2/Cu20 electrodes generated by
electrodeposition onto TiO2 nanotubes [33], [150]. In these latter studies, improved
performances of the composite electrodes as compared to the bare TiO; electrode have been
frequently claimed based on the only analysis of the photocatalytic performances under visible
light only [98], [110], [144], [156]-[158].

Only few studies critically compared the performances of the composite and the bare TiO>
NT electrodes over the UV + visible light, evidencing the difficulty to get improved performances
by the electrodeposition of Cu20 over TiO2 NTs, [36], [101], [151], [159]. Some authors proposed
that the lower performances of the composite electrode under UV + visible light may be attributed
to the relative position of the Cu20 energy bands with respect to the potentials of reduction of
copper species, assuming that the Cu-0 “self-degradation” in aqueous solution takes place [36].
However, with this hypothesis, the occurrence of photo-corrosion should determine a

progressively varying photocurrent, which is not the case of the present study, where a stable
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photocurrent was observed with the composite electrodes during any light pulse (Figure 6.25).
The hypothesis of photo-corrosion would be consistent with electrodes showing improved
performances with respect to the bare TiO2 but progressively deteriorating under irradiation [36].
Furthermore, the PL-LSV characterization performed with the composite electrodes synthesized
in this work (Figures 6.23 and 6.24) indicated that photo-corrosion processes are promoted by
the synergistic effect of the photogenerated charge carriers and the applied potential (i.e. forward
bias), whereas the photocurrent tests (Figure 6.25) were performed at the OCP attained under
dark conditions, i.e. without any potential bias. Likewise, Zhao et al. attribute the deteriorating
performances to the role played by the p-Cu2O/electrolyte interface with increasing the Cu20
particle size [160].

Other authors attribute the lower performances of the composite electrode to an increased
recombination rate of the photogenerated hole-electron pairs, which would be determined by the
morphology and size of the deposited particles. These authors propose that the coupled
semiconductor may act as a recombination center rather than promoting the charge carrier
separation [99], [161]. This latter explanation may be consistent with the results attained in this
work, considering that, in the photo-degradation experiments described in the previous section,

a progressive decrease in the performances is observed with increasing the Cu20 NPs size.

The influence of the Cu20 particles size can be explained considering that while the energy
bands bending taking place at the Cu2O/TiO; interface drive electrons from the Cu20 to TiO:
and holes into the opposite direction, a downwards bending of the energy bands takes
simultaneously place at the Cu2O/electrolyte interface (Figure 6.20). This latter bending, as
widely discussed in the previous section (paragraph 6.5.1) configures an energy barrier to the
flow of electron and holes in the directions determined by the energy band profiles across the
Cu20O/TiO2 interface, which can ultimately decrease the photocatalytic performances of the
composite electrode as compared to the bare Ti/TiO2 electrode. According to that, if the particles
size would be sufficiently small, the space charge layer at the CuO-electrolyte interface would
be “covered” by the space charge layer at the Cu2O-TiO2 interface and as consequence

becomes negligible.
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An alternative explanation for the lower performances of the composite electrode could be
derived by the analysis of the composition of the deposited particles. In accordance with the
XRD analysis, Cu20 is the only crystal copper phase identified in the composite electrode (Figure
6.13). On the other hand, other copper species may be present exhibiting an amorphous
structure, which cannot thus be identified by XRD. In order to evaluate the possibility that
amorphous solid phases are formed during electrodeposition, along with the crystal Cu20, it is
useful analyzing the temporal evolution of the current recorded during the copper pulsed
electrodeposition onto TiO2 nanotubes. As representative example, the current generated by the
implementation of the PED1 method (Table 5.4) is reported in Figure 6.26. With this
electrodeposition method, a constant potential is imposed during ton period to electrodeposit
copper, while a zero current is maintained during the toff period to restore the copper ion
concentration into the TiO2 nanopores. During this latter tor period, the applied potential is the

open circuit potential.
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Figure 6.26 — Characteristic behaviour (early stage) of the pulsed electrodeposition method (PED1), employed for the Ti/TiO2/Cu20
synthesis. Two characteristic period are highlighted: ton period corresponds to the cathodic pulse, while tor period is the “zero-

current” time. The current signal corresponds to the curve b (black line), while a is the potential (red line).
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Figure 6.26 evidences that this potential progressively increases during the to period
towards more anodic values, which can be associated to a modification of the electrode surface.
This modification could be attributed to the precipitation of Cu(OH)., which is photo-inactive and
could thus deteriorate the performances of the synthesized electrode. While the formation of a
photo-inactive phase unavoidably decreases light harvesting and can thus deteriorate the
electrode performances, few authors have reported that coupling TiO2 with Cu(OH)2 particles

may improve the performances as compared to the bare TiO2 electrode.

Yu et al. reported improved performances achieved with Cu(OH) cluster-modified TiO>
powder, employed to sustain the unassisted photocatalytic hydrogen production in aqueous
ethylene glycol [162]. The authors report that the photoactivity decreases with increasing the
Cu(OH): cluster size: It should be taken into account that the early photogenerated electrons,
providing the partial reduction of Cu2* to Cu9, lead to the formation of Cu(OH)2/Cu core-shell
clusters. In this configuration the effective co-catalyst would be Cu instead of Cu(OH),, so that
increased dimensions of the core-shell Cu(OH). based clusters would lead to the ineffectiveness
of the Cu co-catalyst [162].

Dang et al. investigated the same Cu(OH)2/TiO2 combined system using TiO2 nanotubes
[163]. They observed that for Cu(OH). content below 8 %wt the photocatalytic hydrogen
generation increases significantly with increasing Cu(OH)> content (due to its effective
dispersion on the surfaces of the TiO> nanotubes), while, the further increase (> 8 %w)
corresponds to a decay in the photoactivity. The decay is attributed to the excessive cluster

dimensions which would inhibit the TiO> light absorption (decreased photoactive surface).

Although these latter works don’t help to clarify if the surface composition of the deposited
particles could be the reason of the decrease in the photoactivity, both Cu(OH)2/TiO2 systems
[162], [163] and Cu2O/TiO2 systems [36], [160], show the same performance decay respect the

increase in the dimensions of the deposited species.

