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ABSTRACT

The thesis work is devoted to the synthesis of NiTiO3-based semiconductive structures, i.e.
powders and thin films, and the investigation of their related properties with the aim of their
applications in photocatalysis. Theoretical approach and numerical simulations of the
electronic, vibrational and optical properties of bulk and nanosized NiTiOs3 structures have
been carried out in order to deepen the understanding of the experimental results. The
synthesis of NiTiO3 powders has been achieved by sol-gel and solid state reaction, while
NiTiO; thin films have been grown by rf-sputtering. Characterizations on their structural,
vibrational and optical properties confirm the stabilization of polycrystalline NiTiO3 in its
ilmenite phase in both powders and thin films as well. The determination of a band gap at
2.25 eV suggests the feasibility to implement the synthesized materials as visible-light-active
photocatalysts. This feature has been tested in the degradation of methylene blue in aqueous
solution using rf-sputtered NiTiO3 thin films irradiated with visible light, achieving the
degradation of 60% of the initial concentration of the colorant in 300 minutes. In addition,
the electro-oxidation of methanol has been accomplished by applying an external voltage on
an electrode containing NiT103; powders in alkaline media. The Ni ions present in the catalyst
have been identified as the active species with the oxidation of the organic molecules on the
surface of Ni** sites. As a main achievement, NiTiO3 has been synthesized as powders and
thin films with suitable characteristics for efficient heterogeneous photocatalysis and the
catalytic capabilities of NiTiO; have been demonstrated on the photodegradation of

Methylene Blue and the electro-oxidation of methanol.
Key Words:

NiTiO3, Semiconducting oxydes, Nanostructures, DFT, Sol-Gel, Solid state reaction,

Rf-sputtering, Nanopowders, Thin Films, Photocatalysis, Electrocatalysis
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RESUMEN

El trabajo de tesis ha sido dedicado a la sintesis de estructuras semiconductoras basadas en NiTiO3 y a
la investigacion de sus propiedades con el fin de utilizarlas como fotocatalizadores. Un estudio tedrico
de las propiedades electronicas, vibracionales y oOpticas para el NiTiO3 volumétrico, asi como
nanométrico ha sido llevado a cabo buscando profundizar en el entendimiento de los resultados
experimentales. La sintesis de polvos de NiTiOs ha sido lograda por sol-gel y reaccion en estado solido,
mientras que peliculas delgadas de NiTiO3 han sido crecidas por rf-sputtering. La caracterizacion de
sus propiedades estructurales, vibracionales y 6pticas confirman la obtencion de NiTiO;3 policristalino
en su fase ilmenita. La determinacion de un ancho de banda prohibida de aproximadamente
2.25 eV sugiere la posibilidad de implementar los materiales sintetizados, como
fotocatalizadores activos en el rango de luz visible. Esta caracteristica ha sido probada en la
degradacion de Azul de Metileno en solucion acuosa, usando peliculas de NiTiO3 (obtenidas
por rf-sputtering) irradiadas con luz visible, logrando la degradacion del 60% de la
concentracion inicial del colorante en 300 minutos. Adicionalmente, la electro-oxidacion de
metanol ha sido lograda al aplicar un voltaje externo a un electrodo que contiene polvos de
NiTiO3 en un medio alcalino. Los iones de Ni presentes en el catalizador han sido
identificados como las especies activas, y que la oxidacion de las moléculas orgénicas ocurre
en la superficie de los sitios de Ni**. En resumen, NiTiO3 ha sido sintetizado en forma de
polvos y de peliculas delgadas con caracteristicas favorables para realizar fotocatalisis
heterogénea eficientemente y las capacidades cataliticas del NiTiO3 han sido demostradas

mediante la fotodegradacion de Azul de Metileno y la electro-oxidacion de metanol.
Palabras clave:

NiTiO3, Oxidos semiconductores, Nano-estructuras, DFT, Sol-Gel, Reaccion en Estado

Solido, RF-sputtering, Nano-polvos, Peliculas delgadas, Fotocatalisis, Electrocatalisis.
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RESUME

Le travail de thése est consacré a la syntheése de structures semi-conductrices a base de
NiTiO;3, et I'¢tude de leurs propriétés dans le but de les appliquer en photocatalyse. Une étude
théorique et des simulations numériques ont été¢ effectuées pour analyser les propriétés
¢lectroniques, vibrationnelles et optiques de NiTiO3 massif ou sous forme de clusters
nanométriques. Les poudres NiTiO3 ont été synthétisées par sol-gel par réaction en phase
solide, tandis que les films minces ont été obtenus par pulvérisation cathodique rf-
magnétron. Les caractérisations de leurs propriétés physiques confirment l'obtention de
NiTiO; polycristallin dans sa phase ilménite. La détermination du gap électronique a 2.25
eV suggere la faisabilit¢ de mise en ceuvre des matériaux synthétisés comme
photocatalyseurs actifs sous irradiation en lumiere visible. Cette fonctionnalité a été testée
par la dégradation du bleu de méthyléne en solution aqueuse en utilisant les couches minces
de NiTiOs sous irradiation visible, atteignant la dégradation de 60% de la concentration
initiale du colorant en 300 minutes. En outre, I'électro-oxydation du méthanol a été réalisée
en appliquant une tension externe sur une électrode contenant des poudres NiTiO3 dans des
milieux alcalins. Les ions de Ni présents dans le catalyseur ont été¢ identifiés comme des
especes actives et que l'oxydation des molécules organiques se produit sur la surface des
sites de Ni**. En résumé, NiTiOs a été synthétisé sous forme de poudres et de films minces
ayant des caractéristiques appropriées pour la photocatalyse hétérogene efficace et les
capacités catalytiques de NiTiO3 ont été démontrées sur la photodégradation du bleu de

méthylene et 1'électro-oxydation de méthanol.
Mots clés:

NiTiO3, Oxydes semi-conducteurs, Nanostructures, DFT, Sol-Gel, Réaction en phase
solide, pulvérisation cathodique rf-magnétron, Nanopoudres, Films minces,

Photocatalyse, Electrocatalyse
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CHAPTER I: INTRODUCTION

Heterogeneous photocatalysis using inorganic solid semiconductors consists in the process
of a radiation mediated chemical reactions that occur at the interface between the

semiconductor and an aqueous or gaseous medium.!

The involved physico-chemical
mechanism is based on redox reactions that must take place at the same time. The one
involving oxidation from photogenerated holes occurs simultaneously with the reduction
reaction induced by photogenerated electrons. During such a complex process, the
photocatalyst must maintain the stability of its main physical features, such as crystalline
structure, surface states and its electronic and optical behaviors.

The photocatalytic phenomena started attracting interest in the late 1960s after the discovery
by Honda and Fujishima of the photoelectrolysis of water using titanium dioxide (TiO>) as
photocatalyst. From that time, a large scientific community developed exhaustive works on
several classes of materials and on the improvement of the experimental processes with the
aim of enhancing the photocatalytic efficiency. Nowadays, this research topic is critical due
to the applications to important society challenges such as finding a new source of renewable
energy and environment preservation. Indeed, by exploiting the solar radiation to produce
hydrogen, new generations of engines may be used instead of the traditional engines that
rely on fossil fuels. For the challenging goal of environmental care, photocatalytic
degradation of organic and inorganic pollutants from water and atmosphere may be
conducted based on semiconducting material with photoactivity under a defined spectral
range of radiation. For these reasons, photocatalysis has been studied extensively developing
a wide range of photocatalytic materials with competitive efficiencies. The process
contributes efficiently to clean and renewable energy generation as well as offering a friendly
solution for environmental care.

More specifically, in the energy generation area, photocatalysis has been of particular
interest in the production of hydrogen from water electrolysis® and the conversion of CO
into hydrocarbon fuels®>* using solar energy as radiation source. On the other hand,
photocatalysis has promising applications for environmental conservation and restoration,

such as germicide and antimicrobial activity,”’ nitrogen fixation in agriculture,® removal of
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NO4/SOx air pollutants,”!! degradation of organic compounds for water treatment!? and
purification of wastewaters from the textile industry.'>!*

The most studied material for photocatalytic applications is titanium dioxide (TiO) in its
anatase phase, because of its efficient photogeneration of excitonic states with high
concentrations, long lifetimes and high oxidizing and reductive potentials.!>!” However,
titanium dioxide possesses a band gap greater than 3 eV making necessary the use of costly
UV light sources or, alternatively, only a narrow spectral range of the solar radiation (4-6 %)
can be exploited. Thus, the use of suitable doping agents to notably reduce its band gap,'®!
or the association of TiO, with other semiconducting structures able to harvest visible-
light,?>% remains an open task in order to achieve visible-light-driven photocatalysis and

decrease the over-all cost of the process.

It is clear that finding alternative photoactive semiconducting structures with low electronic
band gaps (less than 2.5 eV) and high oxidizing and/or reduction potentials constitute a
challenge that could contribute significantly to the preservation of natural habitats and

improve the life quality of millions of people.?®2

Research on new semiconducting photocalysts that meet the above-mentioned criteria is
vast, and as an example, bismuth based semiconducting oxides such as BiVOs have
demonstrated efficient activity on visible light photocatalysis.?®**° This material is
characterized by an electronic energy gap close to 2.5 eV, allowing the harvesting of a large

spectral range of solar radiation, promoting then, efficient photocatalytic reactions.

In similar approaches, perovskite-type oxides like titanates have been studied as functional
inorganic materials for a wide range of applications and photocalysis is considered among
the most promising ones.>' " For this reason, titanate oxides such as ATiO3 (A = Ni, Fe, Sr,
Co, Mn, Cu, Zn, etc.) are subject of intensive research and some of them have demonstrated
efficient photocatalytic activity.** As examples, FeTiO3 and SrTiO3 have shown very good
photocatalytic activity.*> Among the members of the titanates family, nickel titanate
(NiTi03), holds tremendous promise for a wide range of applications, especially as

semiconductor rectifier, high temperature superconductor, gas sensor, and photocatalyst.>®
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NiTiOs is typically an n-type semiconducting material that crystallizes in the ilmenite
structure and presents antiferromagnetic behavior and its band gap value is around 2.2 eV,

well adapted for visible-light-driven photocatalysis. >!436:37
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1. STATE OF THE ART

a. Review on TiO: as a photocatalyst over time

Titanium dioxide (TiO») possesses properties that makes it the ideal photocatalyst. Actually,
most of the understanding and advances in photocatalysis is directly linked to the
investigations on TiO,. This is why reviewing the history of TiO; as a photocatalyst will also
give insight into photocatalysis as an active field of research.

In the late 1960s, Honda and Fujishima began investigating the photoelectrolysis of water,
using a n-type single crystal of a TiO> (in its rutile phase) semiconducting electrode and
accomplished to demonstrate the electrolysis of water for the first time by exposing the TiO>
electrode to UV light while connected to a platinum counter electrode through an electrical
load.*®

When the surface of the rutile TiO: electrode was exposed to spectral radiations with
energies greater than its band gap, photocurrent flowed from the platinum counter electrode
to the TiOz electrode through the external circuit. The direction of the current revealed that
the oxidation reaction (oxygen evolution) occurred at the TiO; electrode and the reduction
reaction (hydrogen evolution) at the Pt electrode. This observation shows that water can be
decomposed, using UV light, into oxygen and hydrogen without applying an external
voltage.

Later on, during the decade of the 1980s, intensive researches were done on photocatlytic
water splitting using suspensions of powdered TiO> (in the anatase phase) attached to Pt
particles. The results of these studies were inconsistent and the reactions were inefficient.
The reason for the low efficiency is that the production sites of Hz and O> are very close to
each other, making it very likely for the gases to recombine and form water again. To solve
this problem, organic compounds were added to the aqueous suspension of platinized TiO».
Thus, water was reduced producing H> at the Pt sites and the organic compounds are oxidized
instead of water by photogenerated holes at the TiO: sites and the H> production proceeds
efficiently.*

In general, anatase phase (Eg; = 3.2 eV) has proven to be more efficient than rutile (Eg = 3.0

eV) for hydrogen production in photocatalysis. The main reason for the higher photocatalytic
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efficiency observed in anatase, is the higher reduction potential of the photogenerated
electrons. For this reason, anatase TiO; is the crystalline phase of choice when highly
efficient photocatalysis is required, demonstrating to be superior to any other material tested
to date. But even when TiO: photolysis reaction is very efficient, it can only absorb the UV
spectral range contained in the solar spectrum, which is a small fraction. Due to the
requirement of costly artificial sources of UV radiation, and therefore, from the point of view
of Hz production, TiO2 photocatalyst is not very attractive for water splitting at industrial
level. In this way, consequent efforts were no longer centered on the evolution of H» but
rather on the oxidation power of TiO> for degrading hazardous pollutants present in water or
air. In this novel approach, the reduction reactions taking place at the surface of the catalyst
didn’t need platinization as required for H» evolution, hence, TiO> powders can be employed
under ambient conditions. It is important to notice that both reactions, reduction and
oxidation, occur at the surface of the semiconductor and therefore, the experimental process
is simplified. Further optimization of the experimental setup involves the immobilization of
the TiO; particles on supports (as thin films) in order to handle the catalyst more easily. The
use of TiO: as thin films allowed its implementation as self-cleaning coatings in relatively
small areas for which the UV radiation coming from the sun is sufficient to induce the
photocatalytic reactions.

Up to this day, the photocatalytic mechanism of TiO, is well understood and the
experimental setup has been properly improved over time, but even after extensive trials, the
industrialization of TiO2 as a photocatalyst for wastewater treatment in large quantities has
not been accomplished and it is mainly because of the limitation imposed by its wide band
gap. For this reason, the investigation on decreasing titanium dioxide’s band gap trough
doping or other approaches became a trending topic nowadays. Unfortunately, doped TiO»
(under visible radiation) have failed to match the efficiency of undoped TiO> (under UV
radiation).

The evolution of the field has led contemporary research in photocatalysis to focus not only
in the efficiency of the redox reactions but also in acknowledging the spectral range required

to induce such reactions.
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b. Review on visible-light active perovskites

The search of a semiconductor that presents similar characteristics to those of TiO», while
having a smaller band gap, has led to the investigation of the perovskite-like family of
materials. Perovskites are represented by the general formula ABOs, and normally, in this
crystal structure the A site is occupied by the larger cation, while the B site is occupied by
the smaller one. Perovskites exhibit properties suitable for numerous technological
applications.*’ The origin of such properties lie in the crystal structure of perovskites, having
corner-connected BOg octahedra and 12 oxygen coordinated A cations located in between

the eight BOg octahedra, this crystal structure is illustrated in Fig. 1.1.
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Fig. 1.1 ABOs perovskite crystal structure.

The perfect structure of the octahedral connection results in a cubic lattice, however,
depending on the ionic radii and electronegativity of the A and B site cations, tilting of the
octahedra takes place and gives rise to lower symmetry structures. As seen from the crystal
structure, B site cations are strongly bonded with the oxygen, while A site cations have
relatively weaker interactions with oxygen. Depending on the type of the cations occupying
the lattice sites, these interactions could be altered to yield the different perovskite crystal
geometries. For example, different degrees of tilting of the octahedra give rise to different
electronic and optical properties. The degrees of tilting may affect the band structure,
electron and hole transport properties, photoluminescence, and dielectric behavior.*!*?

From the point of view of photocatalysis, perovskite structures may offer significant

advantages over the binary oxides for several reasons. Perovskites may exhibit favorable
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band edge positions which allow various photoinduced reactions. For example, as compared
to the binary oxides, several perovskites have sufficiently cathodic conduction band (CB)
energies for hydrogen evolution.** Also, A and B site cations in the lattice give a broader
scope to design and alter the band structure as well as other photophysical properties.
Moreover, another advantage compared to binary photocatalysts like TiO> and ZnO, whose
electronic band gaps are above 3 eV (requiring UV light to be excited), is that some
perovskite photocatalysts, like NiTiOs, are photoactive under visible light.

The perovskite family is mainly divided into titanates (ATiO3), tantalates (ATaOs3),
vanadates (AVOs3), niobates (ANbOs) and ferrites (AFeOs3). Among them, titanate
perovskites, despite having mostly band gap energies greater than 3 eV, show excellent
photocatalytic properties under UV radiation,*® and as for TiO, doping is an approach
commonly employed to expand the absorption of these materials into the visible range. One
of the reasons for certain titanates to present good photocatalytic activity is that they have a
conduction band minimum more negative than TiO2 does, making them more suitable for
hydrogen evolution. In addition to that, they also show good photostability and resistance to
corrosion in aqueous solutions. Some of those titanates are SrTiOs3, BaTiO3, MgTiOs,
MnTiOs3 and FeTiOs (see Fig. 1.2).

For instance, SrTiO3 has been one of the most widely studied titanates because of its strong
oxidizing and reducing capabilities, arising from the position of its valence and conduction
band edges. Despite having a band gap around 3.25 eV, some works describe the doping or
the combination of SrTiOs with different structures to improve the photocatalytic activity
under visible light. For example, Rh-doped SrTiO; combined with Oz-evolving
photocatalysts like BiVO4 or AgNbO3 has been tested for stoichiometric water splitting
reactions, successfully establishing the feasibility of a “Z scheme” photocatalysis under
visible light for this kind of materials.

Another wide-band-gap titanate CaTiO3 (3.6 eV) has demonstrated visible light catalytic
activity after being doped with Cu atoms.

These structures are useful for water splitting thanks to their CB potential. However, certain
transition metal titanates do not possess the desired CB potential for water reduction (Fig.
1.2), though they have band gap values in the visible region, such as CoTiO3 and NiTiOs,

and could be suitable for degradation of organics or other photo-oxidation reactions.

21



CHAPTER I
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Fig. 1.2 Energy positions of conduction band edges and valence band edges at pH 0 for
selected metal oxide semiconductors. The bottom of the open squares represents
conduction band edges, and the top of solid squares represent valence band edges. The
solid lines indicate water stability limits. Image taken from American Mineralogist, 85,

(2000).%
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¢. Nickel titanate (NiTiO3)

Nickel titanate (NiTiO3) has been attracting much attention in recent years because it holds
tremendous promise for a wide range of applications, for example as semiconductor rectifier,
high temperature superconductor, gas sensors, and specifically as a photocatalyst.>® NiTiO3
is an n-type semiconducting material whose band gap energy value has been mostly reported
to be between 2.2 and 2.3 eV, it also possesses high electrical resistivity and high
permittivity. Additionally, survey on the reports of NiTiO3 indicates that this material shows
antiferromagnetic behavior.?’

At ambient conditions, NiTiO; stabilizes in the ilmenite crystalline structure with space
group (R3) with both Ni and Ti possessing octahedral coordination and the alternating cation

layers occupied by Ni** and Ti*" alone, as illustrated in Fig. 1.3.!8

TiO,

-

Fig. 1.3 NiTiOs crystal structure. The NiOs (light gray) and TiOs (dark grey) octahedral

are shown.

The lattice parameters values for the ilmenite structure, according to the standard reference,
are a=b=5.0326 A, and c¢=13.796 A and the values for a = p = 90°, y = 120°, 2023

NiTiO3 nanoparticles and thin films have been commonly synthesized by different
methodologies such as solution combustion, polymeric precursor, sol-gel spin coating, sol—
gel, modified pechini, flux, stearic acid gel, co-precipitation and solid state methods.

Depending on the method, the temperature at which the crystallization begins varies between
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500 °C and 600 °C and temperatures as high as 1400 °C may be necessary to obtain good
crystalline characteristics,?023:25-27:31-33,36:44.45

Above 1400 °C, NiTiO3 undergoes a second-order phase transition from the ilmenite
structure with space group R3 to the corundum structure with space group R3c, which is due
predominantly to a Ni-Ti order-disorder transition.?® NiTiO3 is the first ternary titanate with
ilmenite structure for which a transition to a corundum structure with a random distribution
of the cations could be proven. With increasing radius of the bivalent 3d metal ions the
statistical structure becomes less favorable and should lead to a hypothetical transition above
the melting point for CoTiO3;, MnTiO3 or FeTiOs. The observed variation of the order
parameter with the temperature could be divided into a critical region and another one
governed by the law of mass action for the exchange of Ni and Ti.?°

In its ilmenite phase, the light absorption spectrum of NiTiO3 presents a broad intense
absorption band in the visible region from 600 to 800 nm leading to the light yellow color
of NiTiOs3.* Regarding its band gap, some discrepancies among the reports indicate that the
insight into its optical characteristics is necessary. In the literature, the band gap of NiTiO3
is reported to be in a wide spectral range that goes from close to 2 eV up to 3.5 eV, 37434652
Nevertheless, most reports agree that the lower value of the electronic transitions is around
2.25 eV, which is enough to harvest visible light and high enough to ensure efficient
photocatalysis.