6.5.2.2 XPS characterization of the electrodes
In order to verify this assumption on the formation of Cu(OH), and taking into account that

bulk composition of the deposited particles would correspond to crystalline Cu20 (XRD data,
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Figure 6.13), a further investigation was carried out by means of XPS, in order to verify the

surface composition of the deposited particles.

In Figure 6.27 are reported the Cu 2p spectra for the bare Ti/TiO2 (A) and the composite
electrode (B), both measured as synthesized. As expected, in the binding energy range 930 -
965 eV only the composite electrode spectrum shows peaks. The peak analysis highlighted the
presence of both Cu(l), ~ 932.5 eV (Figure 6.27 B, component 1), and Cu(ll), ~ 935 eV (Figure

6.27 B, component 2, to which the satellite lines in the range 940 - 950 are associated).
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Figure 6.27 - XPS spectra in the Cu 2p region for Ti/TiOz electrode (A, red dots) and composite electrode (B, black dots).

This first evidence confirms a surface modification of the deposited particles. To understand if
the Cu(ll) is due to CuO or Cu(OH)z, the region O 1s and C 1s (Figure 6.28, A and B respectively)

were also investigated.
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Figure 6.28 - XPS spectra of the O 1s (A) and C 1s region (B). A) bare Ti'TiOz (1, red line) and composite electrode (2, black line); B)
bare Ti/TiOz (2, red line) and composite electrode (1, black line). It should be highlighted that the black line (1) in spectrum B is
normalized to the intensity of the other peaks for qualitative comparison on peaks shape and position.

The O 1s spectrum for the bare Ti/TiO2 electrode (Figure 6.28 A, 1) shows a signal (~ 531
eV) due to TiO2, while for the composite electrode (Figure 6.28 A, 2), the peak due to the metal
oxides (both TiO2 and CuyO) falls at lower binding energies (~ 530 eV), and a second signal due
to hydroxide appears (Figure 6.28 A, 2, black arrow). The C 1s region spectra were also
analyzed. As showed in Figure 6.28 B, for the bare Ti/TiO. electrode (2, red line) there is a weak
and wide signal related to carbon (the red line (2) in spectrum B is normalized to the intensity of
the other peaks for qualitative comparison on peak shapes and positions), while for the
composite electrode there is a majority component due to C=C ligands (~ 285 eV), a second
one related to C-O-H (~ 286 eV) and a third one related to O-C=0 groups (~ 288 eV). These
results, highlighted in the deconvoluted peaks of Figure 6.29, are in good agreement with data
reported from Zhu et al. for Cu20 deposited in similar electrodeposition conditions [164]. The
same Authors, consistently also to Baklanov et al., identify in the region attributable to hydroxide
a further weak signal, which they assign to COs?- (~ 289 eV) and related to the presence of Cu(ll)
carbonate which normally stabilize Cu(OH), in agree with the composition of the employed

electrodeposition electrolyte [165]. These evidences would corroborate the hypothesis of
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decreased photoactivity due to the Cu(OH)2 “coverage effect” which could inhibit the Cu20 light

absorption.
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Figure 6.29 - XPS spectrum of the C 1s region. Peaks deconvolution related to the Ti/TiO2/Cu20 electrode reported in Figure 6.27, B.

6.5.2.3 Improving the performances of the composite under UV + visible

irradiation by electrochemical post-treatment

In accordance with the illustrated analysis, the lower performances of the composite
electrodes as compared to the bare Ti/TiO2 electrodes under UV + visible irradiation may be
explained by the large size and/or the surface composition of the deposited particles. A strategy
to improve the performances of the composite electrode would be then modifying the
electrodeposition strategy and parameters to decrease, at any prescribed transferred charge Q,
the size and the surface density of the electrodeposited particles, and to prevent the formation
of the copper hydroxide phase. For what concerns the size control, it must be noticed that the
electrodeposition technique hardly allows distributing the amounts of electrodeposited copper
per surface unit targeted by the present study among nanoparticles with size below 100 nm. The
main reason is that, as the transferred charge is increased, the reduced species are favorably
attached to the previously deposited particles and unlikely contribute to form new nuclei, which

has been recently referred to as the “Gordian knot” of electrodeposition [166].
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The idea followed in the present study to overcome this limitation is to perform a controlled
polarization of the electrode covered by electrodeposited Cu20 particles in an electrolyte solution
not containing the precursor copper metal ion, starting in the cathodic range towards anodic
potentials. Under this condition, within the cathodic range, copper electrodeposition cannot take
place but phenomena allowing to purposefully modify the morphology of the previously
electrodeposited particles covering the electrode can be induced. This approach is motivated by
recent studies of recrystallization phenomena induced by electrode polarization. It has been
demonstrated that the application of sufficiently large cathodic potentials in electrolyte solutions
not containing the precursor metal ion can induce the detachment of nanoclusters from the
previously electrodeposited particles [166]. These nanoclusters can diffuse over the electrode
surface and then form new particles, thus allowing decreasing the size and increasing the

surface density of particles.

Furthermore, it has been previously reported that the polarization under illumination of
Cu20 based electrodes in solutions not containing the copper ion precursor can induce a
recrystallization triggering a morphological transition to thin planar nanostructures and
nanoflakes [109].

Inspired from these experimental evidences, an electrochemical post-treatment of the
synthesized composite electrodes was developed to modify the morphology of the
electrodeposited Cu20 particles. The post-treatment consists of a linear sweep voltammetry
(LSV) with the potential varying from cathodic to anodic values, performed in the same
electrochemical cell employed to run the photoelectrochemical tests but using an electrolyte not
containing the precursor copper ion. The main idea is to promote the recrystallization by the
application of a sufficiently large cathodic potential, thus partially reducing the surface copper
oxide species, and then progressively re-oxidizing the copper deposit to ensure the formation
the Cu20 photoactive phase. Two LSVs were separately evaluated in dark and under irradiation,
which will be hereafter referred to as dark and lighted LSV, respectively. A third post-treatment
was successively evaluated including the sequence of the dark and of the lighted LSV (1stscan

dark, 2nd scan lighted), which will be referred to as double LSV.
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The evolution of the photocurrent generated during the dark and the lighted LSV by
scanning the potential with rate equal to 20 mV s from -1.5to 1.5V (vs. Ag/AgCl) are reported
in Figure 6.30.
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Figure 6.30 - LSV with composed electrodes (Ti/TiO2/Cu20) as WE. a) dark condition (black line); b) under UV + visible irradiation

(red dashed line). The insert is a magnification of the oxidation peaks (1, I, Ill, IV).