As it has been explained before, photocatalytic processes are based on electron/hole pairs
generated by means of optical absorption. The photogenerated charge carriers can give rise
to redox reactions with species adsorbed at the surface of the catalysts. Different kinds of
target contaminants have been used as probe molecules in order to measure the
photocatalytic potential of a certain material, for example, methylene blue, rhodamine B,

methyl orange, phenol and nitrobenzene are among the more commonly used probe

molecules.*
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d. The mechanism of heterogeneous photocatalysis in aqueous media

Heterogeneous photocatalysis is a versatile and low-cost alternative for water decontaminant
treatment where pollutants of biological, organic or inorganic nature can be eliminated. The
nature of the photocatalytic phenomenon requires the pollutant and the catalyst to be in close
proximity with each other in the presence of light.

The basic process of a photocatalytic reaction starts with the absorption of light by the
catalyst, which generates an electron-hole pair, followed by its separation and migration to
the surface and finalizing with the redox reaction of an adsorbed molecule. This process is
represented schematically in Fig. 1.4. As a result of irradiation, the semiconducting particle
can behave either as an electron donor or acceptor for molecules in contact with it.
Thermalization and recombination losses limit the overall efficiency of the catalytic reaction,
but the excited electrons and holes that reach the surface can participate in redox reactions
with different molecules, e.g. water; hydroxide ions (OH"); organic compounds or oxygen,

leading to the mineralization of the pollutant.

N

P
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Fig. 1.4 Schematics of the general photocatalytic process for a spherical semiconductive

catalytic particle.
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Photogenerated charge carriers can react directly with adsorbed oxygen and pollutants, but
reactions with water are predominant since water molecules are significantly more abundant
than pollutant molecules.

Photocatalysts such as TiOz and NiTiO3 show great oxidation potential due the position of
their valence band edge. Oxidation of water or OH’s by holes produces the hydroxyl radical,
which is a powerful oxidant able to rapidly attack pollutants on the semiconductor surface.
The position of the conduction band edge of TiO allows the reduction of oxygen radicals
that can also participate in degrading contaminants in the solution.

Since the redox reactions take place on the surface of the semiconductor by adsorbing
molecules, it is important to understand how molecules are adsorbed. In this matter, the
fundamental theory of adsorption that generally applies to photocatalysis is the Langmuir-
Hinshelwood theory which postulates that adsorption is limited to a monolayer and that
excess molecules are therefore “reflected” back. That is to say that adsorption at one
photocatalyst site does not affect the adsorption at adjacent sites and that the rate of
adsorption of the molecules at equilibrium is equal to the rate of desorption.

The variation of the pollutant concentration with respect to time according to Langmuir-

Hinshelwood kinetics is described by equation (1.1).

¢ a-KHL-C

Cdt 1+ KM T

ads

kC (1.1)

Where KX is the Langmuir-Hinshelwood adsorption equilibrium constant, a is the pseudo-

first order rate constant, and k is an observable rate constant, defined by equation (1.2).

k (1.2)

14K -C

ads

If in a photocatalytic experiment, the initial concentration of a pollutant is known and the
variation in concentration is being monitored, and then, by using equations (1.1) and (1.2),

the reaction rate constant k can be determined.
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e. Photocatalytic degradation of organic dyes

Originally, the motivation to study the photocatalytic degradation of organic dyes arises from
the need to treat contaminated wastewater released mainly by the textile industry, claimed
to be responsible for the release of as much as 15% of the total world production of dyes,
and by other industries such as the paper industry, the beauty products industry and the food
industry that are also responsible for the release of considerable amounts of dye charged

wastewater.

When speaking of photocatalytic degradation of a certain organic dye mediated by a
semiconductor catalyst, the degradation pathway of the organic dye can be schemed as

depicted by equations (1.3) — (1.5):

Semiconductor + hv —» Semiconductor” (1.3)
Semiconductor® + H,0 — Semiconductor* + H* + OH (1.4)
OH + Dye Molecule — Intermedietes —» CO, + H,0 + Mineral Salts (1.5)

In this stepped reaction, the semiconductor is first excited by light (Semiconductor™)
electrolyzing water molecules adsorbed on its surface, then the OH radicals produced will
react with the dye molecules and will eventually lead to the formation of CO, and mineral
salts. These mineral salts, as well as the intermediate byproducts, must be well identified and
their formation should be carefully monitored and characterized in order to define the
complete degradation process induced by a specific catalyst. Different catalyst may induce
different degradation pathways resulting in different intermediates byproducts and mineral

salts.

Nowadays, the degradation of organic dyes is not necessarily studied with the above-
mentioned problematic in mind, but as a mean to demonstrate the photocatalytic capabilities
(within limitations) of developing materials. In other words, the dyes no longer serve as the
actual contaminants that have to be degraded in order to protect the environment from their

toxicity, but rather as a tool for demonstrating the potential of a catalyst. In this frame, the
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systematic study of intermediate products and mineralization is not of primary interest, since
the first goal is to determine whether the new material is capable of accelerating redox

reactions or not.

The evaluation of the photocatalytic response is commonly carried out by monitoring the
kinetics of disappearance of the primary substance (i.e. the organic dye). This is typically
done by measuring the change in the relative intensity of the absorption spectrum of the dye-
charged solution over time. UV-Vis absorption spectrometry is the technique of choice to
monitor the degradation of the dyes because it is non-expensive and easy to use.
Additionally, studying the factors affecting the photocatalytic degradation rates is important.
These factors include the initial dye concentration, the pH of the solution and the light

intensity, among others.

The organic dyes that are more commonly used for evaluating photocatalytic responses are
thiazine dyes (with a dominance of methylene blue) and xanthene dyes (with dominance of

rhodamine B).

If the material in question happens to induce photocatalytic degradation on organic dyes,
then further investigations must be performed in order to monitor intermediate products and

mineralization processes, as well as testing different contaminants other than organic dyes.

J. Electro-oxidation of methanol in alkaline media and Direct Alkaline Methanol

Fuel Cells (DAMFC)

Easy storage and handling, high-energy density and wide availability are features that make
alcohols attractive as promising alternative power sources for transportation, portable
electronics and stationary applications. Compared to the use of hydrogen in fuel cells, liquid
alcohol fuels are easy to store and transport and the fact that the alcohol is being directly
oxidized, also eliminates the heavy reformer needed to produce hydrogen from liquid or
gaseous carbonaceous fuels. The device in which the direct oxidation of an alcohol is used
as fuel are known as direct alcohol fuel cells in which the alcohol is oxidized at the anode in

an acidic medium using a proton exchange membrane (PEM). However, it is known that for
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many reactions, electrocatalysts perform better in alkaline electrolytes, and direct alkaline
methanol fuel cells (DAMFC) take advantage of this fact. The selection of methanol as the
alcohol to be oxidized is supported on the fact that methanol, with only one carbon in its
molecule and no C-C bonds, is the simplest alcohol and this makes of the electro-oxidation

of methanol relatively simple compared to the electro-oxidation of other alcohols.
; [ IAH.O
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Fig. 1.5 Schematic diagram of a direct alkaline fuel cell.

Fig. 1.5 schematizes the principle of a direct methanol alkaline fuel cell, where on the anode,
methanol is oxidized to carbon dioxide and electrons are produced, while on the cathode
side, oxygen accepts electrons and is reduced to produce hydroxide ions. Hydroxide ions are
then transferred through the electrolyte to the anode. The oxidation of methanol in the anode
and the reduction of oxygen in the cathode are represented by equations (1.6) and (1.7),

respectively.

CH;0H + 60H™ > CO, + 5H,0 + 6e~ (1.6)

(3/2)0, + 3H,0 + 6e~ > 60H~ (1.7)

Equations (1.6) and (1.7) summarize in a very simple way the redox processes occurring in
a direct alkaline methanol fuel cell, in which both reactions are necessary to maintain
equilibrium. At the same time, a stable catalyst is crucial for the redox reaction to happen

efficiently during long periods of time.
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2. PROBLEM STATEMENT

As mentioned before, anatase TiO; fulfills all the requirements for an efficient photocatalyst.
The minimum of its conduction band (Egc) is sufficiently negative in the electrochemical
scale for the photogenerated electrons to produce the reduction of the adsorbed species, and
the maximum of its valence band is positive enough for the material to be a powerful
oxidizing agent. Its band gap is larger than the standard Gibbs free energy change (1.23 eV)
for water splitting, which allows it to separate water into H> and O; very efficiently under
UV irradiation without the need of an external applied voltage. It shows very high stability
in the presence of several different environments such as electrolyte solutions and in the
presence of organic molecules. From all these characteristics, we may expect TiO2 as the
perfect material for photocatalysis. However, for its industrial application in either energy
generation or the treatment of large amounts of water or air, TiO2 remains inadequate
because sunlight is very dispersed and thus, its energy density is low. In addition to that, its
large band gap allows the harvesting of only a fraction of the sun spectrum. Because of this
reasons, current research on the application of TiO> as a photocatalyst has left aside its
application for water and air treatment, and instead, focused on degrading adsorbed species
on two-dimensional surfaces, for which the weak UV light present in an ordinary
environment would be a source of sufficient energy to clean surfaces with TiO;
incorporation. These are the so-called self-cleaning surfaces.

Since TiO; has been proven not to be the best option to act as photocatalytic agent using
sunlight for treating large quantities of water or air, the challenge remains open to find a

suitable material able to perform efficient catalytic reactions under visible light irradiation.
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3. IMPORTANCE OF THE WORK TO BE DEVELOPED

It has been established that the main limitation to implement TiO2 to decontaminate large
quantities of wastewater is due to titanium dioxide’s large band gap that permits the
harvesting of only UV light.

In principle, a material having its conduction and valence band edges well situated for
oxidation or reduction, while maintaining a band gap smaller than 3 eV to be able to absorb
visible light, is required for efficient photocatlysis under visible light radiation.

Many semiconducting materials, such as CdS and CdSe, with band gaps narrow enough to
harvest light in the visible range, have been studied as photocatalysts, but their efficiency
and stability were much lower than those of TiO».

NiTiOs. having a sufficiently narrow band gap to harvest visible light, a great oxidizing
potential (similar to that of TiO2) and good chemical stability, is a promising candidate to be
used to catalyze oxidation reactions in pollutants present in water.

As previously mentioned, regarding the optical characteristics of NiTiOs, there are
discrepancies with respect to the value of its band gap. Some publications report a band gap
with a value in the range of 3 to 3.5 eV,*! very similar to the band gap of TiO», but still
visible-light activity is somehow reported.’! Some other publications show that the value of
the band gap for NiTiOs is located between 2.12 and 2.3 eV,*>"*%¢47 which is clearly suitable
for visible-light photon absorption. These discrepancies suggest that insight into the optical
characteristics of NiTiO3 is still required.

From structural aspects, some questions remain open on the Raman vibrational active modes
for this material and constitute a challenging task to deepen into these characteristics.

Thus, it is important to synthesize highly pure crystalline Ni1Ti103, to characterize its physical
peculiarities and properly understand the nature of those properties with the aim to identify

the characteristics that promote efficient catalytic reactions.
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4. OBJECTIVE OF THE WORK TO BE DEVELOPED

a. General objective
The general objective of this thesis work is the synthesis of highly pure and crystalline nickel
titanate (NiTiO3) powders and thin films, the characterization of their main physical features

and testing the photocatalytic response of the synthesized materials.

b. Specific objectives
e Synthesizing NiTiO3 powders by sol-gel and solid-state reaction and finding the best
suitable technique based on its simplicity, cost and crystalline quality of the obtained
materials.
¢ Growing crystalline NiTiOs3 thin films by radio frequency sputtering and optimizing the
deposition conditions.
e Characterizing the synthesized materials in order to evaluate their physical properties
and their suitability as potential photocatalysts.
¢ Conducting theoretical calculations in order to get insight into the physical properties of
bulk and nanostructured NiTiOs.
e (Quantitative analysis of the physical properties of NiTiO3 by correlating the
experimental and the theoretical investigations.
e Testing NiTiO3 as a photocatalyst by the degradation of methylene blue in charged
solutions under visible light irradiation.
e Evaluating the electro-oxidation of methanol in alkaline medium using NiTiO3 as anode
in a three-electrode cell.
The realization of the specified objectives will help to bring insight into the understanding
of the physical properties of nickel titanate and to clarify some possible misconceptions
found in the literature concerning the electronic transitions and vibrational properties of
NiTiOs in its ilmenite crystal structure. It will also demonstrate the potential of NiTiO3 to
induce visible light driven heterogeneous photocatalysis through the degradation of organic
dyes, such as methylene blue, under visible light irradiation. Finally, it will also address the
possibility to use NiTiO3 in order to electro-oxidize methanol and the feasibility to

implement it as anode in direct alkaline methanol fuel cells.
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The study of nanosized systems, with regard to the critical role of the specific active surface
in physical phenomena, is of great interest. The interface between the active material and the
surrounding environment contributes critically to the efficiency of heterogeneous catalysis.
Simultaneously, with a decrease of particle size the specific surface area of the catalyst
increases and the charge transfer, between the catalyst and the pollutants molecules to be
reduced or oxidized, is improved. In this case, the understanding of catalyst properties
following their size dimensions decreasing to certain limit is very important. More precisely,
the electronic and optical properties of catalytic materials are strongly affected by the size
reduction due to quantum confinement size effect, and as a consequence, these properties
significantly differ from the behavior of the bulk material. From the other side the efficiency
of a photocatalytic reaction is directly related to the electronic and optical properties of the
catalyst. Having a clear understanding of these features is of special interest and it may be
realized with the support of computer modeling and quantum chemical simulations. As
starting point, the modeling of bulk systems is important for development of the
methodology to simulate structural, vibrational and electronic properties of nanostructures.

Previously, the related properties of several titanate oxides were investigated experimentally
and theoretically. Among them, natural mineral as the FeTiOs was widely studied. The
mentioned material is major source of titanium for the commercial production of TiO2. The
electronic, magnetic, structural and elastic properties of bulk FeTiO3; have been computed
using the density functional theory (DFT) formalism and ab initio methodologies.’*
Within such approaches, the electronic ground-state properties and the charge transfer
processes involved in FeTiO3 were determined by the strong coupling of the structure with
the charge distribution. It has been found that the quantum-mechanical description of these
features is very sensitive to the treatment of electronic exchange and correlation energies.
This suggests that titanates are strongly correlated systems, and therefore the electron
correlation part should be taken into account sufficiently.

In this chapter, the structural, electronic, optical and vibrational properties of bulk NiTiO;3
and nanostructured (NiTi0O3), clusters are calculated by numerical models based on DFT and

semi-empirical quantum chemistry codes. The quantum chemical calculations for the bulk
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crystal were based on first-principles calculations using the ultrasoft pseudopotential of the
plane wave methodology within the DFT formalism. The generalized gradient
approximation extended by Hubbard parameters (GGA+U) was used to evaluate the
electronic properties of the NiTiO3 bulk crystal.

The clusters were built by using the initial atomic positions of crystalline ilmenite structure.
The position of atoms was relaxed to ensure stable and energetically favorable geometries.
The semi-empirical PM6 parameterization method was used to evaluate the HOMO-LUMO
energy differences versus size of nanocrystals. The quantum confinement effect was
exhibited following reduction of cluster size. Theoretically obtained UV-Vis absorption and
Raman spectra show drastic influence of the surface characteristics on the electronic and the
vibrational properties of the nanoclusters. Investigated changes in electronic and vibrational
properties of nanoparticles were accurately described as a function of their structural
features. Also the surface influence on the physical properties of clusters was demonstrated.
The simulation of the electronic band structures clarified the charge transfer characteristics.
The proposed approach paves the way to elucidating the mechanisms behind the
photocatalytic activity of the nanosized NiTiO3; materials. The theoretically obtained data

were compared to the experimentally measured results described in further chapters.
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1. THEORETICAL METHODOLOGIES BACKGROUND AND COMPUTATIONAL DETAILS

a. Density Functional Theory (DFT)

Density functional theory (DFT) is a computational quantum mechanical modeling method
used in physics, chemistry and materials science to investigate the electronic and structural
properties of many-body systems. The mentioned properties of a many-electron system can
be determined by using different functionals describing a spatially dependent electron

density.

The methodology of the DFT is based on two fundamental mathematical theorems proved
by Kohn and Hohenberg and on equations implemented by Kohn and Sham. The first
Hohenberg and Kohn theorem says that: “The ground-state energy from the Schrodinger’s
equation is a unique functional of the electron density”. In other words, the ground-state
electron density uniquely determines all properties of the many-body electron system. The
second Hohenberg-Kohn theorem determine an important property of the functional as
follow: “The electron density that minimizes the energy of the overall functional is the true
electron density corresponding to the full solution of the Schrodinger’s equation™.
Unfortunately, the mentioned functional is not known and depends on many parameters that

are crucial for the system.

Starting from the first Hohenberg and Kohn theorem, one may describe a system by the
known energy (Exnownl{®i}]), which takes involves the electron kinetic energy, the
Coulomb interactions between the electrons and the nuclei, the Coulomb interactions
between pairs of electrons and the Coulomb interactions between pairs of nuclei.
Additionally, it should be added the energy described by the exchange-correlation functional
(Exc[{w;}]). whose exact expression is unknown. Following the mentioned definition, the

energy of the system can be described by the expression:

E[Wi3D) = Exnown[{Y13]) + (Exc[{$:3D (2.1)

Finding the minimum energy solutions of the total energy functional (2.1) is not guaranteed

to be easier than solving the Schrodinger’s equation involving wave functions. To attend this
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problem, Kohn and Sham proved that finding the right electron density could be expressed
by solving a set of one electron equations. These are the so-called Kohn-Sham equations.
The structure of the Kohn-Sham equations is in principle identical to the full Schrodinger’s
equation. The summations go through the electrons in the system. Thus, the solutions of the
Kohn-Sham equations are single-electron wave functions that depend only on three spatial

variables.

2

TV V) + V) Ve () | 1) = e () 22)
In the Kohn-Sham equations (2.2) appear three potentials, V (1), Vy (r) and V(). The first
one defines the interaction between an electron and the collection of atomic nuclei. The
second is called the Hartree potential and describes the Coulomb repulsion between the
electron being considered in the Kohn-Sham equations and the total electron density defined
by all electrons in the system. Because the electron considered in the Kohn-Sham equations
is part of the total electron density, the Hartree potential involves a self-interaction between
the electrons. The self-interaction is unphysical, and the correction for it is one of the effects
that are lumped together into the third potential in the Kohn-Sham equations, which defines

the exchange and correlation contributions to the single-electron equations.

b. Local Density Approximation (LDA)

Since the true form of the exchange—correlation functional, whose existence is guaranteed
by the Hohenberg—Kohn theorems, is simply not known, an approximation is needed in order
to be able to solve the Kohn-Sham equations. Fortunately, there is one case where this
functional can be derived exactly. It is the uniform electron gas. In this situation, the electron
density is constant at all points in space. The uniform electron gas provides a practical way
to actually use the Kohn—Sham equations. To do this, the exchange—correlation potential at
each position is set to be the known exchange—correlation potential from the uniform

electron gas. This approximation uses only the local density to define the approximate
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exchange-correlation functional and give us a way to completely define the Kohn-Sham

equations.

c. Generalized Gradient Approximation (GGA)

The physical idea behind the GGA 1is that real electron densities are not uniform, so including
information on the spatial variation in the electron density can create a functional with
greater flexibility to describe real materials. The equations on which the GGA are based are
valid for slowly varying densities. In the GGA, the exchange—correlation functional is
expressed using both the local electron density and gradient in the electron density. Non-
empirical GGA functionals satisfy the uniform density limit. Different functionals might
give different results for any particular configuration of atoms. It is important to select the
functional that best suits the characteristics of the system. An example of a non-empirical

GGA functional is the Perdew-Burke-Ernzerhof (PBE) functional.

d. DFT+U Theory

The basic idea behind DFT+U is to treat the strong on-site Coulomb interaction of localized
electrons, which is not correctly described by LDA or GGA approximations. The on-site
Coulomb interactions are particularly strong for localized d and f electrons, but can be also
important for p localized orbitals. The strength of the on-site interactions is usually described
by Hubbard parameters U (on-site Coulomb) and J (on-site exchange). These parameters U

and J can be extracted from ab-initio calculations, but usually are obtained semi-empirically.