The cathodic current observed upon the application of the initial cathodic potential can be
imputed to the water reduction (equation 6.9), and to a partial reduction of the Cu(l) to Cu(0)

(equation 6.10):

2H,0 4+ 2e~ = H, + 20H" (6.9)

Cuy0 + Hy0 + 2e~ 2 2Cugg + 20H- (6.10)
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As the potential is increased, three oxidation peaks (Figure 6.30, insert I, I, l1l) appears for both

LSV treatment (dark condition and lighted scan). The possible oxidation reactions that can justify

these peaks are described as follows:

Cu,0 + H,0 + 2e~ = 2Cu() + 20H™

2Cu0 + H,0 + 2¢e™ = Cu,0 + 20H™

CuO + H,0 +2e~ = Cu + 20H"

2Cu(OH), + 2e~ = Cu,0 + H,0 + 20H™

Cu(OH), + 2e” = Cu + 20H™

Cut +2e~ = Cug,

Cu™ +e™ = Cug,

(6.11)

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

A fourth oxidation peak around 0.2 V is found for the lighted scan only under UV + visible

irradiation (Figure 6.30, insert 1V). This oxidation was observed also during the PL-LSV

characterization, and as previously mentioned would be attributable to corrosion processes

promoted by the synergistic effect of the applied potential and the photogenerated holes (h*),

(equations 6.7 and 6.8).
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FE-SEM analysis was performed to evaluate changes in the morphology of the deposited
particles at the end of the LSV treatments (Figure 6.31). After the dark LSV, a change in the
morphology of the deposited particles is observed as compared to the original composite
electrode (Figure 6.17, B): the octahedral shape is no longer present while spherical rounded
particles appear (Figure 6.31 A). Itis conjectured that the loss of the polyhedral particle geometry
could be attributed to the partial surface reduction of the copper oxide and by the oxidation

reactions determining the peaks (1)-(1ll) in Figure 6.30.

Following the lighted LSV, the appearance of rounded particles is again observed.
However, along with these rounded particles, differently from what observed after the dark LSV,
new larger tetrahedral clusters are found (Figure 6.31, B). In order to identify the process
responsible for this larger clusters, it must be remarked that the only qualitative difference
between the photocurrent evolutions recorded during the lighted and the dark LSV (Figure 6.30)
is represented by the oxidation peak IV. This suggests that the appearance of these new larger
clusters, which are not produced with the dark LSV, could be attributed to the photo-corrosion

process taking place around the peak IV.

The last treatment tested consists of the sequence of the two LSV, dark first and then
lighted. The FE-SEM images taken after this treatment (Figure 6.31, C) evidence relevant
differences as compared to the electrodes generated by dark and lighted LSV (Figure 6.31 A,
B). Indeed, the small rounded particles (Figure 6.31 A, B) are not yet visible, while the surface
of the nanotubes layer is covered by the same large tetrahedral clusters appeared after lighted

LSV. Further, the appearance of large planar clusters is found (Figure 6.31 C).

As reported by several authors, the tetrahedral morphology of the new clusters formed is
coherent with CuO presence [167], [168]. Absorption spectra registered for the same treated
samples (Figure 6.32), exhibit an increase in the absorption towards the visible region (i.e. lower

energy band gaps [99]), which further support the hypothesis on CuO formation.
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Figure 6.31 - FE-SEM images of Short composite electrode (Ti/TiO2/Cu:0) after LSV post-treatment: A) dark LSV; B) lighted LSV; C)
double LSV (15t scan dark, 2 scan lighted).

To evaluate the effectiveness of the treatments in terms of photocurrent density, the
treated electrodes, characterized by the presence of a mixture of CuxO species (Figure 6.32),
were then employed as photoanodes in a PEC cell. Photo-electrochemical experiments were
performed under chopped light UV + visible irradiation by maintaining the potential equal to the

OCP measured under dark conditions.
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Figure 6.32 - Equivalent absorption spectra registered after LSV post-treatments: Ti/TiOy electrode not treated (a, black line);
composite Ti/TiO2/Cu:0 electrode not treated (b, red line); dark LSV treated (e, green line); lighted LSV treated (d, blue line); double
LSV treated (c, cyan line).

Irrespective of the previously implemented post-treatment (i.e. dark, light and double LSV),
a progressive variation of the OCP in dark was observed during the experiment. This variation
was marked by the onset of a cathodic current during the dark period (Figure 6.33). Therefore,
in order to evaluate the OCP variation effect on the photogenerated current, this set of
experiments were carried out by periodically interrupting the illumination after a fixed number of
dark/light cycles, measuring the OCP of the electrode in dark and then restarting the
photoelectrochemical test with the potential equal to the new OCP value (Figure 6.33 A). This
procedure was repeated until the photocurrents generated during the dark cycles were no longer
appreciably deviating from the zero current value, thus evidencing stability of the electrode

surface.