The DFT+U corrections can be introduced in quantum chemical calculations in different

ways. In Liechtenstein et al.>®

model the U and J enter as independent corrections in the
calculations. The one proposed by Anasimov et al.,’’”% defines only single effective
Uesr = U — ] parameter accounts for the Coulomb interaction, neglecting thereby any

higher multi-polar terms.
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e. Semi-empirical Parametrization Method (PM6)

Semi-empirical methods are simplified versions of Hartree-Fock theory using empirical
(derived from experimental data) corrections in order to shorter the calculation time and to
improve performance. These methods are usually referred to through acronyms encoding
some of the underlying theoretical assumptions. The most frequently used methods (MNDO,
AM1, PM3) are all based on the Neglect of Differential Diatomic Overlap (NDDO) integral
approximation. All three approaches belong to the class of Zero Differential Overlap (ZDO)
methods, in which all two-electron integrals involving two-center charge distributions are
neglected. A number of additional approximations are made to speed up calculations and a
number of parameterized corrections. How the parameterization is performed characterizes
the particular semi-empirical method. For MNDO, AM1, and PM3 the parameterization is
performed in the way that the calculated energies are expressed as heats of formations instead

of total energies.

PMG6 is an extended and re-parameterized version of PM3 and it includes d-orbitals for
second-row and higher elements. The PM6 parameterization has the capability to carry out
calculations on molecules containing transition metals on elements up trough bismuth
(excluding the rare earths). Some of the most important aspects of PM6 that differ from
previous work include: careful examination and pruning of the experimental data to ensure
quality and consistency, use of ab initio and DFT results where experimental data is lacking,
inclusion of new experimental data in parameterization, addition of many pairwise
interaction terms that adjust the core repulsion function, new method for computing 1-center
2-electron integrals for TMs, molecular mechanics correction terms for certain difficult
cases. The general performance of PM6 is better than that for other semi-empirical

methodologies.

f- Computational details and cluster building methodology

The crystal structures were computed for two different configurations of the material. One

of them was considered to represent the bulk NiTiO3 monocrystal crystallized in the ilmenite
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phase; i.e. space group R3 (no. 148).%° The second was chosen to be a nanocrystalline cluster
of varying size, possessing the ilmenite structure in the core. Therefore, the unit cell of
ilmenite NiTiO3 was built using the cell parameters a=b =5.0289 A, ¢ = 13.7954 A and the
angular parameters o = 3 = 90° and y = 120°. The positions of representative atoms within

the unit cell are summarized in Table 2.1.

Table 2.1 Lattice parameters and atomic fractional coordinates of the NiTiOz crystal

structures
Atomic positions
Atom
x/a y/b z/c
Ni 0 0 0.3499(1)
Ti 0 0 0.1441(1)
0] 0.3263(7) 0.0214(10) 0.2430(3)
a=b=15.0289(1) A c=13.7954(2) A
Cell parameters
a=p=90° y=120°
Space group R3 (no. 148)

The crystal structure of NiTiO3 was built using the Materials Studio Program Package. The
same simulation software was used to build the (NiTiO3), nanostructures with diameters
from 0.6 nm up to 2.6 nm, associated with clusters composed of (NiTiO3), and (NiTiO3)1s3
units, respectively. Consequently, all of the investigated nanocrystals exhibited spherical
shapes and stoichiometric compositions. According to a previous work on other classes of

nanocrystalline systems by Makowska-Janusik et al.®

dangling bonds were not specially
saturated. The unit cell of the monocrystal and the morphology of the (NiTiO3)s2 cluster are

depicted in Fig. 2.1.
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Fig. 2.1 The unit cell of crystalline NiTiOs (left) and the unpassivated nanocrystalline
structure made by the formula (NiTiO3)s> (vight).

The electronic properties of the NiTiOs single crystal were calculated using the DFT
methodology. The quantum chemical calculations were performed using the Cambridge
Serial Total Energy Package (CASTEP);®! i.e. the module of the Materials Studio Program.
The CASTERP is based on the evaluation and analysis of the total energy inferred from the
plane-wave pseudopotential method. The first task deals with the geometry optimization of
the investigated crystal structure, which is built and evaluated with respect to the total energy
minimization within the Broyden—Fletcher-Goldfarb-Shanno (BFGS) algorithm.®* During
the geometry optimization procedure, the symmetry of the structure was frozen but the size
of the unit cell was allowed to change. The convergence criteria for the optimization
procedure were chosen as hereafter outlined. The convergence of the total energy during the
geometry optimization procedure cannot be greater than 2 x 10 eV per atom, the force on
the atom must be less than 0.01 eV A, the stress on the atom less than 0.02 GPa and the
maximal atomic displacement no more than 5 x 10 A. The electron exchange—correlation
energy was treated within the framework of the generalized gradient approximation (GGA)

using Perdew—Burke—Ernzerhof (PBE) potential.®?

To accelerate the computational runs, the
ultrasoft pseudopotential formalism was used. In this frame, calculations were performed for
Ti (3d? 4s%), Ni (3d® 4s?) and O (2s? 2p*) electrons. The cut-off energy of the plane-wave
basis set was chosen to be equal to 500 eV. The integration by numerical sampling for

specific directions over the Brillouin zone (BZ) were carried out using the Monkhorst—Pack
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method with an 8 x 8 x 8 special k-point mesh. The total energy convergence criterion was
assumed to be fulfilled when the self-consistent field (SCF) tolerance; i.e. equal to 10 eV
per atom.

The electronic properties of the NiTiO3 crystal were computed using the above-mentioned
parameters, as specified for the geometry optimization procedure. The calculations were
carried out in spin restricted as well as spin unrestricted procedures, applying the GGA/PBE
potential and Heyd-Scuseria—Ernzerhof (HSE06) range-separated hybrid functional.®*%
Hummer et al.®® showed that the HSE06 functional yields the correct electronic band
structure for the semiconductors of group-IV. Also the work of Spiewak et al.®’ shows that
the HSEO6 potential may better reproduce the electronic properties of Ge single crystals with
defects. Contrary to this, other works indicate that the range-separated functionals show
improvements for strong charge transfer systems.®®® It is generally known that classical

70,71 and

DFT potentials do not correctly reproduce far-nucleus asymptotic behaviour
underestimate the excitation energies, notably for charge transfer processes.’”> The range-
separated potentials lead to the partitioning of the total exchange energy into short-range and
long-range contributions:

E, =EST + EF (2.3)
To improve the exchange functional, in terms of calculating the long-range electron—electron
interactions using the HF exchange integral, the standard error function is used. The

repulsion electron operator is also divided into short-range and long-range parts and can be

defined for two electrons at the 7;; distance as:

1 1 —[a — Berf(ur;; a — Berf(ur;;
S [ perf(p l])] n perf(p l]) (2.4)
rij rij rij

where the a and f parameters define the exact exchange percentages between the short and
long-range exchange functional. u represents the weighting factor, which controls the
separation between the short-range exchange functional and the long-range part of the HF
exchange integral.

The Kohn—Sham equation was also solved using the GGA/PBE functional extended by the
Hubbard parameters. The introduced methodology contributes to precise insights into the
electronic properties of the material. The major drawback of all functionals lies in the

underestimation of the calculated electronic band gap.” This is frequently encountered due
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to the approximate calculations of the electron self-interaction energies. Also, pure local
density approximations (LDA),”* generalized gradient approximations (GGA)’> and even
hybrid functionals®*7®77 can lack precision in some instances, due to the so-called “strongly
correlated” systems.
One relevant solution for describing correlated electrons in solids concerns the Hubbard
model,>” based on an extended LDA approach, also referred to as LDA+U. It decreases the
electron self-interaction error by selectively adding an energy correction to localized electron
states, such as d or f orbitals where the self-interaction is particularly large. To construct an
appropriate functional, the LDA+U approach subdivides the charge density into two
subsystems with delocalized and localized features. In the multiband Hubbard model the
effective LDA+U energy functional is written as:

Eiparv = Erpa + EHF(nuv) — Eqc(ny) (2.5)
where E;p,4 denotes the standard LDA energy functional, Eyp is the Hartree—Fock (HF)
functional, E4 is the double counting term and n,,, is one particle density matrix. The HF

part can be written as follows:

EHF(npv) = %Z(U1324 — Uj342)N12N34 (2.6)
where the Uj;3,4 terms represent the renormalized Coulomb integrals. In the LDA+U
approach, the Kohn—Sham equation is supplemented by the non-local potential. On the other
hand, the DFT/Hubbard method fails to compute the correct energy difference between
systems with localized/correlated and delocalized/uncorrelated electronic states.’® In such an
approach, the LDA/GGA+U methodology has successfully been applied to compute the
electronic properties of different ternary oxides, such as CuAlO,,”° CuAlL04,% PrTi2O7 or
CerTi207,%' and MnFe>04.%? Based on the outlined theoretical framework, the influence of
the Hubbard parameter U on the electronic properties of NiTiO3 was investigated for the
crystalline structure in bulk material or in nanosized clusters, taking into account the strong
correlation of the d-orbital electrons.

In the present work, the electronic properties of the (NiTi0O3), nanoclusters were calculated.
The methodology requires two different calculation codes to perform the simulations and
also to ensure their stability. Thus, the Gaussian09 and MOPAC (Molecular Orbital

PACkage)®® quantum chemistry programs were used. With regard to the size of the
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investigated clusters, semi-empirical single point calculations were performed, applying the
parameterized self-consistent restricted HF (SCF RHF) PM6 method.?* The convergence of
the SCF procedure was achieved with an energy uncertainty not greater than 10 hartrees
and no more than 150 required iterations. Within such approaches, the electronic properties
of two different cluster families were computed. The first one deals with (NiTiO3), clusters
possessing an ilmenite crystal structure without any reconstruction. The second considers
the same clusters as specified previously, but their geometries were optimized according to
the total energy minimization. The geometry of all clusters was specified in Cartesian
coordinates with C; symmetry. The gradient convergence tolerance was equal to 10 hartrees
bohr'! using the quadratic approximation (QA) method,®*” updating the Hessian matrix
during the optimization. The Hessian evaluation was performed to exclude the structures

giving rise to negative frequency modes.
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2. STRUCTURE AND ELECTRONIC PROPERTIES OF BULK ILMENITE NITIO3

The GGA/PBE functional was used to build the stable NiTiO3 crystal geometry and to
calculate the related physical responses. In the first step, the geometry optimization of the
crystal structure was performed. The changes to the optimized atomic distances were less
than 5% compared to the starting values from the defined crystallographic data. It is in
agreement with the former report by Xin et al.*® The noticed departures from these values
could be attributed to the fact that the present calculations were performed at T = 0 K,
whereas the experimental structural data measurements were generally performed at room
temperature. Thus, the relatively low deviation between the optimized values and
experimental structural data indicates that GGA/PBE is a suitable computational functional
for the description of the structures of the NiTiO; crystal. Following the performed geometry
optimization, one may conclude that the ilmenite NiTiO3 structure appears as the layered
organization depicted in Fig. 2.2 (left-hand panel), where Ti and Ni atoms form the layers

separated by oxygen atoms.

@ Oxygen .
(O Titanium " f

@ Nickel

Fig. 2.2 Primitive unit cell of NiTiOs3 (left) and the corresponding reciprocal lattice (right)
with the coordinates of the special points of the BZ: F (1/2, 1/2, 0); G (0, 0, 0); K (1/4, 1/4,
1/4) and Z (1/2, 1/2, 1/2).
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The electronic properties of the NiTiO; crystal were computed within the spin polarized
approach for a primitive unit cell (see Fig. 2.2). The band structure calculations were
performed in the k space within the BZ directions shown in Fig. 2.2 (right-hand panel). The
DFT/HSEO06 functional gives unsatisfactory results. The obtained energy gap is equal to 1.23
eV, whereas the experimental data are within 2.18-2.3 eV.*%% Also, the DFT/PBE
functional was considered with and without the Hubbard approximation. The mentioned
functional without the Hubbard approximation and in the spin polarized regime gives an
energy gap equal to 0.77 eV for the NiTiOs3 crystal. This shows that using non-empirically
tuned range-separated DFT methods results in a significant improvement over traditional
GGA functionals but does not give good results for the studied crystal. The large
discrepancies suggest the presence of strongly correlated electrons from the considered (Ti
and Ni) ions, leading to the necessity to explore the Hubbard approximation in such systems.
Within the approach based on the DFT/PBE potential, the electron density depicted in Fig.
2.3 also informs us about the covalent character of the O-Ti, O—-Ni and Ti—Ni bonds. This
behavior indicates the nature of the strongly correlated system and the necessity to develop
the theoretical functional to reconcile the predicted electronic features with the experimental

findings.

Fig. 2.3 Electron density projection in a selected plane of the NiTiO3 ilmenite structure.

The functional modified by the Hubbard approximation uses parameters that can be chosen
for Ti 3d and Ni 3d valence electrons in order to evaluate the energy band gap values. The
influence of the chosen Hubbard parameter U on the obtained band gaps is demonstrated in

the summary in Table 2.2.
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Table 2.2 Hubbard U parameter values for the Ti d and Ni d orbitals and the energy gap
value calculated by the DFT/PBE + U methodology

Ti 3d Ni 3d E,leV]
0 0 0.77
2.5 2.5 1.75
3.5 4.5 2.33
4.5 3.5 1.94
4.5 4.5 2.46

The correct evaluation of the electronic behavior, in agreement with experimental findings,
requires fixed Hubbard parameters at 3.5 eV and 4.5 eV for Ti 3d and Ni 3d electrons,
respectively. Thus, the DFT/PBE + U method may provide a satisfactory qualitative
electronic structure calculation with the correct choice of the Hubbard parameters. The
electronic band structure computed with Uz = 3.5 eV and Uy; = 4.5 eV is presented in Fig.
2.4.

This plot indicates that the NiTiO3 structure exhibits a direct semiconducting nature with an
energy gap equal to 2.33 eV. Its spin polarized character is also included in the predicted
electronic features. Thus, the top of the valence band is constituted by spin polarized alpha
electrons while the bottom of the conduction band is composed of the beta state. In addition,
the partial density of states depicted in Fig. 2.5 shows that the spin polarized alpha electrons
with energies at the top of the valence band derive from the hybridization of Ni 3d and O 2p
orbitals; while hybridization of the Ti 3d and Ni 3d states defines the electronic structure at

the bottom of the conduction band, in agreement with the previous work of Salvador et al.”!
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Fig. 2.4 Electron band structure calculated by the DFT/PBE functional within the
Hubbard approximation U. The energy levels with spin polarized alpha electrons (black)

and energy levels with a beta state (red) are shown.
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Fig. 2.5 Electron density of state (DOS) calculated for the NiTiOs ilmenite structure by

using the DFT/PBE functional augmented by the Hubbard approximation: polarized alpha

electrons (top) and beta electrons (bottom).
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The energy dispersion of the electronic states allows us to calculate the effective masses of
charge carriers. The diagonal elements of the effective mass tensor for electrons and holes
are calculated as the energy derivatives around the K point of the BZ, following the
equations:

1 109%E.(k) 1 102E,(k)
m, R okok; o omy, 2 0kdk;

2.7)

The effective mass of electrons and holes is determined by fitting the conduction and valence
bands (see Fig. 2.4), respectively, to parabolic functions. One may see that the top of the
valence band and bottom of the conduction band are symmetric around the K point of the
BZ. In this case, the calculated effective masses of the electrons and holes are equal to m; =
2.0986m, and m;, = 0.683m,, with the same values in both the K-Z and K-I" directions
of the BZ. The relatively high values of the reported parameters suggest that the mobility of
charges in the investigated NiTiOs single crystal is relatively low. This result is of particular
importance for the very low electrical conductivity (10° S m™) achieved in NiTiOs at
moderate temperatures up to 200 °C.*” The performed calculations confirm that in the studied
material the electrical conduction observed at temperatures below 700 K seems to be
extrinsic, governed by impurities, interstitial sites, etc. It takes place via the small polaron

hopping mechanism.®’
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3. NANOCRYSTALLINE ILMENITE NIT103 CLUSTERS

a. Structural and electronic features

Structural and electronic properties of NiTiO3 nanocrystals were investigated for
nanoparticles made of the ilmenite bulk material. The investigated nanostructures possess a
spherical shape with a variable number of (NiTiO3), units, from n =2 up to 183. The single
point DFT/PBE and DFT/HSEQ6 calculations were performed for clusters with n from 2 up
to 20, but the results did not show the correct behavior of the energy difference between the
highest unoccupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) versus the size of the cluster. It is known that the standard DFT scheme is not useful
for finite-sized objects because the asymptotic potential, absent in the bulk material, plays a
crucial role in the cluster energy due to the addition and removal of electrons. This leads to
the calculated energy gaps for finite-sized objects often being much smaller than the real
gaps.”? Contrary to the results obtained by DFT, the PM6 semi-empirical methodology was
successfully applied for such clusters, leading to the correct estimation of the energy gap in
nanosized NiTiOs. In Fig. 2.6, the computed energy differences AEyomo—rumo versus the
cluster sizes are depicted. The reported energy gap splitting as a function of the (NiTiO3)n
units demonstrates the size induced quantum confinement effect. This is in agreement with
the experimental report’’ on NiTiOs nanoparticles that give rise to a blue shift in the
absorption spectra compared to the bulk material. The AEyomo—rumo Value reaches
saturation for clusters comprising n > 50 (NiTiO3), units. The energy gap value for the large

cluster saturates at 2.55 eV.
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Fig. 2.6 Evaluation of the AEyomo—1Lumo energy splitting versus number n of (NiTiO3),
units calculated by the PM6 methodology.

Using the PM6 model, UV-Vis absorption spectra were computed for selected clusters,
namely (NiTiOz3)2, (NiTiO3)s and (NiTiOs3)17. Large clusters were not considered due to the
memory limitations of the computer system. The calculated spectra are presented in Fig. 2.7,
along with the experimental data. A good agreement is demonstrated between the spectrum
calculated by the PM6 model for the (NiTiOs3)17 cluster and the measured one for the
crystalline powder of NiTiOs. Increasing the cluster diameter (unit number n = 2—17), the
position of the A band (see Fig. 2.7 left-hand panel) shifts to the red spectral range. The band
labelled B, with pronounced intensity for small clusters, undergoes a red shift and decreases
notably in intensity with increasing cluster size. For the cluster (NiT103)17 with a diameter
of 1.20 nm an additional broad peak C develops in the range 750-900 nm. The broad band

in that spectral range was also demonstrated experimentally.
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Fig. 2.7 UV-Vis absorption spectra calculated by the PM6 model for different clusters
(left-hand panel), and the spectrum calculated for the bulk crystal by using the DFT/PBE

+ U functional (right-hand panel).

The UV-vis spectrum calculated for the bulk crystal NiTiOs by using the DFT/PBE + U
functional (see Fig. 2.7, right-hand panel) did not match that obtained for the (NiTiO3)17
cluster in the high wavelength range, where the C band is involved. This confirms that the
HOMO and LUMO orbitals separation, depicted in Fig. 2.8, contribute to the low energy
absorption spectra. The separation feature between HOMO and LUMO orbitals is not seen
for the bulk NiTiO3, where the valence and conduction bands are attributed to the orbitals
expanded through the volume of the crystal. The observed details suggest that the separation
of the HOMO and LUMO orbitals gives rise to B and C bands.
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(NiTiO;), LUMO

HOMO LUMO
(NiTiOs),7 (NiTiOs)7

Fig. 2.8 HOMO and LUMO orbitals calculated by the PM6 model for the (NiTiO3)>,
(NiTiO3)s and (NiTiO3)17 clusters.
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The theoretical UV-Vis absorption spectra of the (NiTiO3)17 nanocluster clearly indicates
the interesting optical activity of the system in the UV and the visible range of the
electromagnetic spectrum. A broad absorption edge situated at ~ 410 nm is associated with
O? — Ti*" charge transfer transitions. The higher wavelength shoulder is associated with
the crystal field splitting of NiTiOs, giving rise to the Ni*" — Ti*" transitions.”* Thus, for the
nanosized NiTiOs, the photo-induced charge transfers that are required for photocatalytic
reactions may be ensured by several electronic transitions covering the UV and visible light
range. These contribute to the efficient photocatalytic activity. Finally, it is worth noting that
the resolved details on the theoretical absorption spectra are induced by calculations
performed without any influence from the temperature on the structural relaxation of the
NiTiOs clusters. The possibility of reconciling the shapes of the absorption bands between
the theory and experiments may be realized through the electron—phonon interactions and
the Franck—Condon rule for the optical transition probabilities, as was used in our previous

work %

b. Raman spectroscopy of nanocrystalline NiTiO3

Taking into account the effect of electron—phonon interactions, the evaluation of the Raman
spectra related to the selected clusters were performed using the PM6 approach. The Raman
spectra were calculated using the standard procedure implemented in the Gaussian program
package. The calculations were performed on two (NiTiOs3)17 clusters. In one of these, the
ilmenite crystal structure was frozen and the other system possessed a surface reconstructed
using the geometry optimization procedure according to the total energy minimization
criterion. The last cluster was characterized by a completely amorphous network. The
calculated Raman spectra modeled for the (NiTi03);7 nanoclusters are depicted in Fig. 2.9.
For the cluster (NiTi03)17 with a primarily ilmenite structure, the calculations show only a
single mode at position C. The experimental Raman spectrum shows an intense band with a
wavenumber position in agreement with the calculated value.