The progressive variation of the OCP during the experiment indicates that the electrode is
undergoing a modification owing to effect of the light irradiation. This is confirmed by the
evolution of the absorption spectra reported in Figure 6.33 B, which were recorded at the end of
each series of dark/light cycle with constant potential. Specifically, as it is shown in Figure 6.33

B, at the end of the dark LSV treatment, a new absorption peak attributable to CuO appears
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towards lower band gap values in the visible region (before 1st cycle), while, during the
photocurrent experiments, this peak disappears (before 4" cycle). Particularly, the evolution of
the absorption spectra suggests that the electrode could eventually recover (before 6t cycle)

the initial condition prior post-treatment.
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Figure 6.33 - OCP stabilization for dark LSV treated sample: A) Photocurrent registered during the different chopped light cycles
(100 mW-cm-2) under UV + visible irradiation. B) Equivalent absorption spectra of: Ti/TiO2/Cu20 as synthesized (a, red line);
Ti/TiO2/Cu20 after dark LSV treatment (b, green line); Ti/TiOz/Cu20 dark treated after 3 photocurrent cycles (c, blue line);

Ti/TiO2/Cu20 dark treated after OCP stabilization (d, magenta line).
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Once the OCP stability was reached, the measured photocurrents were compared with
the photocurrents generated with electrodes that were not post-treated (Figure 6.34). The
electrodes produced by the post-treatment exhibit, after OCP stabilization and irrespective of
the performed LSV (dark, lighted or double) larger photocurrents with respect to both the bare
Ti/TiO2 and to the as synthesized Ti/TiO2/Cu20. Further, comparable photocurrents are attained

with different post-treatments.
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Figure 6.34 - Photocurrent registered after OCP stabilization, under chopped light irradiation (100 mW-cm-2) for LSV treated
composite electrode. All the photocurrent tests were performed under UV + visible irradiation. Ti/TiO: electrode not treated (b, red
line); composite Ti/TiO2/Cu20 electrode not treated (a, black line); composite electrode dark LSV treated (e, blue line); composite

electrode lighted LSV treated (d, green line); composite electrode double LSV treated (¢, magenta line).

The FE-SEM images and the absorption spectra of the treated electrodes after OCP
stabilization are reported in Figures 6.35 and 6.36, respectively. The absorption spectra show a
similar trend for all the post-treated samples after the OCP stabilization. As previously mentioned
for the samples treated by dark LSV, although the absorption spectra at the end of the treatment
would indicate the formation of CuxO species, with a concomitant improved absorption in the
visible region, after the OCP stabilization, the original absorption spectrum is recovered, where
the visible absorption can be attributed to the electrodeposited Cu20 (Figure 6.36). Hence, the
formation of CuxO species cannot justify the improved performances of the post-treated

electrodes.
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Figure 6.35 - FE-SEM images of composite electrodes (Ti/TiO2/Cu20) after LSV post-treatment and OCP stabilization: A) dark LSV;
B) lighted LSV: C) double LSV (1st scan dark, 2 scan lighted).

Valuable insight into the mechanisms determining the improved performances can be
derived by the analysis of FE-SEM images taken after the photocurrent experiments. As shown
in Figure 6.35, for all the post-treated electrodes, a new leaf-like morphology appears after OCP
stabilization, with the planar leaf apparently characterized by a thickness of few nanometers.
This corroborates the hypothesis that the main effect of post-treatment is to enable the transition

to deposits characterized by reduced thickness.
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Figure 6.36 - Equivalent absorption spectra after photocurrent tests. Ti/TiOz electrode annealed (a, black line); Ti/TiOz/Cu20
electrode not treated (b, red line); Ti/TiO2/Cu20 electrode dark LSV treated (d, magenta line); Ti/TiO2/Cu20 electrode light LSV
treated (c, blue line); Ti/TiOz/Cu20 electrode double LSV treated (e, green line).

In accordance with the discussion reported in section 6.5.1, this reduced thickness can
allow decreasing the energy barrier at the interface between Cu20 and TiO.. In addition, it can
increase the contact area between the TiO2 and the Cu20, which can enhance the separation of
photogenerated electrons and holes. This analysis corroborates the hypothesis that the lower
performances of the composite electrode as compared to the bare Ti/TiO- electrode could be

attributed to the exceedingly large size of the electrodeposited Cu20 particles.

6.5.2.4 Analysis of the mechanisms governing the formation of CuO leaf-like

structures: influence of potential and illumination

Tsui and Zangari reported on the formation of similar leaf-like structures during the cyclic
voltammetry (CV) of p-Cu20 electrodeposited onto an Au foil under UV + visible light [109]. In
this latter study, the morphology transition was explained by the Cu.0 tendency (under
illumination) to expose the more stable facets via surface diffusion [109]. During tests based on
repeated CV cycles under UV+visible light, they observed an increase in the photogenerated

currents up to 20 CV cycles, while further CV cycles decreased the photocurrent to the initial
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values. It is interesting to notice that, during the repeated CV experiments, they didn’t observe
differences between the oxidation peaks of the voltammograms generated under light irradiation
and under dark conditions. This is in contrast with the present study where a fourth oxidation
peak, undetected during the dark LSV, was generated by potential scanning under UV + visible
light, i.e. during the lighted LSV (Figure 6.30). This difference could be partly justified by the
different substrate employed in the present study as compared to ref. [109]. In the present study,
the p-Cu20 forms a p-n heterojunction with the TiO. substrate and, as discussed above, on the
basis of the PL-LSV carried out under UV + visible and only visible irradiation (Figure 6.23 and
6.24), we attributed the fourth oxidation peak arising under UV+Visilble light to the synergistic
effect of applied potential and photogenerated holes, specifically, the holes photogenerated in

the n-TiO2 side transferred through the heterojunction to Cu:0.

Inspired by the study performed with Cu20 on the Au substrate by Tsui and Zangari [109],
in order to get further insight into the mechanisms driving the transition to leaf-like structures,
the effect of repeated CV and LSV on the morphology of the synthesized Ti/TiO2/Cu20
electrodes was here analyzed. The repeated LSV was performed to directly evaluate the effect
of the successive potential scans on the electrode morphology as compared to the previously
analyzed lighted, dark and double LSV, which included a unique potential scan. In order to
analyze the role played by electrode polarization and irradiation on the transition to leaf-like

structures, CV experiments were separately performed in dark and under illumination.

The first set of repeated CV was carried out in dark over the potential range investigated
by Tsui and Zangari [109], i.e., between -0.5and 0.5 V (vs. Ag/AgCl). This can allow comparing
the results with data reported by Tsui and Zangari [109], and thus evaluating whether the TiO>
NTs substrate employed in the present study, which was absent in ref. [109], could contribute to

the formation of Cu20 leaf structures.

In Figure 6.37, the current-potential curves and the FE-SEM image generated by 70
successive CV cycles of a composite electrode (Short NTs; 120 mC) starting from 0 V (Vs.
Ag/AgCl) in Na2S04 0,01 M are shown.
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Figure 6.37 — A) Repeated CV (70 cycles); B) FE-SEM image of the treated sample after 70 cycles.

As the FE-SEM image shows (Figure 6.37, B), the main effect of the CV in dark is a
transition from octahedral NPs to new clusters characterized by increased dimensions. The
eroded spherical morphology of these clusters can be attributed to the Cu2O rearrangement
during the recrystallization. However, no evidence of leaf-like structure formation is observed, in

contrast with the results reported by Tsui and Zangari [109].

In order to further characterize the effect of potential cycling, the performed CVs were
repeated in dark over a wider potential range (Figure 6.39). Particularly, the potential range
previously selected to perform lighted, dark and double LSV was selected, i.e. between -1.5 and
1.5 V (vs. Ag/AgCl). The investigation was carried out varying the number of performed CV

cycles.

FE-SEM images reported in Figure 6.38, A, B and C, show the Cu20 deposit morphologies
after 20, 40 and 70 CV cycles, respectively. Again, no evidence of the transition to leaf like
structures is observed. The main evidence is the Cu20 rearrangement from NPs (Figure 6.38 A

and B) to agglomerates of 1D nanorods (Figure 6.38 B and C).
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Figure 6.38 — FE-SEM images of the samples treated through repeated CV. A) 20 cycles; B) 40 cycles and C) 70 cycles. Each

treated sample is represented at two levels of magnification.

This analysis suggests that the transition of Cu20 particles to leaf like structured may be,
on TiO2 nanotubes, strictly connected to the effect of the irradiation, specifically, to the
photogenerated charge carriers, as it was previously evidenced during the PL-LSV (Figure 6.23)

carried out in the present work.
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Figure 6.39 — Repeated CV related to a sample treated for 70 cycles.

To verify this hypothesis, samples employed in PL-LSV photoelectrochemical
characterization, which was performed under UV + visible (Figure 6.23, b) and only visible

irradiation (Figure 6.24, b), were characterized by FE-SEM analysis (Figure 6.40).

Figure 6.40 - FE-SEM images of the samples characterized through a PL-LSV scan. A) under UV + visible irradiation (100 mW cm-2)
and B) under only visible irradiation (100 mW cm-2). Each sample is represented at three levels of magnification.
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As shown by the FE-SEM images (Figure 6.40), the sample produced after one PL-LSV
scan under UV + visible irradiation (Figure 6.40, A) is indeed characterized by the formation of

the planar leaf structures.

The images collected for the samples characterized under only visible light shows a
different cauliflower-like morphology (Figure 6.40, B). This morphology is more similar to the
clusters formed during repeated polarization (Figure 6.37), which are characterized by increased
dimensions with respect to the starting NPs and by an eroded morphology. In this case, the
recrystallization of the Cu2O NPs can thus be mainly attributed to polarization rather than to the

interplay between polarization and illumination.

Based on this evidence, a different post treatment was developed in order to achieve the
direct transition to leaf like morphologies and prevent the OCP stabilization, which was required
during the photoelectrochemical tests performed after lighted, dark and double LSV. The
treatment consists of repeated PL-LSV up to 60 cycles in the potential range between 0 and 1.5
V (vs. Ag/AgCl) under UV + visible light (100 mW c¢m-2). Figure 6.41 shows the FE-SEM images
of the electrodes produced by this post-treatment. A transition of Cu20 from NPs to leaf like
structures is observed, according to the hypothesis of a synergistic role played by applied
potential and illumination. This treatment was performed on two different series of Short NTs
electrodes, characterized by different amounts of deposited Cu20. The potentials imposed
during the treatment fall within the range ensuring forward bias polarization of the p-Cu20/n-TiO:
photoanode, and UV + visible light was used, according with the assumption that the synergistic

effect of the irradiation was attributed to the generation of holes in TiO2 side of the junction.

Figure 6.42 shows the PL-LSV scans obtained with the Short NTs characterized by the
lowest (10 mC; Figure 6.42, A) and highest (120 mC; Figure 6.42, B) amount of Cu20 deposited
during the electrodeposition. With both the electrodes, the photocurrent increases with
increasing the number of PL-LSV scans. Particularly, no decrease in the photocurrent response

was observed over the performed cycles, in contrast to what reported by ref. [109].

108



L

Figure 6.41 - FE-SEM images of the sample treated through repeated PL-LSV, carried out in the potential range between 0 and 1.5
V' Vs Ag/AgCl for 60 cycles under UV + visible light (100 mW cm-2). The sample is represented at three levels of magnification.

The evolution of the photocurrent during the performed cycles quantitatively varies with the
amount of CuO previously deposited over the electrode. With the lower Cu20 content, the
photocurrent is higher during the first cycle, but it then increases during the successive
polarization cycles more slowly as compared to the electrode with the higher Cu20 content. With
the higher Cu20 content, increasing the number of scans the photocurrent more rapidly
increases and eventually attain a stable value which is larger than that attained with the lower

Cu20 content.
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Figure 6.42 - Repeated PL-LSV carried out in the potential range between 0 V and 1.5V Vs Ag/AgCl for 60 cycles under UV + visible
light (100 mW ¢m-2). A) Short NTs, 10 mC and B) Short NTs, 120 mC.

Furthermore, comparing the first cycles of the two electrodes, lowest Cu20 contents show
higher photocurrent densities. This is in line with the trend observed during the photodegradation

experiments (Paragraph 6.5.1), where deteriorating performances was observed increasing the
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Cu20 NPs sizes (Figure 6.18, A), to further support of the hypothesis on the deteriorating
performances due to exceedingly sizes of the deposits, which was been at the basis of the wide

discussion addressed above.

6.6 Electrodialytic Remediation employing TiO- electrocatalysts

The experiments described below were carried out in three compartment (3C)
electrodialytic cells developed by CENSE (Center for environmental and sustainability research)
researchers of NOVA University of Lisbon, within the e. THROUGH (Thinking rough towards
sustainability) European Union’s Horizon 2020 project under the Marie Sktodowska-Curie grant
agreement No. 778045 (H2020-MSCA-RISE-2017-778045).