The C band is also the most intense detail in the experimental Raman spectrum. The titanates,
such as NiTiO3, CoTiOs; and NasTiO4, possess hexa-coordinated Ti—-O—Ti groups and their

Raman modes are associated with the main band, located at 705, 688, 737 cm’,
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respectively.”>*® Therefore, it was established that the Ti—O-Ti stretching mode should
appear in the vicinity of 700 cm™. For NiTiO3, the band at 720 cm™ corresponds to the Ti—

O-Ti vibration of the crystal structure.

—— ilmenite I"viiTiIZ}‘3

amorphous NiTiO,
— 90% of ilmenite NiTiO, +
10 % of amorphous NiTiO,

Intensity (arb. units)

500 600 700 800 900 1000

Raman Shift (cm™)

Fig. 2.9 Raman spectra for the (NiTiO3)17 nanoparticles calculated by the parametrized

PM6 method as well as experimental spectrum.

The Raman bands named A, B and D, with relatively low intensities compared to the C band,
are associated to the full optimization and relaxation of the nanocluster structures. This
procedure, which leads to stable amorphous networks, ensures molecular bonding
distortions, including changes to bond lengths and angles. Such structural changes modify
the vibrational features and, as shown experimentally and theoretically, cause new Raman
bands to appear. A superposition of the main Raman band (90%) for O—Ti—O stretching and
the secondary bands (10%) related to the amorphous structure leads to a theoretical Raman
spectrum that reproduces the features of the experimental one. It was proved that the bands
located at 617 and 690 cm™! originate from the stretching of Ti—O and bending of O-Ti—O

bonds, while the contribution at 547 cm™' results from Ni—O bonds.>!
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4. CONCLUSIONS

The electronic, optical and vibrational properties of (NiTiO3), nanostructures were
investigated and compared to those of bulk ilmenite NiTiOs. The investigated nanostructures
possess a spherical shape with the number of (NiTiO3), units modified from n =2 up to 183.
The PM6 semi-empirical methodology was able to provide a valuable estimation of the
energy gap in nanosized NiTiOs structures. The value of the AEyop0—-Lumo Saturates at 2.55
eV for the clusters comprising at least n = 50 (NiTiO3), units. The UV-Vis absorption spectra
were calculated using the PM6 methodology for nanostructures. The obtained spectra
confirm that the surface effects in NiTiO3 nanoparticles contribute with additional band
edges. The UV-Vis absorption spectra obtained for the (NiTiO3)17 nanocluster clearly
indicates the promising optical activity of the system in the UV and the visible range of the
solar spectrum. The NiTiO3 nanoclusters also exhibit other relevant properties required for
efficient photocatalysis.

The calculated Raman spectra for the NiTiO;3 clusters show the noticeable contribution of
the surface to the vibrational properties. Among the features of the Raman spectra, those
related to active modes of the ilmenite structure and those inferred from amorphous NiTiO3
can be distinguished. The theoretical superposition of a Raman band that constitutes 90% of
the band intensity, and is associated with the O—Ti—O stretching mode, and secondary less
intense bands (10%), related to the amorphous structure, represents the main features of the
experimental spectrum.

Finally, the present work points out the relevant optical properties of the NiTiOs clusters that
allow them to harvest visible light for efficient photocatalytic reactions. However, the low
mobility of charge carriers, demonstrated from the effective mass estimation, leaves open

questions that can be solved using a doping procedure.
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CHAPTER III: NITIO3 SYNTHESIS METHODOLOGIES AND
CHARACTERIZATION DETAILS

Solid-State Reaction (SSR) has been the conventional method to synthesize nickel titanate
powders in the past decades. This technique is simple, requiring only a solid mixture of the
precursors (e.g. NiO and TiOz) and an increase of the temperature, normally between 1000
and 1500 °C, to promote the reaction. * Among other factors, the surface area of the reactants
plays an important role on the feasibility and rate of the reaction. Probably the main
advantage of SSR is that it is easily scalable to obtain large quantities of the desired

compound.

By contrast with the solid state reaction method, wet-chemistry synthesis techniques,
including sol—gel, sol-precipitation, chemical co-precipitation, and others, are relatively
more complicated to develop but at the same time offer many distinctive advantages over
the traditional method such as controlling the average particle size, homogeneity,

morphology control, lower reaction temperature, etc.

To mention some examples concerning wet-chemistry syntheses of NiTiO3 structures, Zhou
and Kang'” have prepared nanostructured NiTiOs by the calcination at 900 °C of the
precipitate produced by Ni(OH), and titanium dioxide powder (P-25) in

etyltrimethylammonium bromide (CTAB) micelle solutions. Sadjadi et al.'"!

implemented a
sol-gel method using nickel stearate and tetra-n-butyl titanate as Ni and Ti sources,
respectively, and stearic acid as the complexing reagent, calcinating at 750 °C for 2 hours. A

work that highlights itself from the rest is that one of Lopes et al.”?

in which a sol—gel route
is followed, based on the polymerization of metallic citrate using ethylene glycol and also
using citric acid as chelating agent in aqueous solution, obtaining NiTiO3 powders varying
the annealing temperature from 400 °C to 1000 °C during 2 hours in air. These results have
shown that at annealing temperatures as low as 600 °C the NiTiO3 phase formation begins,
in contrast with temperature above 1300 °C normally required in SSR. However, for

annealing temperatures below 1000 °C, in the case of their results, the lattice parameters of
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the prepared nanocrystals differ significantly from the bulk crystalline powders according to

the standard reference for ilmenite NiTiO3 (JCPDS file 33-0960).

As mentioned before, SG has a series of advantages that should positively impact the
properties of the synthesized materials for the specific application on mind, i.e. catalysis, but
because of the simplicity of the SSR technique and despite the high temperatures required,
we took on the task of testing if this method could result in NiTiO3 powders presenting
physical characteristics comparable to those of NiTiO3 powders synthesized by sol-gel. In
order to do this, NiTiO3 powders were synthesized by both techniques and for each technique

different annealing temperatures were tested.

On a parallel task, the deposition of NiTiO3 thin films by a physical method was of interest.
Radio frequency (rf)-sputtering deposition technique allows the deposition of nickel titanate
as thin films without having to reach its evaporation temperature. In addition, sputtered films
tend to have better adhesion to the substrate than evaporated films and the deposition rate is
also easier to control. Using a NiTiO3 target prepared from powders synthesized by SSR,
taking advantage of its simplicity and the fact that a large amount of NiTiO3 can be easily
synthesized, NiTiO3 thin films were grown by rf-sputtering after optimization of the

deposition parameters.

Finally, following the above-mentioned points, the subject of this chapter is related to the
synthesis details of NiTiO3 powders by both sol-gel and solid-state reaction techniques, as
well as the deposition conditions of NiT10s thin films by rf-sputtering. In addition, the details
of the characterizations performed on the different samples are described in this chapter. The
characterization results and its analyses will be a matter of discussion for subsequent

chapters.
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1. EXPERIMENTAL SYNTHESIS PROCEDURES

a. NiTiOs powders synthetized by Sol-Gel (SG) and annealed at high temperatures:
PI1-SG-A1000C and P1-SG-A1350C

For synthesizing these powders, a sol—gel procedure was followed. The chemicals used were
citric acid (Aldrich, 99% pure); titanium (IV) isopropoxide (ACROS Organics, 98% pure)
and nickel acetate (ACROS Organics, 99% pure) as the metallic precursors; and ethylene
glycol (J.T. Baker, 99% pure). In this method a solution of 5.76 g of citric acid in 92 ml of
deionized water was prepared and, after this, 3 ml of titanium (IV) isopropoxide and 2.48 g
of nickel acetate were added under constant stirring at room temperature (the molar ratio
between citric acid:titanium (IV) isopropoxide:nickel acetate was 3:1:1). For
homogenization, the solution was left under constant stirring for 1 hour. After this
homogenization time, 68.4ml of ethylene glycol was added to the solution (weight percent
ratio solution:ethylene glycol of 60:40). The resulting solution was stirred and heated at a
temperature between 70 and 90 °C for 3 h, and then it was put into an oven at 300 °C in air,
for 1 hour. The obtained powder was then calcinated at 1000 or 1350 °C in air for 2 hours in
a furnace where the temperature was increased at a rate of 5 °C min™! from room temperature

up to the desired temperature.

After the annealing step, the furnace was cooled down at a slow rate to room temperature.
Two different powders were thus obtained by this procedure, depending on the annealing
temperature. They are labeled P1-SG-A1000C for the sample annealed at 1000 °C and P1-
SG-A1350C for the powder annealed at 1350 °C.

b. NiTiOs synthetized by Solid-State Reaction (SSR): P2-SSR-A1000C and P2-SSR-
A1350C

For the synthesis of these powders, the solid-state reaction method was used, for which

stoichiometric quantities of nickel oxide and titanium dioxide (Aldrich, 99.9% pure) were
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mixed in a mortar and ground by hand, until the mixture was homogeneous. This mixture
presented a light gray color. In the same manner then for the previously described procedure,
the obtained solid mixture was then heat treated at 1000 or 1350 °C in air for 2 hours in a
furnace increasing the temperature at a rate of 5 °C min™' from room temperature up to the

desired temperature.

After annealing, the furnace was cooled down to room temperature. Two different powders
were thus obtained by this procedure, depending on the annealing temperature. They are
labeled P2-SSR-A1000C for the sample annealed at 1000 °C and P2-SSR-A1350C for the
powder annealed at 1350 °C.

c¢. NiTiOs powders synthesized by Sol-Gel (SG) and annealed at relative low
temperature: P3-SG-A650C

A different sol-gel route than the one described above is used to realize the synthesis of these

powders.

In this case, the chelating agent used is hydrochloric acid (HNO3); a tensoactive agent,
commercially known as Brij58, is employed; and the metallic precursors for Ni and Ti are
the same as before, i.e. nickel acetate (NA) and titanium isopropoxide (TIP). The reaction

takes place in the presence of ethanol.

First, two solutions are prepared independently. A solution named “solution A”, which

contains the metallic precursors, and “solution B” containing the tensoactive agent.

For solution A, 0.005 moles of NA, 0.016 moles of HNO3, and 0.005 moles of TIP are
dissolved in 0.08 moles of ethanol under magnetic stirring. The reactants are added in the
order of appearance and waiting for them to dissolve completely before adding the next one.

Once solution A is prepared, it is left under stirring for homogenization.

In the preparation of solution B, 0.012 moles of HNO3 and 6.36x10”7 moles of Brij58 are

dissolved in 0.556 moles of ethanol under magnetic stirring. Once again, the reactants are
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added in the order of appearance and waiting for complete dissolving before adding the next

one.

When both solutions are prepared and all the reactants have completely dissolved, solution
A is added to solution B. The resulting solution is aged during 2 hours at room temperature
(RT) under magnetic stirring. After the aging time, the temperature of the solution is raised
to 90 °C for the evaporation of the solvents. When the volume of the solution is a small
fraction (~10 %) of the initial volume, a reaction takes place and a gel is formed in a foam-
like structure. When this happens the volume of the gel increases considerably compared to

the volume of the sol at the beginning of this reaction.

The foam-like gel is calcinated at 300 °C for 2 hours, going from RT to 300 °C at 5 °C min
Uin air. The resulting green powder is annealed at 650 °C during 1 hour in air to obtain
crystalline NiTiOs;. With the purpose of future comparison with the powders described

before, the powders detailed here are labeled P3-SG-A650C.

d. NiTiOs; thin films (TF) by rf-sputtering

Synthesis of NiTiOj3 targets

The synthesis of NiTiOs3 targets was realized from stoichiometric commercial powders of
NiO and TiO; from Aldrich with good purity (99.90%). After homogeneous mixing, shaped
disks (diameter 30 mm and thickness 4 mm) were made by compressing the powder with a
hydraulic press inside a mold, followed by a second compression process using an isostatic
press. The pellets were sintered at 1100 °C for 6 hours in air to ensure, a homogenous NiTiO3

composition with a good crystalline quality of the ilmenite structure.

Deposition of the NiTiOs thin films by rf-sputtering

The key parameters for rf-sputtering deposition of thin films consist of the argon/oxygen
(Ar/O) flow, the partial pressure in the synthesis chamber, the rf-power and the substrate

temperatures during the synthesis process. Different sets of parameters were tested in order
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to determine the optimal values that promote good crystallinity of thin films. However, all
the conditions lead to amorphous as-formed films and a post-synthesis annealing treatment
is required to ensure a crystalline structure. The optimization of the synthesis parameters,
giving rise to suitable stoichiometry and thickness, led to values of 94/0 sccm for the Ar/O
flow, 0.1 mbar for the partial pressure, and 50 W for the rf-power and the silicon substrate
temperature was fixed at room temperature. The films were deposited under the same
conditions and during the same time. Thus, the same growth rate and thickness are expected
for all synthesized films. The annealing process was conducted with a heating rate of 5 °C
min~! while the cooling rate was not fixed; the film was allowed to cool down at the natural
rate of the oven. Typical cooling time from 1000 °C to ambient temperature was about 24

hours.
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2. EXPERIMENTAL CHARACTERIZATIONS DETAILS

a. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy
(EDS)

A JEOL-JECM-6360LV scanning electron microscope (SEM) was used for the
morphological characterizations of the powder samples. In addition, semi-quantitative
analyses were carried out using energy-dispersive X-ray spectroscopy with a JEOL detector
inside the SEM chamber. The powders were deposited on a carbon conducting tape suited
for the SEM and EDS observations. A low electron acceleration voltage (5 kV) was used in

order to avoid charging the samples.

b. Transmission Electron Microscope (TEM)

TEM observations were carried out on powder samples using a JEOL ARM200F instrument
operated at 200 kV accelerating voltage. A small quantity of powder sample was
ultrasonically dispersed in ethanol and subsequently a drop of this dispersion was put on a
copper grid. After the alcohol had evaporated, the grid was placed inside the vacuum

chamber of the equipment for observation.

c¢. X-ray Diffraction (XRD)

XRD measurements were performed on all the samples in order to analyze their crystalline
features including the presence of other secondary phases. The X-ray diffractometer was an
Empyrean model from PANalytical. Measurements were carried out in a symmetrical
coplanar geometry (theta-2theta) with 2theta ranging from 20° to 65°. In the special case of
the thin films deposited by rf-sputtering, an offset between ® and 20 was fixed equal to 5°
in order to gather as much diffracted radiation as possible coming from the film along with

a reduction of the reflection from the silicon substrate. X-rays were produced with a copper
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tube (K,, = 1.54056 A, K, = 1.54439 A) with 1/8° and 1/4° divergence slits, situated at
160 and 120 mm from the sample, respectively. A nickel filter was placed in the path of the
reflected beam to avoid contamination in the data from the Kz wavelengths. A pixel 3D
detector was used in all measurements. The observed data was refined with the Rietveld
method!?, using the MAUD v2.33 software. This method was particularly useful for
quantifying the volume fraction of each phase present in the samples, together with their

crystalline structure.

d. Raman Spectroscopy

Raman spectrometry was also used to characterize the vibrational properties of the samples.
The Raman scattering spectra were collected with a T64000 Horiba Jobin Yvon
spectrometer, under a microscope (x50 LF objective) and coupled to a cooled CCD. The
514.5 nm wavelength of an Ar/Kr laser was used as the excitation line. A resolution of 0.7

1

cm™ was used for all recorded spectra. The analysis of the Raman spectra was done with the

help of the LabSpec software (v5.25.15) dedicated to identify the active Raman vibrational

modes related to the involved crystalline structures.

e. Diffuse Reflectance Spectrometry (DRS)

The optical properties of the NiTiO3 powders were investigated by using diffuse reflectance
spectrometry based on an Ocean Optics Spectrometer with an integrating sphere and a

Deuterium/Halogen Lamp (200—1400 nm) as the light source.

f. Atomic Force Microscopy (AFM)

The surface topography of the NiTiOs thin films deposited by rf-sputtering, was
characterized by an Agilent 5500 AFM operating in tapping mode in an air atmosphere at
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room temperature. A silicon AFM probe (Nanosensor PPPNCHR-W tip) was used and

image processing was performed with Gwyddion Freeware (v2.27).

g. Optical Interferometry

Thickness and refractive index measurements were conducted on the NiTiO3 thin films by
optical interferometry with a setup from FILMETRICS F30 for white light interference
fringe measurements. The setup uses an optical fiber that directs light in the spectral range
from 400 to 3000 nm. The film on the Si substrate gives rise to an interferometry pattern,
which can be analyzed by a fitting procedure to extract the film thickness and its refractive

index (real and imaginary parts).

h. UV-Vis Spectrometry

The UV-vis absorption spectra of NiTiO3 thin films deposited on quartz substrates were
collected using an HR4000 Ocean Optics high resolution spectrometer with a deuterium—

halogen lamp as the illumination source. The spectra were collected in the wavelength range

0f 200-1100 nm.
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3. CONCLUSIONS

Nickel titanate (NiTiO3) powders were synthesized by two different methods: sol-gel and
solid-state reaction. For each method, a set of samples was annealed at 1000 °C and another
set was annealed at 1350 °C. The intention for doing this is to compare the volume fraction
of the crystalline phases present in the samples, and identify the synthesis method, as well
as the post-synthesis treatment, that allows the obtaining of the highest fraction of the
ilmenite phase and the lowest fraction of secondary phases, such as, anatase (TiO) and

bunsenite (NiO).

A sol-gel route that permits the stabilization of the ilmenite crystal structure at a relative low

temperature (i.e. 650 °C) was developed.

A simple and fast synthesis route was developed to obtain NiTiO; thin films with a good
crystalline quality and stable ilmenite structure. Solid-state reaction was performed to obtain
crystalline powders used as targets for the rf-sputtering method. Appropriate deposition
conditions and post-synthesis heat treatment were determined to obtain thin films with

controlled features.

The experimental details of the characterization techniques employed for sample analyses
were listed and the results of the characterization studies will be discussed in depth in the

subsequent chapters.
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CHAPTER IV: NITIO; POWDERS SYNTHESIZED BY SOL-GEL AND SOLID-
STATE REACTION ANNEALED AT HIGH TEMPERATURE

The subject of this chapter is related to the synthesis of NiTiO3; powders by both the sol—gel
and the solid state reaction techniques as described in Chapter III, specifically the powders
labelled P1-SG-A1000C, P1-SG-A1350C, P2-SSR-A1000C and P2-SSR-A1350C. The
discussion also includes the investigation of their structural, morphological and optical
features. Complementary experimental characterizations have been used to monitor their
physical properties in order to make a comparison between these preparation techniques. In
this way, the objective is to determine the best synthesis method according to the observed

properties of the obtained powders from the photocactivity point of view.

These studies are indeed dedicated to create photoactive materials which offer competing
alternatives to other systems based on titanium dioxide, typically applied in the area of clean
energy (production of hydrogen) or environmental care (degradation of water and

atmosphere pollutants).

Investigations of the structural, morphological and chemical properties were performed by
techniques such as X-ray diffraction (XRD), Raman spectroscopy, scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). In addition, the UV—
vis absorption curves, obtained from diffuse reflectance spectrometry (DRS), allowed the

determination of the band-gap energy of the synthesized samples.

It will be shown that NiTiO3 nanocrystalline powders were obtained in all cases. However,
in contrast to the solid state reaction synthesis, the sol—gel route was found to be a more
efficient method for obtaining the stabilized Ilmenite structure after a high temperature

thermal treatment.
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1. STRUCTURE AND MORPHOLOGY

As described in Chapter III, the different powders were directly deposited on a carbon
conducting tape in order to observe them with a (JEOL) scanning electron microscope. In
Fig. 4.1 the images of the surfaces of samples P1-SG-A1000C, P1-SG-A1350C, P2-SSR-
A1000C and P2-SSR-A1350C, are shown. As can be seen, the main difference is that the
crystallite clusters are larger for the samples annealed at 1350 °C as compared to those
annealed at 1000 °C. However, as will be explained below (from XRD) the coherently
diffracting crystallites have dimensions of the same order (between 40 and 60 nm) in all

cascs.

The crystal structure as well as the phase volume fraction of the investigated samples are
determined from the XRD patterns collected for each sample. Fig. 4.2 illustrates the XRD
patterns. Reflections corresponding to the (0 1 2), (104),(110),(006),(113),(024),(1
16),(211),(018),(214)and (30 0) planes of the [lmenite structure of NiTiO3 with space
group R3 are identified. The hexagonal symmetry C3; was used to fit the data starting
typically with lattice parameters a =b = 0.503 nm, ¢ = 1.38 nm and o = § = 90°; y %= 120°
in agreement with the reference JCPDS 33-0960.

As shown in Fig. 4.2, the presence of secondary phases such as Bunsenite (NiO) and Rutile
(TiOy) is clearly seen. Table 4.1 shows the details for each sample with respect to the phases
present in the samples. The volume fraction of these secondary phases (as determined by the

Rietveld method) is reduced as the preparation temperature is increased.

P2-SSR-A1000C presents ~44% of the NiTiO3 Ilmenite phase, ~40% of TiO» Rutile phase
and ~16% of NiO Bunsenite phase. By increasing the temperature up to 1350 °C the volume
fractions of these phases change drastically to 95 + 5 % NiTiO3, 3.3 £ 0.4 % TiO2 and 1.9 %
NiO within the uncertainty range. Thus, a higher annealing temperature strongly benefits to
the formation of the NiTiO3 phase in the solid state reaction method.

A similar effect is observed on the powders synthesized by sol-gel where annealing at 1000
°C (P1-SG-A1000C) leads to the coexistence of 86 + 2 % for NiTiO3, 8.4 + 0.4 % for TiO>
and 5.6 £ 0.4 % for NiO. Increasing the annealing temperature to 1350 °C (P1-SG-A1350C)

contributes to having pure NiTiO3 with the Ilmenite structure, within the uncertainty range.
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In addition, the crystallite sizes increase for higher annealing temperatures as observed by

the reduction of the full width at half maximum (FWHM) of the Bragg diffraction lines.

Fig. 4.1 SEM image of the surface of PI-SG-A1000C (A); P1-SG-A1350C (B), P2-SSR-
A1000C (C); P2-SSR-A1350C (D). Acceleration voltage set to 5kV, objective set to x1000,

and the reference shown is 10 um.

Table 4.1 Fraction of the phases present in the synthesized samples

Phase volume fraction (%)
Sample NiTiO3 TiO2 NiO
(Ilmenite) (Rutile) (Bunsenite)
P1-SG-A1000C 86+ 2 84+04 5604
P1-SG-A1350C 98+5 0 1.2+2
P2-SSR-A1000C 442+04 39.5+04 16.3+2
P2-SSR-A1350C 95+5 33+£04 1.9 £2
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Fig. 4.2 X-Ray Diffraction patterns of P1-SG-A1000C (top left), P1-SG-A1350C (top
right), P2-SSR-A1000C (bottom left) and P2-SSR-A1350C (bottom right).
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The sizes for the crystallites oriented in the [1 0 4] direction were estimated by using the
Scherrer equation'®®, Dy,; = KA/ (B - cos 8), where / is the wavelength of the X-rays, ¢
is the Bragg angle, Dy, is the crystallite size in the direction perpendicular to the lattice
planes under analysis, Bjy; is the FWHM of the diffraction peak in radians and K is a
numerical factor frequently referred as the crystallite-shape factor. Considering spherical
shaped particles the crystallite-shape factor was approximated to K = 0.9. %4195 The obtained

values for the crystallite sizes (D;4) are shown in Table 4.2.

Table 4.2 NiTiOs mean crystallite size, estimated by the Scherrer formula for the crystallites
oriented perpendicular to the (104) planes.

Sample Crystallite Size
P1-SG-A1000C 43.5
P1-SG-A1350C 59.5

P2-SSR-A1000C 56.6
P2-SSR-A1350C 61.6

Comparing the crystallite sizes for the different powders we can see that there is an increase
of the size when the annealing temperature is increased from 1000 to 1350 °C. For the
powders synthesized by sol-gel the size increases from 43.5 to 59.5 nm and for the powders
synthesized by SSR it goes from 56.6 to 61.6 nm. We can also note the small difference in
crystallite size between P1-SG- A1350C and P2-SSR-A1350C samples, particularly after
the thermal treatment.

The lattice parameters were obtained from the Rietveld refinements with a very good
correlation factor, as shown in Fig. 4.2. The lattice parameters obtained from this analysis

are summarized in Table 4.3.
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Table 4.3 Lattice parameters of the NiTiO3 phase of the synthesized samples.

Sample NiTiOs lattice parameters (nm)

a=b c
P1-SG-A1000C  0.503424+9x 10 1.38098 +4 x 107
P1-SG-A1350C  0.503289+3x 10°% 1.37972+1x 107
P2-SSR-A1000C  0.503293 +£4x 10° 137977 +2x 107
P2-SSR-A1350C  0.503249+3x 10° 1.37955+2x 107
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2. CHEMICAL SEMI-QUANTITATIVE ANALYSIS

Energy-dispersive X-ray spectroscopy (EDS), shown in Fig. 4.3, has been used

to determine the atomic percentages for each samples. For a 100 % pure nickel titanate
sample, the atomic proportion should be 20 % nickel (Ni), 20 % titanium (T1) and 60 %
oxygen (O). However, taking into account the phase volume fractions (PVF) obtained from
the Rietveld analysis (Table 4.1) we expect different atomic percentages of Ni, Ti and O. P1-
SG-A1350C and P2-SSR-A1000C are located in the opposite PVF extremes. For P1-SG-
A1350C, within the uncertainty errors, almost 100 % of the sample is composed of NiTiO3
while for P2-SSR-A1000C, 44 % of NiTiOs3, 40 % of TiO2 and 16 % of NiO was obtained.
According to this result, the atomic proportion for P1-SG-A1350C should be ~20.2 % of Ni,
~19.7 % of Ti and ~60.2 % of O and for P2-SSR-A1000C we should get ~17 % of Ni, ~22
% of Ti and ~61 % of O. The atomic percentages for each sample are displayed in Table 4.4.
These values are very close to those obtained by EDS, confirming the results obtained from

the Rietveld refinements.

This fact also confirms that, within a small error, we have a pure NiTiO3 phase in the case

of P1-SG-A1350C.

Table 4.4 Atomic percentages of the elements present in the samples, obtained by EDS.

Atomic proportion (%)

Element
P1-SG-A1000C P1-SG-A1350C P2-SSR-A1000C P2-SSR-A1350C
Ni 29.73 £0.81 22.33£1.51 19.21 £1.93 27.89 £0.89
Ti 11.65+0.44 19.05+0.71 22.01 £0.86 11.85+0.47
Q) 58.62 +£0.24 58.62 £0.49 58.78 £ 0.66 60.26 £0.26
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Fig. 4.3 EDS signal of P1-SG-A1000C (top left), P1-SG-A1350C (top right), P2-SSR-
A1000C (bottom left) and P2-SSR-A1350C (bottom right).
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3. RAMAN VIBRATIONAL ACTIVE MODES

From the above XRD analysis it was concluded that highly pure Ilmenite NiTiO3 was
achieved in the case of P1-SG-A1350C. In order to corroborate the above results, Raman
spectrometry was used to analyze the vibrational properties of samples. For [lmenite NiTiO3,
the oxygen atoms are tetra-coordinated to 2 Ti and 2 bivalent cations (Ni) in a C; symmetry
site. Theoretically, we can expect ten active Raman modes (I'raman = 5Ag + SE;), where
each Eg mode is doubly degenerated (E; = E14 + E2,) and eight IR active modes (I'r = 4Au
+ 4E,). Additionally, this material should present two acoustic modes (I'ac = Au + Eu) and
no inactive modes. *%8

The Raman vibrational modes for NiTiOs are located at 192.2 (Ag), 229.8 (Ey), 246.9 (Ay),
291.3 (By), 345.4 (Ey), 394.5 (Ay), 465.3 (Ey), 484.5 (Ay), 613 (Eg) and 709.1 (Ag) cm’, as
seen in Fig. 4.4. The assignment of the vibrational modes, as Ag or Eg, will be explained
extensively in Chapters VI and VIII. Furthermore, in the samples containing a high fraction
of Rutile (TiO2), a contribution in the intensity is visible due to the vibrational modes of
Rutile at 235, 445 and 610 cm’!. Bunsenite’s (NiO) contribution to the spectra is not
noticeable in the analyzed spectral range.'%

Notice that around 730 cm!, a mode of relatively low intensity appears as a shoulder of the
more intense peak located 709.1 cm™. This vibrational mode has been wrongly considered
before as one of the ten Raman modes for the [lmenite symmetry. The work by Wang et
al.'"” analyzes the Ilmenite-type MgTiOs3 and based on group theory, they calculated the
Raman modes and concluded that this shoulder is not one of the ten expected modes.
However, no explanation was given for it either. An explanation for this Raman mode will

be proposed in Chapter VIII.
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4. OPTICAL PROPERTIES

The optical properties were caracterized by diffuse reflectance measurements for the
different powders discussed in this chapter. The experimental spectra were analyzed using
the Kubelka—Munk (K—M) model.!®® In this frame, the Kubelka—Munk function F (R;, £)is
introduced and depends on the K-M effective absorption coefficient (K) and the K-M
effective scattering coefficient (S):

) = (1- Rmf) K

— (4.1)

F(Rins 2Ry S

The K-M effective absorption coefficient (K) is proportional to the usual absorption
coefficient (a) according to K = €a, and the K-M effective scattering coefficient (S) is
related to the usual scattering coefficient (s) by S = 2(1 — ¢)s. When the material scatters
in a perfectly diffuse manner the K—M effective absorption coefficient (K) becomes K = 2a
and the K—M effective scattering coefficient (S) is exactly the same as the usual scattering

coefficient (s), S = 5.'9!1% Under this condition we can use the expression:
2
[F(Ring)hv]|” = Cy(hv — E) (4.2)

A plot of [F (Rin f)hv]z vs hv allows us to obtain the band-gap energy (Ej) values following

the well-known Tauc plot. 111,112

From the curves shown in Fig. 4.5, two absorption band edges related to two electronic
transitions have been identified at approximately 2.25 eV and 2.50 eV, respectively. Table
4.5 shows the band-gaps, associated to the lower energy electronic transitions obtained from

the Tauc plots for the different samples.
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Table 4.5 Band gap of the NiTiOs samples as determined from the Tauc plots of UV-Vis

Band-gap (eV)

2.294+0.03
2.26 £ 0.01
2.26 £0.02
2.254+0.01

absorbance.
Sample
P1-SG-A1000C
P1-SG-A1350C
P2-SSR-A1000C
P2-SSR-A1350C
7
1 ——Exiperimenial
&+ --—-- Linear Fit 1
=== Limear Fit 2

[F{ijhv‘ll (arb. units)

20 21 22 23 24 25
Photon Energy (eV)

T

1 ——Experimenial
6= Linear Fit 1

4 == Limear Fit 1

[F(R, ) 1’ (arb. units)

20 21 22 33 24 25

Photon Energy (eV)

Experimental
64 ----- Linear Fit 1
-~ Lincar Fit 2

1

[F[RW]I: " (arb. units)

5 16

232 ﬁ Z.I-I

1.7

Photon Energy (eV)

Experimenial
o === Linenr Fit 1
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Fig. 4.5 Tauc plots of PI1-SG-A1000C (top left), P1-SG-A1350C (top right), P2-SSR-
A1000C (bottom left) and P2-SSR-A1350C (bottom right).
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In Fig. 4.6 we can see the absorption spectra for each sample, where two absorption bands
are clearly identified at 400 and 800 nm, respectively. Rossman et al.'!* give an explanation
for the absorption bands found in NiTiO; after studying several compounds containing Ni**
ions. In their paper, the general features of Ni?* absorption have been described in terms of
a ligand field theory. In a rigorously octahedral environment, Ni*" will have three prominent
absorption bands, arising from transitions from the A, ground state to the *Tag, 3T14(F), and
3T14(G) states. These correspond to the prominent absorption bands in the 1400, 800 and 400
nm regions, respectively. Strong spin-orbit coupling together with antiferromagnetic
interactions is believed to increase the intensity of the transition to the 'Eg, state at ~720-740
nm such that it becomes more intense than the spin-allowed transition to the *T1g state in the
case of NiO. Likewise the transition to the ' Tiq state at 378 nm is more intense than the 415
nm 3T, band in NiO. The greatest absorption band intensities in the 400 nm region are
associated with metal ion absorption bands in proximity to an ultraviolet wavelength tail due
to charge transfer. The most intense bands are about an order of magnitude more intense than
for NiO. Proximity to a charge transfer ultraviolet tail has been recognized to be an important
factor in determining the intensities of electronic transitions of metal ions in general through
the mechanism of “intensity stealing”. The extent to which the ultraviolet charge transfer
band extends into the visible region depends in part on the ion with which the Ni** shares
oxygen ions. Easily reduced ions such as Ti* produce a charge transfer tail which extends
well into the visible region, whereas hardly reduced ions such as P> and Si** do not. Site
symmetry influences the color of Ni*" compounds. The degeneracy of the *T1g, T2, and 'E,
states of Ni*" in octahedral geometry are lifted and multiple-absorption bands occur when

Ni** is situated in a coordination environment of low symmetry.

Bands split by low symmetry will show peak wavelengths which are polarization dependent.

Band intensities often increase in response to low site symmetry.
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Fig. 4.6 Absorption bands of P1-SG-A1000C (Black), PI1-SG-A1350C (Red), P2-SSR-
A1000C (Orange) and P2-SSR-A1350C (Green).

In summary, all of the above measurements and characterizations show that we have

obtained NiTiO3; powders by the two proposed methods: sol-gel and solid state reaction,

after annealing the samples at 1350 °C in air for two hours. It is clear that the sol-gel method

is better than the solid state reaction method because an even more pure NiTiOs3 crystalline

phase is obtained in the former case.
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5. CONCLUSIONS

Nickel titanate (NiTiO3) powders were synthesized by two different routes: sol-gel and
solid-state reaction. The synthesized powders were characterized by EDS, XRD, Raman
spectroscopy and diffuse reflectance spectrometry. An analysis of the EDS and XRD results
has shown that the sol—gel route with an additional annealing at 1350 °C for 2 hours, in air
atmosphere, leads to a highly pure nickel titanate phase without any further purification step.
A band-gap of 2.26 £ 0.01 eV was determined for this sample from diffuse reflectance
spectroscopy. The EDS and XRD results were consistent between themselves for all the
samples, showing that the powders obtained by the sol—gel route and annealed at 1350 °C,
during 2 hours, are pure polycrystalline NiTiO3 with the ilmenite structure (hexagonal
symmetry with lattice parameters around a =b = 0.5 nm and ¢ = 1.38 nm). In addition, the
observed 10 active Raman modes confirmed the presence of the Ilmenite phase of NiTiOs.
Finally, the absorption spectra as determined from UV—Vis diffuse reflectance spectrometry,
shows the presence of at least 3 absorption bands that could be explained by the main
(HOMO-LUMO) transitions plus two other bands related to charge transfer from O* to Ti*"
and Ni** to Ti*". It can be expected that these photo-activated charge transfer phenomena
will provide a high photo-catalytic activity to this material. All of the above results show
that the sol—gel route allows the preparation of pure nanocrystalline NiTiO3 powders. Our
EDS, XRD and Raman spectroscopy results also show that the solid-state reaction route does
not provide pure powders, since they have a volumetric fraction of the Rutile TiO> phase,
even after annealing them for 2 hours in air at 1350 °C. Possibly longer annealing times are

required when using this technique.
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CHAPTER V: NITIO: POWDERS SYNTHESIZED BY SOL-GEL ANNEALED AT
RELATIVE LOW TEMPERATURE

In the last chapter, highly pure ilmenite NiTiOs3 structure was achieved by both Sol-Gel and
Solid-State Reaction methodologies. The best results were those obtained following the Sol-
Gel route after annealing at 1350 °C during 2 hours (sample P1-SG-A1350C). For this
sample, it can be considered that pure NiTiO3; was obtained, having no secondary phases

within the uncertainty range. Also, a band gap of 2.2 eV was determine for this sample.

However, 1350 °C is a high temperature that requires adapted furnaces and obviously costly
energetic needs. Such requirements make the material inadequate for potential application
with fabrication process at a wide scale. For these reasons, it is relevant to stabilize NiTiO3

in its ilmenite phase at lower temperatures.

Additionally, exposing the material to lower temperatures during short heating time
durations might contribute to improve the efficiency of photocatalytic processes through the
reduced particle sizes enhancing the specific surfaces. Such aspects will be demonstrated

later on.

Thus, obtaining nanosized particles (e.g. less than 50 nm) could benefit to the catalytic
reactions because the active surface area would be dramatically increased in comparison to

larger particles, such as the obtained for the samples investigated in Chapter IV.

A modified Sol-Gel route was used for the synthesis of the NiTiO3 nanoparticles described
in this chapter. The details of the synthesis are explained in detail in Chapter III. It will be
shown that less than half the temperature than the one needed before is sufficient to obtain
highly pure NiTiO3 powders possessing a band gap energy of 2.28 eV and that the mean size
of the involved particles is around 25 nm. The electrocatalytic activity of this sample was
evaluated for the electro-oxidation of methanol in alkaline medium by the cyclic

voltammetry technique and will discussed in Chapter VII.
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CHAPTER V

1. STRUCTURE AND MORPHOLOGY

An XRD analysis was carried out, in which the samples were heated in-situ inside the
diffractometer and varying the temperature in the range between 420 °C and 800 °C (Fig.
5.1). This treatment determines the critical temperature at which the crystallization of the

ilmenite phase of NiTiOj is obtained.

The diffraction patterns of the samples measured from room temperature up to 420 °C are
identical between them. For this reason, measurements carried out at temperatures below
420 °C are not displayed in Fig. 5.1. At this temperature, broad peaks matching the bunsenite
phase of NiO are observed. At 500 °C, occurs a very slight change in the relative intensity

and FWHM.

Based on previous reports by other groups, the formation of the ilmenite phase was expected
around 600 °C, and in order to determine the critical temperature with a good accuracy, the
temperature was increased by steps of 10 °C from 550 °C to 700 °C. The results obtained
for 420, 550, 600, 650, 660, 670, 680, 690, 700, 750 and 800 °C are displayed in Fig. 5.1.
There, it can be seen that at 650 °C appears a diffraction peak at 25° corresponding to the
anatase phase of TiO; (the fraction of this phase is not very high in any of the analyzed cases,
and it decreases as the temperature goes beyond 670 °C, see Fig. 5.1, or as the annealing
time increases while fixing the temperature at 650 °C, see Fig. 5.2. On the other hand, the
diffraction lines, corresponding to the ilmenite phase, are also evident at 650 °C. For this
reason, the critical temperature for the formation of the ilmenite phase was considered to be

650 °C.
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Fig. 5.1 XRD patterns for samples annealed in-situ at temperatures ranging from 420 to

800 °C.
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Fig. 5.2 XRD patterns for samples annealed in-situ at a fixed temperature of 650 °C

varying the annealing time.
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In addition, a second set of experiments were carried out in a similar manner with the
temperature fixed at 650 °C and a scan was taken every 10 minutes. The results of this

analysis can be seen in Fig. 5.2.

The next step was to determine the annealing time at which the presence of ilmenite is
maximum and the presence of anatase and bunsenite is minimum. To do this, the area under
the curve of the main reflection peaks was evaluated for the selected time durations of 10,
20, 30, 40, 50 and 60 minutes. The principal diffraction lines for each phase was considered
to be 25° for anatase Ti02; 33° for ilmenite NiTiOs3; and 43° for bunsenite NiO. A plot of

area under the curve vs annealing time is showed in Fig. 5.3.