As reported from several authors among the available literature, ED remediation
treatments are generally carried out employing commercial electrodes (metal and/or metal
oxides based), like Ti/MMO (Mixed Metal Oxides), for both, anode and cathode [118], [123]-
[125].

In the present study the possibility to employ non-commercial TiO2 based electrocatalyst
as cathodic materials, characterized by high aspect ratio, was investigated. All the experiments
illustrated below were carried out employing the electrodes of the Short NTs series identified as
Anatase TiO; and Black TiO..

Prior to employ the synthesized electrodes in ED remediation processes, a set of “blank
experiments” was carried out in order to have a preliminary comparison on the catalytic activity,
in terms of Hydrogen production, between commercial T/MMO and non-commercial Ti/TiO2 NTs
cathodes. Besides that, considering the strategy proposed by Magro et al. to minimize the overall
process energy cost, which is the critical factor for the real use of these technologies, the
produced H> would play a key role [122]. They addressed the feasibility (proof-of-concept) of
using the Hz produced by electrochemically-induced remediation as fuel in a proton-exchange

membrane fuel cell to produce electrical energy and reduce the overall energy costs of
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electroremediation processes. So, this set of experiments would guarantee at the same time to

have a preliminary indication on the electrocatalyst efficiency in terms of hydrogen production.

Figure 6.43 shows equivalent absorption spectra collected for Black TiO2 (b, black line)
and Amorphous TiOz (a, dark yellow line) achieved at the end of the anodization, i.e. prior to the
electrochemical reduction for transformation to Black TiO.. Respect to the Amorphous TiO,

Black TiOz is characterized by a higher absorption in the visible region (A > 400 nm).
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Figure 6.43 - Equivalent absorption spectra from DRS measurements. a) amorphous Ti/TiOz NTs (dark yellow line) and b) black
Ti/TiOz NTs (black line).

As reported by many Authors, this is attributable to the presence of Ti3* states
characteristic of Black TiO2 [169], [170]. Consequence of the Ti®* states is the oxygen vacancies
formation. Feng et al. reported on vacancy engineering useful to improve the TiO»
electrocatalytic performances [140]. Furthermore, metal vacancies can also tune the electronic

structure of the surface and improve the catalytic activity [171].

Besides that, it needs to be highlighted that in the experimental conditions of the
electrodialytic experiments, amorphous TiO- as cathode would anyhow undergo transformation

to black TiO2 through electrochemical reduction in the cathodic compartment [159].
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As reported in the diagram of Figure 6.44, black TiO- electrode showed the highest H
production rate. If compared to anatase TiO-, the improved performances can be attributed to
the above mentioned Ti3* state and the contextual formation of oxygen vacancies, which can
effectively tune the electronic properties of the surface, significantly improving the catalytic
activity [172)].
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Figure 6.4 — Hydrogen production rate (normalized respect to the cathode surface) of: 1) commercial T¥MMO; 2) non-commercial
anatase TiOz NTs and 3) non-commercial “black TiOz” NTs.

It is interesting to notice that Ti/MMO electrode shows lower performances respect both
TiO2 NTs based electrodes. This could be explained considering that Ir/Ru-based oxides which
characterize the coating of the commercial Ti/MMO electrode, to date are the benchmark
catalysts for OER, while for HER the benchmark is represented by Pt-group metals based
electrocatalysts [128]. Although the employment of TiO, based electrodes as HER catalyst,
would seem in contrast with the just defined benchmark, the same Authors clarify that
benchmark doesn’t take in account the pH influence, which otherwise could be a critical factor
in electrodialytic water splitting considering the alkalization of the cathodic compartment during

the current flow.

Based on the preliminary tests performed, black TiO- electrocatalysts were employed as

cathodes in MTAW (Mine Tailings As W) remediation. This activity was carried out within
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e.Through project, which has the goal to tackle the EU dependency from Critical Raw Materials
(CRMs), through strategies based on sustainable primary mining, recovery from secondary
resources and recycling. Specifically, considering that MT are usually stored in open dumps with
consequent environmental problems, the electrodialytic remediation approach could
contextually guarantees the effectiveness of the remediation process and the exploitation of that

mine residues as secondary source of CRMs.

The experiments were carried out employing as matrixes to treat Panasqueira mine
residues from Covilhd (Portugal), which is an underground mine and one of the main Sn-W
deposits in Europe. Panasqueira mine have a secondary production of copper. The mine tailings,
which are confined in open landfills and contain around 30% of As due to the presence of
arsenopyrite, which can cause environmental problems. At the same time these residues, if
properly managed, can be seen as a secondary source due to the presence of critical raw

materials, such as tungsten.

In this perspective, the objective of the remediation was the contextual recovery of a CRMs,
I.e. tungsten, besides the extraction of the arsenic to reduce its concentration to levels which
would allow a further reuse of the treated mine residues as inert material for building
construction. The effectiveness of the electrodialytic remediation for the contextual recovery of
critical raw materials was first investigated by CENSE researchers evaluating the recovery of W,
Cu and Sn besides the extraction of As. The present study would be a further preliminary
investigation on the employment of electrodic materials which could improve the effectiveness

of the remediation process besides the reduction of the overall cost.

Experiments were carried out in two replicates for each condition, both employing black

TiO2 and Ti/MMO as cathodes, fixing the duration of the experiments to 5 days.

Figure 6.45 represents the distribution in the different phases of the investigated metals at
the end of the electrodialytic process. The related concentrations are reported in Table 6.5 and
6.6, for “black TiO.” and Ti/MMO respectively. The legend of the analysed samples reported in

Tables is explicated in paragraph 3.5.

113



Prior to compare the results, for a facile analysis, “solid phase MTAW” must be intended

as residual concentrations in the treated matrix, while the sum of the other components would

represent the concentrations removed. Furthermore, in reason of the high heterogeneity of the

MTAW in terms of composition, as start concentrations were assumed the sum of the

concentrations estimated in the different phases at the end of the experiments for each element.
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Figure 6.45 - Bar diagrams. Percentage distribution in the different phases of the investigated metals at the end of the electrodialytic

treatment: A) employing “Black TiO2", and B) employing Ti/MMO. The legend is explicated in paragraph 3.5.