—=—NiTiO,

{ --#--NiO

Area under the curve (arb. units)

Annealing time (min)

Fig. 5.3 Area under the curve of the main diffraction peaks for each phase vs annealing

time at a fixed temperature of 650 °C.

According to the above analysis, it was determined that an annealing time of 60 minutes at
650 °C was enough to ensure the formation of the ilmenite phase of NiTiO3 with very low

traces of secondary phases, i.e. anatase (TiO2) and bunsenite (NiO). The Rietveld method
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was not used in this analysis because the low intensity and broadening of the diffraction

lines, coming from anatase and bunsenite, made it difficult to distinguish these peaks from

the background.
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Fig. 5.4 Rietveld analysis of the XRD patterns for sample P3-SG-A650C.

For further reference, the powders annealed at 650 °C during 60 minutes will be labelled P3-
SG-A650C. On this family of samples, i.e. P3-SG-A650C, a Rietveld refinement of the XRD
spectra was performed (see Fig. 5.4), allowing the determination of the volume fraction of
the phases present in the sample, the lattice parameters and the mean crystallite size. The
volume fraction of the phases determined are: 97.8 + 1.3 % of ilmenite and 2.2 = 1.7 % of
bunsenite. The lattice parameters are consistent with the ones of the previous samples and
the standard reference JCPDS 33-0960, being, a=b =5.0323 +2 x 10* and ¢ = 13.8161 +
7 x 10*. The mean value for the crystallite size was found to be 25.7 + 1.1 nm. All these

information is summarized in Table 5.1.
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Table 5.1 Phase volume fraction, lattice parameters and crystallite size for PI1-SG-A1350C

and P3-SG-A650C.

Phase Volume Fraction (%)

Sample
NiTiO3 NiO
P1-SG-A1350C 98 +5 1.2+2
P3-SG-A650C 97.8+1.3 22+1.7

NiTiOs3 Lattice Parameters (nm)

Crystal
Sample
a=b c Size
P1-SG-A1350C 0.503289 + 3x10°  1.37972 + 3x10° 59.5
P3-SG-A650C 5.0323 £ 2x10™* 13.8161 = 7x10™ 25.7

Observations by Electron Transmission Microscopy (TEM), Fig. 5.5, give sustainability to

the results obtained by XRD. The TEM image at the 200 nm scale allows to observe the

homogeneity of the particle size distribution, and the image at 50 nm scale exemplifies a

particle having a size very close to the mean crystallite size determined by XRD. This

confirms that the P3-SG-A650C particles seen by TEM are individually monocrystalline and

that they are significantly smaller than the particles described in Chapter IV that reached

greater sizes by agglomeration.
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Fig. 5.5 TEM images of sample P3-SG-A650C. On the bottom 200 nm scale is shown, on
the top a 50 nm scale is displayed.
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2. RAMAN VIBRATIONAL ACTIVE MODES

The 10 active Raman vibrational modes of the ilmenite structure are situated as follows in
powder P3-SG-A650C: 188.2 (Ag), 226.8 (Ey), 242.6 (Ay), 289.6 (Ey), 343.8 (Ey), 392.4 (Ay),
461.7 (Ey), 481.1 (Ay), 605.9 (Eg) and 705.5 (Ag) cm’!. The experimental spectrum can be
found in Fig. 5.6. By comparison with the Raman spectrum of sample P1-SG-A1350C
(Chapter 1V, Fig. 4.4, top right quadrant), the similarity is evident.

-+ Experimental 705.6
— Fit %
— Deconvolution ¥

= o]
2426
|

Intensity (arb. units)

200 300 400 500 600 700 800
Raman Shift (cm™)

Fig. 5.6 Raman active modes for sample P3-SG-A650C.

The intensity of the Raman modes for both samples is almost identical. Only a small
difference of a few cm™ is observed in the position of the 10 active Raman lines between

these samples.

The largest deviation between the two samples lies in the “shoulder” situated at 733.2 cm’!
for P1-SG-A1350C, and at 774.6 cm™ for P3-SG-A650C. This Raman peak, whose the
origin remains matter of debate, appears considerably more intense as well as shifted to the
right for P3-SG-A650C relative to P1-SG-A1350C. A possible explanation for this peak,
based on the theoretical calculations of Chapter II will be given in Chapter VII.
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3. OPTICAL PROPERTIES

Following the same procedure used in the last chapter, the optical absorption bands were
obtained by implementing the Kubelka-Munk model for diffuse reflectance spectroscopy.
The absorption spectra for P3-SG-A650C and P1-SG-A1350C are displayed in Fig. 5.7. In
both cases, three absorption bands can be clearly identified and located at approximately 400

nm, 800 nm and 1400 nm.

—— PI-SG-A1350C
/ | — P3SG-A650C

Absorbance (arb. units)

400 600 800 1000 1200 1400
Wavelength (nm)

Fig. 5.7 Optical absorption spectra of P3-SG-A650C (red) and P1-SG-A1350C (black).

The Kubleka-Munk function (F (R;f)) was determined from the diffuse reflectance data and

was used to plot it versus the photon energy, in this way, linear approximations were
performed and the energy necessary for the electronic transitions at the absorption band

edges was determined from the equation:

[F(Ring)v]” = €1 (hv — E,) (5.1)

The plot of equation (5.1) can be seen in Fig. 5.8 for P3-SG-A650C as well as for P1-SG-
A1350C. In the case of P3-SG-A650C, two energy values corresponding to two electronic
transitions are identified at approximately 2.28 and 2.53 eV as found in Table 5.2.
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Table 5.2 Band gap of the NiTiOs samples P1-SG-A1350C and P3-SG-A650C as determined
from the Tauc plots of UV-Vis absorbance.

Sample Band-gap (eV)
P1-SG-A1350C 2.26+0.01
P3-SG-A650C 2.28 £0.02
7 7
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Fig. 5.8 Tauc plot for P3-SG-A650C (left) and P1-SG-A1350C (right).

Once again, the results of the samples annealed at 650 °C resemble the ones obtained for the

samples annealed at 1350 °C.
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4. CONCLUSIONS

The XRD and Raman results confirm the formation of nickel titanate powders with a high
dregree of purity (~98%) after an annealing process at 650 °C for 60 minutes. The
synhtesized powders present uniform particle size distribution of around 25 nm, which was
observed in TEM images. By correlating TEM and XRD observations, the conclusion is that
the particles observed by TEM are individually monocrystalline. From UV-Vis difuse
reflectance measurements, a band gap of approximately 2.28 eV was determined, meaning

that these samples are suited for visible light absorption.

The structural, vibrational and optical characteristics are very similar to those of sample P1-
SG-A1350C from Chapter IV, with the advantage of requirering an annealing step at half
the temperature and half the time. The lower temperature and shorter time length contribute
to having considerable smaller particle sizes than the powders described in Chapter 1V,
which as a direct consecuence, would also improve the area-volume ratio, necessary for an

efficient catalyst.

The catalytic response of P3-SG-A650C is discussed in Chapter VIIL.
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CHAPTER VI: NITIO3; THIN FILMS BY RF-SPUTTERING

Polycrystalline nickel titanate thin films were deposited on silicon substrates by the radio-
frequency (rf) sputtering method using NiTiO3 targets, which in turn were sintered from
powders obtained by solid state reaction. The deposition parameters such as rf-powers,
partial pressures of argon and oxygen, as well as substrate temperatures were optimized to
ensure the homogeneous and stoichiometric composition of NiTiO3 thin films. Post-
synthesis annealing at suitable temperatures and time durations was realized to stabilize the
ilmenite structure with improved crystalline features deduced from structural and vibrational
investigations by using XRD and Raman spectroscopy. The surface roughness and thin film
microstructure were characterized by AFM which points out the organization of the film
surface. Representative films with ilmenite structure and defined surface microstructure and
optical absorbance were tested as visible light driven heterogeneous photocatalysts for the

degradation of organic dyes, these results will be discussed in Chapter VII.
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1. STRUCTURAL INVESTIGATIONS

The synthesized and annealed NiTiO3 thin films were investigated by XRD as a function of
the synthesis conditions and the annealing treatments performed at different temperatures
and durations. The synthesis parameters leading to homogeneous films with an appropriate
thickness were optimized at 94/0 sccm for Ar/O flow, 0.1 mbar for pressure and 50 W for
rf-power, respectively, with deposition at room temperature. Different films were
investigated for different annealing temperatures at 800 °C, 900 °C, 1000 °C and 1100 °C
for 2 hours. In addition, a sample annealed for 4 hours at 800 °C and another annealed for 6
hours at 900 °C were also characterized in order to observe the role of annealing conditions
in the crystalline order. The XRD patterns summarized in Fig. 6.1 indicate the occurrence of
a good crystalline structure for annealing at 1000 °C for 2 hours under air. When the
temperature is increased up to 1100 °C, the structure seems to be degraded (in comparison
with the film annealed at 1000 °C) and an intense peak at 20 = 21.7° appears. This peak has
been attributed to the formation of a crystalline layer of SiO» with a cristobalite structure
(JCPDS PDF no. 39-1425) at the interface between the NiTiOs3 film and the silicon substrate.
This was confirmed from the XRD patterns of thin films deposited by a complex process of
co-sputtering from two metallic targets (Ni, Ti) on fused quartz substrates, well stable at

temperature higher than 1100 °C.!!*

The quantitative analysis of the XRD patterns from the rf-sputtered thin films shows well
defined and intense peaks located at 20 positions of 24.2°, 33.2°,35.7°, 40.9°, 49.5°, 54.11°,
57.5°, 62.55°, and 64.17°. According to the standard structural reference JCPDS No. 33-
0960 related to the ilmenite NiTiO3 phase, the above data are assigned to the planes (012),
(104), (110), (113), (024), (118), (211), (214) and (300), respectively. Fig. 6.2 shows the
XRD patterns of the NiTiO3 thin film with optimized deposition conditions and annealed at
1000 °C for 2 hours under air. This film will be referred below as the representative film and
will be investigated by Raman, AFM, and optical methods and tested in photocatalytic

reactions.
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Fig. 6.1 XRD patterns of NiTiOs3 thin films deposited on Si substrates annealed at different

temperatures and durations under air. A) Annealed at 800 °C for 2 hours. B) Annealed at
800 °C for 4 hours. C) Annealed at 900 °C for 2 hours. D) Annealed at 900 °C for 6 hours.
E) Annealed at 1000 °C for 2 hours. F) Annealed at 1100 °C for 2 hours.
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Fig. 6.2 XRD refinement of a representative NiTiOs3 thin film deposited on a Silicon
substrate and annealed at 1000 °C for 2 hours in air as a pure ilmenite phase by using the

Rietveld method. The standard reference JCPDS No. 33-0960 is shown.

The software Material Analysis Using Diffraction (MAUD) v2.33 was used for the
refinement of the XRD patterns of the representative NiTiO3 film. As seen in Fig. 6.2, the
diffraction patterns did not show any secondary phases such as rutile (TiO2) or bunsenite
(NiO) along with the ilmenite phase of nickel titanate. The refinement data summarized in
Table 6.1 for the film features are 154 + 3 nm for the average crystallite domain size, 1.4 x
107 for the microstrain, and the lattice parameters were close to the standard values for the
ilmenite structure, i.e. a=b =5.03 A and ¢ = 13.80 A. The 20 positions of the diffraction
lines are in agreement with those of the JCPDS reference for the ilmenite structure (Fig. 6.1).
The analysis of the FWHM of the diffraction line yields an estimate of the crystalline domain
sizes in the order of 154 nm. This value indicates the absence of size effects on the
broadening of the diffraction line and with regard to the low value of microstrain (1.4 X
1073), we then conclude the good quality of the crystalline phase of the representative NiTiO3

film.
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Table 6.1 Structural, morphological and optical features of the representative NiTiO3 thin
film obtained by rf-sputtering and annealed at 1000 °C under air.

NiTiOs Lattice
Crystal
Sample Microstrain Parameters (A)
Size (nm)
a=b c

NiTiOs 1543  1.40(2)x10° 5.0266(3) 13.7889(8)

Thickness Roughness Area  Refractive Band Gap

Sample
(nm) (nm) (nm?) Index (eV)

NiTiO3 1500 19.2 68.7 242 2.47

With the purpose of obtaining the optical transmission spectra, NiTiO3 thin films were
deposited on quartz substrates under the same conditions and with exactly the same post
deposition annealing as the films deposited on Silicon substrates. As it was obtained for the
films on silicon, pure ilmenite NiTiO3 was obtained after an annealing at 1000 °C during 2
hours, with no traces of secondary phases. Nevertheless, some differences are obvious

between them from the XRD patterns seen in Fig. 6.3.

Indeed, for the films deposited on quartz, a mean crystallite size is one order of magnitude
smaller than the one for the films deposited on silicon. The crystallite size of the films on

quartz was 18 nm in comparison to 150 nm for the films on silicon as seen in Table 6.1.
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Fig. 6.3 X-Ray diffraction patterns of the NiTiOj thin films deposited on quartz substrates

(top) and silicon substrates (bottom).
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2. RAMAN INVESTIGATIONS OF VIBRATIONAL ACTIVE MODES

The ilmenite structure of NiTiO3 possesses the space group R3 (CZ) with the oxygen atoms
being tetra-coordinated to two tetravalent Ti and to two bivalent Ni cations (Fig. 6.4). It can
be theoretically predicted that the optical normal modes of vibrations at the Brillouin zone
center have the following symmetries SAg + SE; + 4Ay + 4E, (in addition to the Ay + Ey zero

frequency acoustic modes).”®%%107

82.214

104.508

@ Nickel

104.2754 <103.559

18.777

Fig. 6.4 Representation of the NiTiO3 ilmenite unit cell and local environments of Ti and
Ni.
Therefore, ten Raman active modes (5Ag + 5E;) are expected with each E; mode being

twofold degenerated (Eg = Elg + E2;) along with the eight IR active modes (4Au + 4Eu).

From the experimental spectra reported in Figs. 6.5 and 6.6, and excluding the 520 cm™!

band due to the silicon substrate, the Raman modes of NiTiO3 are assigned as follows in
cm ' 189.6 (Ay), 227.6 (Ey), 245.7 (Ag), 290.2 (Ey), 343.3 (Eg), 392.6 (A,), 463.4 (Ey), 482.7
(Ag), 609.7 (Eg) and 705.9 (Ag).

This assignment is proposed by comparing the relative intensities of the Raman bands
between parallel and cross polarizations (Fig. 6.6). The thickness of the sample (less than

1500 nm) prevents the occurrence of significant beam depolarization induced by
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birefringence, as experimentally shown. On the other hand, for cubic symmetry, the diagonal
elements of the Raman scattering tensors of Ay modes have the same value and the off-
diagonal elements are zero, so that they vanish in cross polarization. In the case of ilmenite,
with thombohedral symmetry, the diagonal elements of the scattering tensor may be different
but in view of the structure, they can be supposed to be fairly close to each other. Therefore,
under cross polarization, the A; Raman peaks are expected to undergo more important

intensity decreases than the Eg ones, as observed in Fig. 6.6.
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Fig. 6.5 Experimental and simulation of the Raman spectrum of the representative NiTiO3

thin film annealed at 1000 °C for 2 hours in air atmosphere.

The Raman mode attribution can also be done by comparison with the Raman spectra of

1.7 In both materials, the Raman

isomorphous MgTiOs3 as it was proposed by Wang et a
active modes can be described as symmetric Ti—O stretching vibrations, bond-bending of O—
Ti—O, and translations of the divalent cations with respect to the oxygen groups.!'> The
former vibrations are expected to be set in the same frequency range since the structures are

close. On the other hand, the vibrations dominated by the divalent cation displacements are
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expected to undergo frequency shifts related to mass effects and would be roughly
proportional to the square root of the ratio between the Ni and Mg atomic masses. Thus, the
Az mode at 306 cm ™! in MgTiOs is predicted at 197 cm™' in NiTiO3 which matches fairly

well with the experimental line measured at 189.6 cm ™.

Si A
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Raman Shift (cm™)

Fig. 6.6 Raman spectra collected from a representative NiTiOs thin film annealed at 1000
°C for 2 hours in air atmosphere using: parallel polarization (top) and cross polarization

(bottom).

Since MgTiO3 and NiTiO3 are isostructural, the other modes that mostly involve Ti—O
vibrations are expected in the same frequency range. Thus, the Ag mode at 245.7 cm™! can
be attributed to the vibrations of Ti atoms along the z axis and the Ag modes at 398 and
482.7 cm™! can be assigned to a breathing-like stretching of the Ti centered oxygen

octahedra.

A typical feature in the Raman spectra of the ilmenite structure lies in the appearance of a
very strong band at high frequencies (e.g. 705.9 cm™!). This Raman peak can be associated
with a mode that is inactive in the similar but more symmetric corundum structure (R3¢ =

D$, space group), which implies that this mode arises from the symmetric stretching of TiOs
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octahedra.”® The Eg mode at 227.6 cm™! can be considered as the asymmetric breathing
vibration of the oxygen octahedra and the ones at 290.2 and 343.3 cm™! can be described by
the twist of oxygen octahedra due to vibrations of the Ni and Ti atoms parallel to the xy
plane. The E; modes at 463.4 and 609.7 cm ™! are assigned to the asymmetric breathing and

twist of the oxygen octahedra with the cationic vibrations parallel to the xy plane.

In addition to these first-order Raman lines, a weak and broad signal (already reported) is
observed around 735.8 cm™'. A similar signal that appears as a shoulder of the highest
frequency mode is also observed in the isomorphous MgTi03.7%*%1%7 Its origin remains a
matter of debate. In our recent work dealing with theoretical modelling and numerical

simulations of the structural, vibrational and electronic structures of NiTiO3,'"

our analysis
suggests that this signal may arise from the occurrence of a small fraction of an amorphous
phase. The involvement of vibrational density of states gives rise to broad features that would
lead to the asymmetry of the A band, i.e. similar to the observed shoulder in the considered
Raman band. The amorphous fraction may be accounted for by the high specific surface of

the grains that compose the films as illustrated below by AFM observations.
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3. SURFACE CHARACTERISTICS

In the case of heterogeneous photocatalysis, the contact surface between the photocatalyst
and the surrounding media plays a key role in the efficiency of the photocatalytic reactions.
The microstructure and morphologies of the grains define the roughness of the surface that
monitors the contact between the active media. Also, the characterization of the topology of
the film is an important factor and atomic force microscopy can be used for its evaluation
versus the synthesis and treatment conditions. Thus, the representative sputtered thin film
was investigated by AFM. The value of the roughness and the probed surface area for the
optimized thin films were estimated to be 19.2 nm and 68.7 um?, respectively. The relevant
morphology values are summarized in Table 6.1, and Fig. 6.7 shows the surface image of
the representative NiTiO3 thin film. The AFM observations indicate the occurrence of a
rough surface organized as nano-islands with high specific surfaces. Such organization may
contribute to the enhancement of the photocatalysis efficiency of such thin films as discussed

below.

—172.2 nm
160.0

- 140.0
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Fig. 6.7 AFM surface image of a representative NiTiOj3 thin film annealed at 1000 °C for 2

hours in air atmosphere, RMS = 19.2 nm, area = 68.7 ,um2.
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4. OPTICAL PROPERTIES

The experimental interferometry diagram was recorded on the ilmenite structure of the
representative NiTiO3 thin film by using Filmetrics equipment monitored by the related
software. Fig. 6.8 reports an example of the experimental and simulated interference diagram
from the representative film. The fitting parameters were deduced as 1500 nm and 2.42 for
the thin film thickness and refractive index, respectively. The relevance of the estimated

thickness was confirmed by profilometry measurements.

For the optical absorption measurements, NiTiO; thin films deposited on quartz substrates
were used. The absorption coefficient (o) was extracted from the UV-Vis optical spectra
and used to plot (ahv)? versus the photon energy (hv) in order to determine accurately the
band gap of the material. From the Tauc plot depicted in Fig. 6.9, the extrapolation of the
linear behavior to the (hv) axis allows us to determine a band gap of 2.47 eV. With such
values, the obtained thin films absorb a fraction of visible range for photocatalysis reactions
discussed in the forthcoming part. It is worth noting that the band gap about 2.25 eV is indeed
involved in bulk 3D crystalline materials. For the representative film in this work, the
roughness of about 19 nm and the mean crystallite size of 18 nm may lead to quantum

confinement effects able to modify the band gap compared to the infinite crystal.
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Fig. 6.8 Representation of the optical interferometry pattern made by a NiTiOj3 thin film

annealed at 1000 °C for 2 hours in air atmosphere. The values of the fit are summarized in

Table 6.1.
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Fig. 6.9 Tauc plot of a NiTiOs3 thin film deposited on a quartz substrate; the film was

annealed at 1000 °C under air and exhibits the ilmenite structure.
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5. CONCLUSIONS

A simple and fast synthesis route was developed to obtain NiTiOs3 thin films with a good
crystalline quality and stable ilmenite structure. Solid state reaction was performed to obtain
crystalline powders used as targets for the rf-sputtering method. Appropriate deposition
conditions and post-synthesis treatment were determined to obtain thin films with controlled
features. Thus, optimized deposition conditions and annealing lead to diffraction patterns of
the ilmenite structure without any additional phase. Vibrational properties were investigated
by Raman spectroscopy with the identification and exhaustive discussion of the assignment
made for all the active modes related to the R3 space group. The surface morphology and
roughness were characterized by AFM microscopy. These features characterize the contact
surface which can be exploited in the photocatalysis reactions considered in this work

through the degradation of organic dyes in aqueous solutions discussed in Chapter VII.
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CHAPTER VII: PHOTOCATALYTIC AND ELECTROCATALYTIC RESPONSES
OF NITIO:3

In precedent chapters the fabrication methods and major physical features of nickel titanate
powders and thin films were described. It was shown that the synthesized materials present

features that are suitable for photocatalysis.

It has also been discussed in Chapter I that in order to test the photocatalytic potential of
certain material it is possible to use solutions with organic dyes as probe molecules and
measure their degradation by analyzing the decrease in intensity of the absorption spectra of

the solution containing the dyes.

The first section of this chapter is dedicated to discuss the degradation of methylene blue
(MB) using NiTiOs3 thin films (as described in Chapter VI) as photocatalysts irradiated by
visible light.

In a related matter, the electrochemical oxidation of methanol has been discussed in Chapter
I and it has been mentioned that methanol can be used in alkaline fuel cells (AFC) based on

selective catalyst.!!®

The finding of a material capable of oxidizing methanol that is not based on platinum is a
topic of intense research. Pt-based alloys have been considered the most active electrodes
for the electro-oxidation of methanol, however, in addition to the high cost and limited
supply of Pt, Pt-based electrodes generally become less active due to surface degradation by
the reaction intermediates.!'”-!!® Therefore, investigating low cost non-noble metal-based
materials for catalysis is of great interest. In this sense, Nickel has been used to enhance the
electrocatalytic activity in oxidation reactions of diverse molecules in alkaline media due to
its surface oxidation properties. In sight of these facts, the electro-oxidation of methanol has
been tested using the NiTiO3; powders described in chapter V (P3-SG-A650C) as catalyst in
alkaline medium, since an alkaline media is considered to be superior in comparison to an
acid solution from the point of view of kinetics and material stability.''® The second part of

this chapter is related to these investigations.
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1. PHOTOCATALYTIC ACTIVITY OF NITIO3

The discussion in Chapter VI concerns the obtaining of polycrystalline nickel titanate thin
films deposited on silicon substrates by the radio-frequency (rf) sputtering method. The
deposition parameters of the rf-sputtering such as rf-power, partial pressures of argon and
oxygen, as well as substrate temperatures were optimized to ensure the homogeneous and
stoichiometric composition of NiTiO3 thin films. Post-synthesis annealing at suitable
temperatures and time durations was realized to stabilize the ilmenite structure with
improved crystalline features deduced from structural and vibrational investigations by using
XRD and Raman spectroscopy. The surface roughness and thin film microstructure were
characterized by AFM which points out the organization of the film surface. It was
concluded that NiTiO; thin films with the ilmenite structure and a defined surface
microstructure and optical absorbance suited for visible absorption were obtained. In the
forthcoming paragraph, the test of representative thin films as visible-light-driven
heterogeneous photocatalysts for the degradation of methylene blue will be discussed to

evaluate the photocatalytic efficiency for this class of material.

a. Experimental details

Photocatalytic reactions were investigated through the degradation of methylene blue (MB)
by NiTiOs films immersed in aqueous solutions and irradiated by a UV-vis 200 W Xenon
arc lamp (set at 60 W). The initial concentration of the MB contaminant was 107> M. The
degradation of the dyes was evaluated by means of collecting the absorption spectrum of the
colored solution every 30 minutes during a period of 5 hours. The experimental setup
consists of a glass beaker containing the MB solution with the specified molar concentration
(under continuous magnetic stirring to ensure the homogenization of the MB charged
solution). The thin film was set in a holder with its top surface directed in front of the

collimated light beam. This setup can be visualized in Fig 7.1.
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Fig. 7.1 Photocatalytic experimental setup.

b. Results and discussion

The photocatalysis experiments were carried out by using MB dyes with a concentration of
10° M in water and a representative NiTiOs thin film as a photocatalyst. Under light
radiation from a Xenon arc lamp (UV-Vis-60 W) directed on the sample surface about 4
cm?, the degradation of MB was monitored by the optical absorption measured at steps of
30 minutes for 5 hours. As shown in Fig. 7.2, left panel, the absorption spectra undergo a
continuous decrease as a function of the light exposure time and demonstrate the
photocatalytic activity of NiTiOs. It can be seen that after 5 hours of irradiation, 60% of the

initial concentration of MB dyes was destroyed in the solution.
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Fig. 7.2 Optical absorption spectra of the MB charged solution during the photocatalytic
process (left panel). Absolute MB concentration vs time (right panel). The dashed plot area
shows the results in dark conditions and the white section displays the experimental

measurements under illumination.

The ratio between the absolute concentration at a given time (C) and the initial concentration

(Cy) was plotted versus time in the logarithmic scale

n[¢] = 7@ (7.1)

The behavior seen on the experiments is typical of a Langmuir-Hinshelwood kinetics.

_dc a-KH . C
Tdt 1+ KM ¢

ads

= kC (7.2)

Where K:H is the Langmuir-Hinshelwood adsorption equilibrium constant, a is the pseudo-

first order rate constant, and k is an observable rate constant defined as:

a- KLH
k = ads (7.3)
1+ Kads C
Thus,
A 2
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The linear semi-logarithmic plot was adjusted by using a first order kinetics as:
C =Coe ™t (7.5)

with the observable reaction rate constant estimated from the experiment (Fig. 7.3) tobe k =

0.3x1072 min .
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Fig. 7.3 Kinetics of the photocatalytic degradation of MB by visible light irradiated
NiTiOs. The graph reports the semi-logarithmic plot of the normalized concentration C/Cy

versus irradiation time.

The visible-light-driven photoactivity of NiTiOs3 is thus demonstrated in NiT10O3 obtained by
a simple synthesis procedure followed by suitable treatments to ensure ilmenite structure
with a good crystalline quality. The photocatalytic efficiency is a matter of improvement
through the increase of the concentration of photogenerated charge carriers and their
lifetime. Increasing the charge carriers may be realized by suitable doping as metallic
elements. In this context, substitutional doping is able to modulate the electronic structure
of the host material. A second configuration of the metal doping process leads to the
formation of clusters where critical phenomena such as surface plasmon resonance
contribute to the enhancement of the efficiency of the photocatalytic reactions based on
NiTiOs.
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2. ELECTROCATALYTIC ACTIVITY OF NITI1O3

In Chapter V the formation of highly pure ilmenite NiTiO3 by a modified Sol-Gel route with
similar characteristics to that of sample P1-SG-A1350C (see Chapter IV) is described. The
advantage of these new samples is that they require a post synthesis heat treatment at half

the temperature and time than before.

Having a mean particle size considerably smaller, the catalytic activity of P3-SG-A650C
should be better than its larger particle sized counterparts. Besides, the nanometric
dimensions of the particles would also make it possible to distribute homogenously in a
suspension for long time. This feature can be exploited to deposit a layer of NiTiO3 on a
support by drop-casting and use it as an electrode to evaluate the electrocatalytic activity of
the sample. Specifically, the electro-oxidation of methanol has been selected as the reaction

to be analyzed.

For the above-mentioned reasons, the electro-oxidation of methanol in alkaline media using

P3-SG-A650C as catalyst will be discussed in this section.

a. Experimental details

The electrocatalytic activity of NiTiO3 has been evaluated for the electro-oxidation of
methanol in alkaline medium using cyclic voltammetry (CV) technique with sample P3-SG-

650C as catalyst.

The electrochemical characterization was performed using a conventional three-electrode
cell with a NaOH 0.1 M solution as the support electrolyte. The potential interval was fixed
from -0.5 to 0.72 V/Ag/AgCl. The reference electrode (RE) and counter electrode (CE) were
Ag/AgCl and a graphite bar, respectively. The working electrode (WE) contains a layer of
the NiTiOs3 catalyst and it consists on a glass substrate coated on one face by a commercial
conductive transparent oxide (i.e. ITO supplied by Sigma Aldrich) thin film, and a layer of

NiTiOs. For the deposition of the NiTiOs layer, a suspension was prepared, consisting on 20

114



CHAPTER VII

mg of P3-SG-A650C, 700 uL of deionized water, 300 uL of ethanol and 80 pL of nafion.
An aliquot of 100 uL was deposited on the conductive side of the substrate. The solvents
were then evaporated at 100 °C during 15 minutes. The working surface of the electrodes

was of 1 cm?.

Methanol was used as probe molecule. The methanol concentration was varied from 0.001
to 1 M. The solutions were degasified using an Ar flow during 5 minutes in order to remove
the dissolved oxygen. A scan rate of 20 mV/s was used for all measurements. The external

potential was controlled with a potentiostat VersaStat 3 (Princeton Applied Research).

b. Results and discussion

In Fig. 7.4 the cyclic voltammetry of P3-SG-A650C in NaOH 0.1 M is shown. From this
characteristic can be inferred that the electrochemical behavior of the NiTiO; electrode in
alkaline solution is similar to that of metallic Ni.!'"” Two peaks, located at 0.48 V (positive-
going scan) and 0.4 V (negative-going scan), corresponding to the redox-couple processes
Ni?*/Ni** are clearly observed in Fig. 7.4. This redox process can be written as shown in

equation (7.6).
Ni?*(0H), + HO™ & Ni3*(0H) + H,0 + e~ (7.6)

The peak at 0.48 V (A), in the anodic region, corresponds to the transformation of the
Ni(OH); species to NiO(OH), i.e. the oxidation of Ni** to Ni**, and the peak located at 0.4
V (C)), in the cathodic region, corresponds to the inverse process.'?*!2! Passivation processes
due to the spontaneous formation of NiO species (-0.3 V/Ag/AgCl) are not observed. The
process around 0.55 V/Ag/AgCl is associated to OH™ species in excess that remained

adsorbed on the surface due to the medium, followed by the evolution of oxygen.!??
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Fig. 7.4 Cyclic Voltammetry of the ITO/Glass substrate (dashed line) and the P3-SG-
A650C catalyst (solid line). NaOH 0.1 M was used supporting electrolyte. Scan rate of 20
mVy/s.

The oxidation of methanol (CH30OH) was studied. This reaction could follow different paths
obtaining CO; as product in all cases. However, depending on the selectivity of the catalyst,
the reaction might stop at an intermediate step leading to different products other than CO»,
such as CO, H,C(OH),, HCOOCH3, or even a mixture of one of these with CO,. The simplest

reaction possible is expressed by equation (7.7).

CH;0H + 60H™ > CO, + 5H,0 + 6e~ (7.7)

The cyclic voltammetry using methanol (CH30OH) at different concentrations in alkaline
media can be seen in Fig. 7.5, left panel. The effect of methanol concentration on the
response is clear, it is observed that the intensity of the anodic peak increases considerably
as the concentration of methanol does, going from ~70 pA at a methanol concentration of
0.001 M to ~1 mA at a methanol concentration of 1 M. When the methanol is introduced a
new anodic peak appears at a more positive value of potential, corresponding to the oxidation

of methanol, and this peak predominates over the Ni**/Ni** process.!'??
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This leads to the conclusion of the occurrence of the electro-oxidation of methanol and that
it takes place after the complete oxidation of Ni(OH)> to NiO(OH), meaning that the
oxidation of methanol happens on the Ni** surface and that Ni** is the catalyst of the electro-
oxidation of methanol, see equation (7.8).'?* This explains the reduction of the cathodic peak

Ci with the increasing concentration of methanol, as seen in Fig. 7.5, right panel.

6Ni3*(OH) + CH;0H + 6e~ — CO, + 6Ni?* + 5H,0 (7.8)
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Fig. 7.5 Cyclic Voltammetry of the P3-SG-A650C in the presence of Methanol. The
activation in NaOH 0.1 M is showed as a reference. NaOH 0.1 M + Methanol 0.001 M,
0.01 M, 0.1 M and 1 M are displayed. The left-hand panel shows the reactions taking
place. The right-hand panel allows to observe the change in intensity of the cathodic peak

at 0.4 V with respect to methanol concentration. Scan rate 20 mV/s.

Defining peak current density (J,) as the current density value at the center of the anodic

peak attributed to methanol oxidation and by plotting logarithm of peak current density
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(Log[J,]) vs logarithm of methanol Molar concentration (Log[C]) (Fig. 7.6, left panel), a
linear behavior is observed. This linear behavior indicates that the peak current is

proportional to the concentration of methanol as depicted by equation (7.9)
Jp = kCY (7.9)

where J,, is peak current, k is a proportionality constant associated to the reaction rate, C is

the Molar concentration of methanol, and y is the order of the reaction.
logJ, =logk +ylogC (7.10)

By fitting the experimental results according to equation (7.10), the reaction rate is k =
1x1073 [(A - L)/(mol - cm?)], and the order of the reaction is ¥ = 0.5. In the right panel of
Fig. 7.6, a curve of peak current density vs methanol Molar concentration was plotted using
equation (7.9). In this plot, the simulated curve matches very well the experimental points

and allows to visualize the tendency of the peak current for methanol.
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Fig. 7.6 Logarithm of peak current density (J,,) vs logarithm of methanol concentration (C)
showing a linear behavior (left panel). Peak current density (J,) vs methanol concentration

(C) displaying the simulated behavior of peak current (right panel).
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3. CONCLUSIONS

The photocatalytic activity of NiTiO3 has been demonstrated by using rf-sputtered thin films
under visible-light in degrading methylene blue. After analyzing the degradation of the
colorant over time, a reaction constant rate k = 0.3x10~2 min! was determined. This value
is in the order of the one obtained under the same conditions for co-sputtering synthesized
films from metallic targets Ti and Ni.!'* The photoactivity of NiTiO3 can be improved by

modulation of its electronic and optical properties.

In addition to the degradation of methylene blue, the catalytic potential of NiTiO3 has been
demonstrated by oxidizing methanol when an external potential is applied in dark conditions.
The Ni ions present in NiTiO3 have been identified as the active species and the oxidation
of the organic molecules to take place on the surface of Ni** in a similar manner as if metallic
Ni particles were being used. NiTiO3 has shown great stability during the catalytic process.
The electro-oxidation of methanol opens the possibility to implement NiTiO3; as anode in

direct alkaline methanol fuel cells (DAMFC) for energy generation.
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CHAPTER VIII: HIGHLIGHTS, CONCLUSIONS AND FUTURE PERSPECTIVES

The carried work on NiTiO3 associates several contributions such as different synthesis
methods for powders and thin films and experimental investigations of physical features
correlated with theoretical analysis of structural and electronic properties for the bulk and
nanosized materials. The photocatalytic responses of the different NiTiO3 were carried out
and discussed on the basis of material features (morphologies, band gap, crystalline quality).
The final chapter of this thesis is dedicated to underline the major achieved contributions
and to draw the relevant conclusions and further development on NiTiO3 based

photocatalysts.
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1. NICKEL TITANATE’S OPTICAL ABSORPTION AND ELECTRONIC TRANSITIONS

The photocatalytic performance requires deep insight on the optical properties of the
considered materials. From the former chapters, experimental absorption spectra for the
different synthesized forms of NiTiO3 were reported and discussed for powders and thin
films. The main characteristics of these spectra are hereafter compared by considering the
theoretical approaches and numerical simulations reported in chapter II. Fig. 8.1 summarizes

the experimental UV-Vis absorption spectra considered in this purpose.
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Fig. 8.1 UV-Vis absorption spectra obtained experimentally for the different NiTiOj3
powders (left) and the NiTiOs Thin Film deposited on quartz (right).

From theoretical approach, the UV-Vis absorption spectra for three different NiTiO3
nanoclusters (i.e. (NiTi03)2, (NiTiO3)s and (NiTi03)17) were simulated using semi-empirical
PM6 model. The details of the calculations are specified in Chapter II. In Fig. 8.2 the
calculated spectra for the three different clusters and the bulk material are shown, along with
the spectrum obtained for the powder samples P1-SG-A1350C and P3-SG-A650C in
representation of the experimental data. A good agreement is demonstrated between the
calculated spectrum for the (NiTiO3)17 cluster and the experimental ones associated to the
crystalline powders. The simulation results show that three main absorption bands, labelled
below as A, B and C, are involved and their features depend on the (NiTiO3), cluster size.

With increasing cluster size, the position of the A band, shifts to longer wavelengths and the
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same behavior occurs for B band which undergoes a red shift and decreases notably in

intensity. The third band C, appears for the cluster (NiTiO3)17 in the range 750-900 nm.
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Fig. 8.2 UV-Vis absorption spectra calculated by the PM6 model for different clusters (left
panel) and the experimental spectrum obtained for samples P1-SG-A1350C and P3-SG-
A650C (right panel, black and red respectively).

The HOMO and LUMO orbitals, depicted in Fig. 8.3, for the investigated clusters (NiTiO3)z,
(NiT103)s and (NiTiOs)17, show their explicit separation and contribute to the low energy
absorption spectra. The observed details suggest that the separation of the HOMO and
LUMO orbitals gives rise to B and C bands.
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Fig. 8.3 HOMO and LUMO orbitals calculated by the PM6 model for the (NiTiO3):,
(NiTiOs3)s and (NiTiO3)17 clusters. (Larger version in Chapter 11, Fig. 2.8)

The comparison of the theoretical and the experimental UV-Vis absorption spectra of the
(NiTiO3)17 cluster clearly indicates the interesting optical activity of the system in the UV
and the visible range of the electromagnetic spectrum. A broad absorption edge situated at ~
410 nm is associated with O* — Ti*" charge transfer transitions. The higher wavelength
shoulder is associated with the crystal field splitting of NiTiOs, giving rise to the Ni*" —
Ti*" transitions.”> Thus, for the nanosized NiTiOs, the photo-induced charge transfers
required for photocatalytic reactions may be ensured by several electronic transitions
covering the UV and visible light range, contributing to efficient photocatalytic activity.
Finally, it is worth noting that the resolved details on the theoretical absorption spectra are
induced by calculations performed without any influence from the temperature on the

structural relaxation of the NiTiOs3 clusters. The possibility of reconciling the shapes of the
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absorption bands between the theory and experiments may be realized through the electron—
phonon interactions and the Franck—Condon rule for the optical transition probabilities, as

was used in a previous work by Kassiba et al.**

cl

Fig. 8.4 Crystal structure of NiTiOs showing the NiOs (light gray) and TiOs (dark grey)

octahedral.

In a related matter, the energies of the identified electronic transitions were determined by
the Tauc analysis. Mainly, two electronic transition energies can be observed at
approximately 2.25 and 2.50 eV, seen in Fig. 8.5 and listed in Table 8.1.

The ilmenite structure is an ordered corundum structure in which Ni** and Ti** form
alternating layers along the rhombohedral axis of the crystal, with oxygen layers between
them. Thus, the origin of the observed transitions can be related to the TiO¢ and NiOg

octahedral arrangement of the structure (Fig. 8.4).
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Table 8.1 Band gap of the NiTiOs samples as determined from the Tauc plots of UV-Vis

absorbance.
Sample Band-gap (eV)

P1-SG-A1000C 2.29

P1-SG-A1350C 2.26

P2-SSR-A1000C 2.26

P2-SSR-A1350C 2.25

P3-SG-A650C 2.28

Thin Films 2.47

Radtke et al.!* conducted an investigation on the electronic structure of a series of
compounds belonging to the ATiO3 ilmenite family using electron energy loss spectroscopy
(EELS). The high resolution of the equipment utilized (e.g. 0.20-0.25 eV) allowed them to
unambiguously determine the formal valence and spin-state of the transition metals from the
analysis of the L»3 and O-K edges with theoretical ligand field calculations. Their conclusion
is that in all the cases exists an O* — Ti*" transition, corresponding to the 2.50 eV energy
observed experimentally. A second transition involving the divalent cation as Ni*" in our
case, was discussed. This transition depends on the interatomic distances between the
divalent cation and the oxygen atoms. Indeed, the interatomic distances decrease as the
atomic number of the involved metallic ions increases. The resulting transition occurs at
energy which correlates with the interatomic distance between the divalent cation and the
oxygen atoms. In the case of NiTi103 the energy of this transition is around 2.25 eV, matching
very well with the electronic transition observed experimentally in Fig. 8.5.