As diagrams report, experiments carried out employing black TiO> showed higher

mobilization of Cu and W species respect to Ti/MMO, which on the contrary showed a higher

extraction of As species.

Table 6.5 — Concentrations of the investigated metals at the end of the electrodialytic remediation experiments carried out employing

“black TiO2” as cathode

As s.d. Cu s.d. Sn s.d. W s.d.

(mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)
LEACH LIQUOR

1,22 1,15 0,41 0,58 0,01 0,01 0,03 0,04
ANODE
LEACH LIQUOR

18,40 14,78 2,17 0,78 0,32 0,22 0,68 0,17
AEM
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LEACH LIQUOR

530,09 21169 39567 13339 2,04 0,37 2758 414
CEM
SOLID PHASE

171000 44710 517,86 6235 47,09 026 5515 049
MTAW
LIQUID PHASE

11,33 1,69 358 2182 018 0,19 145 1,20
MTAW
ANOLYTE 19312 81,16 6,94 0,18 0,00 0,00 0,92 0,29
CATHOLYTE 55,43 74,08 1,53 152 0,29 0,34 1,34 0,73
Total 252140 24366 96045 17390 4994 025 8715 3,60

Table 6.6 - Concentration of the investigated metals at the end of the electrodialytic remediation experiments carried out employing

Ti/MMO as cathode

As s.d. Cu s.d. Sn s.d. W s.d.

(mg/Kg)  (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg) (mg/Kg)
LEACH LIQUOR

117 0,43 0,05 0,01 0,05 0,01 0,04 0,00
ANODE
LEACH LIQUOR

51,43 31,59 2,50 0,67 0,23 0,08 0,74 0,39
AEM
LEACH LIQUOR

52,71 41,84 84,91 2252 0,42 0,03 13,49 5,28
CEM
SOLID PHASE

130632 816,11 1607,94 119,86 69,04 0,34 35200 2224
MTAW
LIQUID PHASE

103912 59969 317 218 4,07 4,59 3,36 183
MTAW
ANOLYTE 821,77 627,26 13,37 7.18 0,70 0,78 2,56 0,38
CATHOLYTE 29,58 0,49 1,00 0,49 0,85 0,18 5.44 547
Total 330209 337,33 171293 10252 7535 5,49 37773 968
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In Table 6.7 are reported the pH values measured for each compartment prior to start the
current flow and at the end of 5 days of experiments carried out employing the two different

cathodes.

In agreement with the ED cell configuration (Figure 6.46) the presence of the AEM
membrane on the anodic side leads the compartment undergoes to acidification, as well as in
reason of the CEM the cathodic compartment undergoes to basification, regardless of the
employed cathode. For the central compartment (MTAW), in reason of the ED cell configuration
and the non-ideal AEM selectivity, i.e. some H* would be free to move from anolyte towards
MTAW compartment during the current flow, the decrease of the pH respect to the start value
should be take place [119]. Furthermore, the exchange of H* ions from the catholyte with other
ions through the cation exchange membrane could also contribute to the acidification [173]. They
also report on the synergistic effect of this acidification which would contributes to dissolve

metals in that compartment.

According to the above mentioned Authors the acidification of the MTAW compartment

would be the expected behaviour.

Table 6.7 — pH behavior in the two set of experiments carried out employing different cathodes.

pH Anolyte Catholyte MTAW compartment
Prior to start 54 54 7.7
End Black TiO: 1.45 13.6 2.4
End Ti/MMO 1.53 13.4 12.2

As showed in Table 6.7 a strong difference among the experiments in relation to the

employed cathode is observed for the MTAW compartment (i.e. central compartment).

In the experiments carried out with Black TiO2 as cathode, pH decreases according to
expected behaviour. On the contrary, employing Ti/IMMO as cathode the basification of the
MTAW compartment was observed. This difference, regardless of the heterogeneity of the

treated matrix which wouldn't justify the increase of the pH respect to the start value, would be
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better consistent assuming leakages from the cathodic compartment due to a non-perfect

assembly of the 3C ED cells (i.e. central compartment and catholyte in contact).

Anodic Central Cathodic
compartment compartment compartment

AEM (Anionic CEM (Cationic
Exchange Membrane) Exchange Membrane)

Figure 6.46 - Schematic representation of a 3C ED cell during current flow with NaNOjs as both, anolyte and catholyte. It must to be
highlighted that this representation doesn’t take in account the non-ideal selectivity (< 100 %) of the AEM membrane.
Nevertheless, due to the heterogeneity of the input tailing and some deficiencies of the

experimental apparatus (i.e. not perfect selectivity of AEM, besides possible leakage from
cathodic compartment in experiments carried out with Ti/MMO cathodes) no direct relation can

be assumed with the used electrodes.

Although this preliminary study would seem encouraging regard the increased activity,
both respect the Hz production rate and the Cu and W recovery, raises some concerns about
the different activity regard As species mobilization. As reported by Fernandez et al. [174], the
arsenopyrite electrochemical oxidation would be more pronounced in alkali than in acid
solutions. This could justify in part the higher extraction observed for arsenic species in the
experiment carried out employing Ti/MMO, where the basification of the central compartment

was observed.

Given that the reason of the unexpected basification of MTAW, observed employing

Ti/MMO cathodes, must be further investigated, these evidences would suggest that for high
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arsenic extraction a new ED cell design in which both anode and cathode would operate in the
same alkali environment could further enhance the effectiveness of the remediation process.
Furthermore, considering that in strong acidic media Black TiO2 could be unstable (i.e. corrosion
process), alkali media in both electrodic compartments would allow to employ Black TiO> for
both, anode and cathode, in a symmetric cell configuration which could further improve the

overall process.
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Figure 6.47 — Nyquist plot achieved in Na2SO4 for: a) black TiOz (black circles); b) T/MMO (red circles) and ¢) anatase TiOz. The
black lines are the NLLS-fit based on the different equivalent circuit models (data not showed).
Despite these latter considerations, the differences observed, which could be attributed
mainly to the high heterogeneity of the matrix, as well as to leakages in the 3C ED systems,

would suggest that an experimental campaign with a higher number of tests would be required.

At last, to further support the potential of black TiO2 electrocatalyst synthesized, the three
different electrodes employed in the above mentioned experiments were characterized through

Electrochemical Impedance Spectroscopy (EIS). Figure 6.47 report the related Nyquist plot.
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The qualitative analysis of the curves already shows as the electrode characterized by the
higher resistance to charge transfer (estimated parameters through the equivalent circuit models
not showed) is the anatase TiO. (Figure 6.47, blue circle), which shows also a diffusive
contribution to the curve in the low frequency region. Ti/MMO is characterized by a lower
resistance to charge transfer (high frequency region) respect to anatase TiO2 but also here a
diffusive contribution would be hypnotizable (low frequency region). Black TiO2 indeed show a
different behaviour, typical of a porous polarizable electrode, without charge transfer resistance.
This latter aspect would be particularly appealing considering that prevents collateral
electrodeposition when it is employed as cathode, and consequently no regeneration of the
electrodes would be requested. To this purpose further characterizations of the cathodes should

be performed in future experimental campaign.

Besides that, as showed in previous section, considering that the non-commercial
synthesized electrodes could be further functionalized through the electrodeposition of suitable
co-catalysts, future studies could be focused in this direction to further improve the catalytic

performances and as consequence the overall effectiveness of the process.

On these bases, the improved performances in terms of Hz production rate and W and Cu
extractions, would need to be evaluated in terms of reduced energy costs and economic added
value respectively, through a life cycle assessment study in comparison with the actual

benchmarks.
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Conclusions

The electrochemical synthesis of TiO2 NTs based electrodes was investigated. A novel one-step
anodization method was preliminarily developed to synthesize Ti/TiO2 NTs electrodes starting
from Ti sheets, with NTs length varying from about 100 nm up to 10 ym. With the proposed
method, TiO2 nanotube arrays are directly produced by a unique anodization, thus considerably
improving process sustainability as compared to the traditional synthesis process including the
sequence of two anodizations separated by the dissolution of the first formed TiO2 NTs.
Particularly, the following difficulties encountered in the synthesis TiO. nanotubes with length

around 10 um and lower than 2 um, respectively, were solved:

o Long NTs (length = 10 um; inner tube diameter = 100 nm). A sonication post-treatment
was optimized to remove the nanograss generated by the collapse of the top TiO>
nanotube sections during anodization.

o Short NTs (length < 2 pm; inner tube diameter > 50 nm) with clearly accessible pores
could be produced by simultaneously modifying the water content and slope of the

potential ramp imposed during the early anodization stage.

Thermal annealing was then optimized to ensure almost complete transition to the Anatase TiO:

(%Rutile < 5 %), which is the most photoactive phase.

Cu20 electrodeposition over TiO2 nanotubes was investigated to enable the light absorption
across the visible region of the solar spectrum for the visible-inactive TiO2. The influence of
electrodeposition potential and overall transferred charge on the size and morphology of the
Cu20 nanoparticles was evaluated. This analysis evidenced a transition from octahedral to
rounded spherical particles with increasing the cathodic electrodeposition potential and a
progressive increase in the CuxO particle size with increasing the transferred charge. The
produced electrodes were employed as photocatalyst to sustain the methylene blue
photodegradation, and as photoanodes in a photoelectrochemical cell designed for water

splitting process.

In the photodegradation experiments performed under UV + visible light, the composite

Ti/TiO2/Cu20 exhibited performances lower as compared to the bare Ti/TiO. electrode.
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Particularly, composite electrode performances decreased with increasing the size of the Cu20
nanoparticles. Cu20 octahedral nanoparticles exhibited improved performances as compared to

the spherical nanoparticles.

Photoelectrochemical experiments were performed under UV + visible and only visible light
irradiation. The composite electrodes could effectively work as photoanodes under visible light
only. This confirmed the absorption across the visible range induced by Cu20 deposition and
the ability of the Cu2O/TiO2 heterojunction to effectively separate photogenerated holes and
electrons. However, under UV + visible light, the photocurrent generated with the composite
electrode was lower than with the bare TiO- electrode, thus confirming the results of the previous

photo-degradation experiments.

It is hypothesized that the lower performances of the composite electrodes under UV + visible
irradiation could be attributed to the exceedingly large size of the electrodeposited Cu20
nanoparticles. In accordance with this idea, an electrochemical post-treatment was proposed to
purposefully modify the size and the morphology of the electrodeposited Cu20 nanoparticles
and thus significantly improve the composite electrode photocatalytic activity. The proposed
electrochemical post-treatment includes scanning the electrode potential under UV + visible light
irradiation with an electrolyte solution not containing the precursor copper metal ion (i.e. without
electrodeposition of any copper species). This post-treatment induced a transition to Cu20 thin
leaf-like structures, which allowed attaining, with the composite electrode, performances

improved as compared to the bare TiO2 electrode under UV + visible light.

The Short NTs were also employed as high aspect ratio HER electrocatalysts in Electrodialytic
(ED) remediation processes within the e. THROUGH (Thinking rough towards sustainability)
European Union’s Horizon 2020 project under the Marie Sktodowska-Curie grant agreement No.
778045 (H2020-MSCA-RISE-2017-778045), at CENSE (Center for environmental and
sustainability research) laboratories of NOVA University of Lisbon. Black TiO> HER catalysts
were successfully synthesized through a facile electrochemical reduction and employed as
cathodes in place of the commercial T/MMO that are generally employed in ED processes,

which resulted into:
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= increased H2 production rate in ED water splitting (H2 recovery as strategy
to minimize the treatment cost)

= |mproved recovery of Cu and W in Mine Tailings remediation, while with
respect to As extraction showed lower activity in comparison to commercial
TiIMMO. The variability in the composition of the matrix added to

experimental issues didn'’t clarify this behavior.
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