It is worth noting that, as mentioned in chapter VI, the smallest electronic transition
determined for the NiTiOs3 thin films is about ~2.47 eV. The difference compared to the
powder samples is most likely due to quantum effects arising from the very small mean
crystallite sizes (e.g. 18 nm) determined from XRD spectra of thin films deposited over
quartz substrates. Quantum confinement effects may occur and induce the blue shift of the

optical absorption band.
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Fig. 8.4 Tauc plots of PI-SG-A1000C (top left), P1-SG-A1350C (top right), P2-SSR-

A1000C (middle left, P2-SSR-A1350C (middle right), P3-SG-A650C (bottom left) and Thin
Film (bottom right).
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2. ORIGIN OF THE ACTIVE RAMAN VIBRATIONAL MODES OF NICKEL TITANATE

In former chapters (IV-VI), the Raman vibrational characteristics obtained for NiTiO3
powders and thin films were discussed. As mentioned before, the ilmenite structure of
NiTiO;3 possesses the space group R3 (CZ;) with the oxygen atoms being tetra-coordinated
to two tetravalent Ti and to two bivalent Ni cations. Furthermore, ten Raman active modes
(5A; + 5E,) are expected with each E; mode being twofold degenerated (E; = Eig + Eag)
along with the eight IR active modes (4Au + 4Ey.).

An extensive analysis of the Raman vibrational properties conducted on NiTiO; thin films
was detailed in Chapter VI. The analysis consisted in using parallel and cross polarizations
for the Raman measurements in order to assign the mode of vibrations. Excluding the 520
cm ! band due to the silicon substrate, the Raman modes of NiTiO3 were assigned as follows
in cm™!: 189.6 (Ay), 227.6 (Ey), 245.7 (Ag), 290.2 (E,), 343.3 (Eg), 392.6 (A,), 463.4 (Ey),
482.7 (Ag), 609.7 (Eg) and 705.9 (Ag) (Figs. 8.6 and 8.7).
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Fig. 8.6 Experimental and simulation of the Raman spectrum of the representative NiTiO3

thin film annealed at 1000 °C for 2 hours in air atmosphere.
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Fig. 8.7 Raman spectra collected from a representative NiTiO3 thin film annealed at 1000

°C for 2 hours in air atmosphere using: parallel polarization (top) and cross polarization

(bottom).

The Raman active modes can be described as symmetric Ti—O stretching vibrations, bond-
bending of O-Ti—O, and translations of the Ni** cations with respect to the oxygen groups.!!>
The Ag mode at 245.7 cm™! can be attributed to the vibrations of Ti atoms along the z axis
and the Ag modes at 398 and 482.7 cm ™! can be assigned to a breathing-like stretching of

1

the Ti centered oxygen octahedra. The strong band at high frequencies at 705.9 cm™ arises

I can be

from the symmetric stretching of TiOs octahedra.”® The Eg mode at 227.6 cm™
considered as the asymmetric breathing vibration of the oxygen octahedra and the ones at
290.2 and 343.3 cm™! can be described by the twist of oxygen octahedra due to vibrations of
the Ni and Ti atoms parallel to the xy plane. The E; modes at 463.4 and 609.7 cm ™! are
assigned to the asymmetric breathing and twist of the oxygen octahedra with the cationic

vibrations parallel to the xy plane.
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In addition to these first-order Raman lines, a weak and broad signal is observed around
735.8 cm™!. The origin of this signal has not been explained before and its interpretation

remains a matter of debate.

In Chapter II, the analysis regarding the theoretical modelling and numerical simulations of

15 suggests that this signal may arise from the

the vibrational properties of NiTiOs3,
occurrence of a small fraction of an amorphous phase. In this analysis the Raman spectra
related to selected clusters were performed using the PM6 approach. The Raman spectra
were calculated using the standard procedure implemented in the Gaussian program package.
The calculations were performed on three (NiTiO3)17 clusters. For the first cluster, the
ilmenite crystal structure was frozen; the geometry of the second cluster was optimized
according to the total energy minimization criterion while the last cluster consisted in a
completely amorphous network. The theoretical results were compared to experimental data.
The Raman spectrum from the powder sample P3-SG-A650C was selected in representation
of the Raman vibrational properties of NiTiO3 because for this sample the Raman line of
interest is well resolved with higher intensity. The experimental and calculated Raman

spectra modeled for the (NiTiO3)17 nanoclusters and for the NiTiO3 powder are showed in

Fig. 8.8.
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Fig. 8.8 Raman spectra for the (NiTiO3)17 nanoparticles calculated by the parametrized

PM6 method as well as experimental spectrum.

A superposition of the main Raman band (90%) for O—Ti—O stretching and the secondary
bands (10%) related to the amorphous structure leads to a theoretical Raman spectrum that
reproduces the features of the experimental one. The slight departures from the experimental
band positions may be explained by the fact that anharmonic vibration terms were not
considered in the calculation model. The main origin may be related to bond frequency
distributions due to “amorphization” or the occurrence of vacancies or antisites contributing
to the damping and frequency shifts of Raman modes.!*!%° In this frame, it was proved that
the bands located at 617 and 690 cm™ originate from the stretching of Ti—O and bending of
O-Ti—O bonds, while the contribution at 547 cm™ results from Ni—O bonds.>! As illustrated
from the theoretical analysis and the experimental Raman investigations, the organization of
the powder material is fully accounted for in the analysis that has been carried out. The
particle core brings the signature features of the infinite and bulk crystal, while the outermost
particle surface accounts for the amorphous features. This is presumably due to the
manifestation of surface states with the relaxation and reconstruction of the outermost

particle layers.
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3. CONCLUSIONS

The thesis work is devoted to the synthesis of NiTiO3; semiconducting structures as powders
or thin films and the investigation of their related physical properties with the aim to apply
them as photocatalysts. The synthesis of NiTiO3 powders has been achieved by sol-gel and
solid state reaction, while NiTiO3 thin films have been grown by rf-sputtering.
Characterizations on their structural, vibrational and optical properties confirm the
stabilization of NiTiO3 in its ilmenite phase, without the presence of secondary phases

irrespective to the form of the samples as powders or thin films.

Theoretical studies supported by numerical simulations of the electronic, vibrational and
optical properties of bulk and nanosized NiTiOs structures have been carried out in order to
ensure quantitative insights for understanding the experimental peculiarities. An analysis of
the simulated and experimental absorption spectra of the investigated materials, revealed
two intense absorption bands at 400 and 800 nm that have been associated to O* — Ti*" and
Ni**-related electronic transitions, respectively. In the same context, an extensive Raman
analysis along with theoretical results allowed the identification of the physical nature of the
active Raman modes that can be described as symmetric Ti—O stretching vibrations, bond-
bending of O-Ti—O, and translations of the Ni*" cations with respect to the oxygen groups.
A weak vibrational mode, commonly misinterpreted as one of the 10 theoretically expected
active modes, has been proposed to arise from the presence of a small fraction of an

amorphous phase at the surface of the material.

The determination of the band gap in the order of 2.25 eV suggests the feasibility to exploit
the synthesized materials as visible-light-active photocatalysts. This feature has been tested
in the degradation of Methylene Blue in aqueous solutions using rf-sputtered NiTiO3 thin
films irradiated with visible light, achieving the degradation of 60% of the initial

concentration of the colorant in 300 minutes.

In addition, the electro-oxidation of methanol has been accomplished by applying an external
voltage on an electrode containing NiTiO3 powders in alkaline media. The Ni ions present
in the catalyst have been identified as the active species and the oxidation of the organic

molecules to happen on the surface of Ni** sites.
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In summary, NiTiO3 has been synthesized as powders and thin films, the main physical
features investigated by complementary experiments and explained quantitatively by
theoretical approaches and numerical simulations. We also demonstrate the relevant
characteristics for efficient heterogeneous photocatalysis and the catalytic capabilities of

NiTiOs; through the photodegradation of Methylene Blue and the electro-oxidation of

methanol.
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4. PROPOSAL OF FUTURE WORK

The stabilization of pure NiTiO3 phase with ilmenite structure and its application as a

photocatalyst constitute the main motivation of the present work. Nevertheless,

improvement of the photocatalytic capabilities of NiTiO3 could be done by combining

different strategies able to enhance the absorption of photons for the generation of charge

carriers (electron, hole) with high densities, the separation and migration of the

photogenerated excitons charge carriers, as well as the charge transfer involved in the redox

reactions.

The efficiency of a catalytic reaction is strongly related to the “selectivity” of the
catalyst under study. This means that a certain catalyst which might be very efficient
to induce redox reactions on defined probe molecules and inefficient to degrade
others. In this frame, it is important to test the photocatalytic activity of NiTiO3 on
the degradation of a variety of probe molecules.

The photocatalytic reactions occur on the contact surface between the catalyst and
the surrounding media charged by targeted molecules. Therefore, increasing the
active area would enhance the catalytic activity. During a sol-gel synthesis process,
it is possible to use surfactants in the aim to realize mesoporous organization of the
materials with high specific surfaces. It is even possible to perform an evaporation
induced self-assembly (EISA) process, in which solution from the sol-gel synthesis
is deposited over a substrate forming a mesoporous thin films with organized porous
structure. 27129

Doping processes with selected ions has been successfully used to improve the
photocatalytic activity in several families of materials, including TiO2. An important
contribution by Aahi et al. discusses titanium dioxide doped with nitrogen being
active in the visible range of the electromagnetic spectrum.'*® Another work by Soni
and colleagues, combines the organized mesoporous approach along with doping the
material with nitrogen, achieving the decomposition of Methylene Blue under visible
light.!3! The titanate family has also benefited from the doping process, the
photocatalytic activity of wide band gap perovskites, like SrTi03, have been reported
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to improve while showing enhanced chemical stability and H> and /or O> evolution
induced by UV irradiation.'*? In a similar manner, doping might improve the overall
photocatalytic process of NiTiO3 notably by increasing the density of charge carriers
as well as the lifetime of photogenerated electron-hole pairs. An advance on this
approach has already been made by our group, growing N-doped NiTiO3 thin films
by co-sputtering Ti and Ni metallic targets in a controlled argon, oxygen and nitrogen
atmosphere.!'* The results of that study show slight improvement in the
photocatalytic degradation of methylene blue over non-doped NiTiOs thin films. A
further step could be realized to implement a co-doping process in order to control
the valence states of the doped metal cations and to reduce the lattice defects.'®
Before the actual experimental doping, it would be important to perform theoretical
calculations in order to obtain the electronic and optical properties of NiTiO3 doped
with different elements and subsequently select the ones that show the best features.
In the area of photocatalysis for water splitting, the construction of a Z-scheme
system is worthy of interest consisting of NiTiO3 and a second photocatalysts. The
idea behind this approach is that since it is difficult to have a material with a narrow
band gap while maintaining the band edges in the proper positions for both oxygen
and hydrogen efficient evolution, then coupling two different materials, each having
specific band edge positions that can induce oxidation or reduction reactions with

enhanced efficiency might improve the photocatalytic efficiency.
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ansomtton ang Aaman spectroscopy showed the drastc infiuence of the surface characierstics on the
dctronic ang tha wheatonal properties of the nancclusters Theorafically, i wag prowed thal pow ced
HWiTi)s ewhibils o palchveosk of e propefies of ke ol §menie matensl smomphoes MNi-Ti=0
siructres and afoems iocated at the surfacs af tl‘EIr‘h‘thabbd chusher,
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Introduction

Phatocatalyte processes have oo intensively discussed and
Investigated in the last two decades, due o their potential
applications in sobving problems of waste [n the environment or
altermatively [n creating new sources of energy, ! Por example, (@
can be mentioned that photocntalytic reactions contribute ©
the remedintion of environmental polfution by the degmdation
of organle compounds or e the producthon of lydmogen by the
dissociation of water fur renewable engrgy™ These processes
are based on photwideced charge transfers cansed by light
saarees (visthle or UV in the semicondocting oxides.

Beyond s applications in photovoltnie deviees, taniuom
dioxide [Tioy) is oo of the most eBicent materinls for ploto-
catabytic renctions and possesses the best perfformance, nssoci-
ated with its pood stabiliny, versarile applications, non-toxicity
and low vost™ " Photocatalytic reactions wsing T, amder UV
Irradiation have been corded out o remove different tvpes of
impurities from wastewater,™ ™ The kinetics of the reactions
are characterized by shon relaaton tmes o achieve the
complets removal of pollutamts. However, the feed for UV to
induce the required charge transfer in the mentioned reactions
limits the performance of Ti0y. Therefore, plutocntabvtic
maderials that operate under visible light iradisdon are
of interest, since the solar Hght spectnrm can be explolted on

“dmtitute of e o Segfode Loy i Cevitockous, AL sl g 14
ARI ety Pl Far oy vedmasbpgfuyd rave pl

i ity o Sfalerube wed’ Mavevsads of Le A, Dnberens s Msng, 230805 L dlam,
Frave

‘Civinrde el aew, Lishe! Zocote i, st

¥ Etarding

L6 | WA Agy, 35§ TERG- 704

i large senle fo activiee high performance photocstalytic
reactlons,

The perovskite-type oxides, such as mntalates and titanates,
hmee recently attracted much attention, beenuse of their I:n';h
photecstalytic activities under UV irradiation and, more
remarkably, under visible light'™ These tmnates, such o
ATiCh, (A = Ca, BE, Pb, Fe, Co, Mn, i, Co, and 20} hoe been
gudied as functonal inorgande magerials with many applica-
tions s edectrides for slid axlde fuel cells, matal-ulr barrkers,
s semsors, solid lobricants, amd high-pedformance aime
Iywts,*** Among these marerials, we consider the fansition
metal titnnaies, such as FeTiod,, CoTi),, MoTidy,, NiTiOy, e,
that erystallize in the llmenite stroctare under acmospheric
prisssire. ™ = They are of prticular intenest due to thelr versatile
electrical and magnetic propertices, soch as their ulll‘i'Ferwmu.g—
netie behavior™™** The rekuted properies of severl tanage
oubides luve been investigated experimentally and theoretically,
FeTich, is of interest as a nomarn] mineral and o major searee of
titanium for the commercinl preduction of T, The electmnic,
magnetic, structural and elastic propoerthes of bk FeTiOy, have
been computed using the density functional theory [DET)
formalism and o et caboulations* @ Within  such
uppm.l:'hu.. the electrmonie groumd sooe pmperrl:: and the
charge ransfer Irvoled [n FeTioy were dewermined by the
srong coupling of the structure with the charge distabution.
The gquanmem-mechamicn] descriptivn of these fentures s veny
senditive o the treamme nt of elecronic oochange amd correla-
ton energhes. This allvws s to conclude that the metal dia-
nates are strongly correluted systems and therefore the elearon
comelation part should be taken Into sccount sufficiently.
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The present work reports theoretical approaches o model
the roctures and = the electronic nnel vibmiional
propertes of NITVO, nomoclusters, Comparative studles were
also performed By using bulk enyetal, with s Infinite and
periodic strucure. Previous theoreticn] opproaches developed
ber Kim er @l ™ were used o compute the electronic propentics of
the bl e [ ndiinde MITIO system. However, o the best of our
knwledpe no purtcelar models: hove been developed 1o
compate and predics the physical properties of the KT,
manostructnres. The shdy of nanosized systems, with negard o
the critical sofe of the specific active surface in physical
phenmnena, is of great Inberest Particularly, because the
interfaces between the active maserial and the sumounding
media contribate critically o the efficency of heterogeneous
wtalysis, However, developing theorethcal mocdels and nuamier-
icn] simulations to predice the decronic, optical, stmoctural,
vibratienal and relared properties of nanoparticlss is a chal-
lenging msk. The numerical approach preseited bere was
partially used In our former stodies devoted o fanctional
sembmnducting systems, ™ The nanostmicres were huile
from thieit native bulk erpstabs with specified piomic positions
as lmvelved In defined space groups. Also, in this work, the
modeling of ilk gstems is of primany impoftanee i devel
aping the methodology for establishing the stroctoml, vibes-
tonal and eectronie  properties of  PanosTctunes,  The
quantum chemieal eabeulations were based on firs-principles
cleulations wsing the ulrasft pseudopotential of the plane-
wave within the DFT formalism, The generalioed  gradient
approddmation exended by Hubbard parmerers was uwsed 1o

luate the el e prog of the NiT#, bulk coml.

The original tagk in this work condsted of modeling the
wrymtn] struscture at the nonoscale, ncluling the relagation of
the eatermost surface ptoms with suitable trearment. The
changess in their electronle and vibeational propertied wen
accuracely described as o funcin of the strectural featares of
the ivvestigated nanoelusters, Also the influence of the surface
w the plysical propesties of the clusters was demanstrated,
Thi simultion of electronic band structures clarfied dhe
charge trunsfer chamcteristics. This approach paves the way 1o
eluckiating the mochantems behind the photecatalaic activity
of the nonosized NITHO, matermls. The theoretical mesulis are
compared to the datn obmined by cxperimental investigarions
of the relpvant features of MITH, nonostnsctures,

Computational details and cluster
building methodology

The erstal structures were osmpoted for owo diferent config-
urations of the material, One of them was considered 1o
represent the bulk NiTIO, monocrysial enystalllzed i the
ilmenite phases Lo, space group 230 (no, 1401" The seoomd wos
chasen 1 be a nancerystalline cluster of warying size, possess
I the Mimendte strectase in the core, Therefere, the unit eell of
lmenite MITIO; wos buils using the cell pammeters @ = b =
50389 &, = 117054 A and the angular parameters o = § = 0

and 7 = 1207, The positions of representative stomy within the

Wi Aty ds O e

RSC Advarcess

Tabie 1 Latnce parametsrs and atoemic fractional cooedinases of the
KETIC,, crysta stneciuns

ALin name xia i &

i L] L] [IRE L) B
T a -] REETIER]
L aanT) anxiaim 0,280 5]

@ = b= GOZAWI] A, = LTLTIS[2]A,
= [ R S )
B3 (nn. 145

Cell parEmeters

Spoce group

unie ezl are summarteed in Table 1, The crymal structune of
BHTIC), wars built asing the Materals Studio Program Package.
The sme simulation sofiwame wis used o build the [NiTIO, ],
rapostrsciunes with disgmeters from 06 nm up o 2.6 nm,
associated with clasters composed of [NITIO |, and (MITIO, ),
units, respectively. Consequently, all of the mvestigated nono-
crystals exhiblued sphedcal shapes and stolehhomeric compoe
stlons, According o our previous work on ather classes of
manocrvstalline systems, dangling bonds were not spectally
suurmated.”  The wnit cell of the owoocrystal and  the
marphology of the {NiTR), )., cluster are depicted i Fig, 1.
The dlectronie propertics of Uw MITIO; single orystal were
caleulated wsing the DFT methadology, The quantum chemical
caleulations were performed osing the Cambridge Serial Total
Enengy Packape [CASTEPE™ Le the module of the Matertals
Studio Program. The CASTEP is based on the evaluation anc
n.nulju:in. of the total eneTgy infermed from the planswave peews
dopotential methad, The fist task denls with the geometry
oprimisation of the invessigated coystal structure, which is bailt
amid evaluated with respect o the bal energy mindmbation
within the Broyden-Floicher-Goldfarb-Shanm  [BPGS) olpor
mthm.® During the geometry optimisation procedure, the
gymmetry of the structune was frozen but the slze of the unk eefl
was allowed to change. The convergence crifterda for the opts-
mization procedure were chosen os hereafier ousiined. The
converganee of the total energy during the geametey optimizs:
tion procedare cannat be greater than 2 = 107" o¥ per atom, the
furce on the atoem must be less than 001 ey 4%, the dress on
the wom less than 002 GPa amed the masimal stomic
displacement no more than 5 = 10 * &, The cleetron eschange -
comelation dnergy was reated within the Framewoek of the
peneralized  gradient appromimation [GGA) using Perdew-
Aurke-Emzerhaofl  [FRE]® pabeniial.  To  acevlemie  the

Fg 1 The wnit cell ol crystalne KMT0, Reft) snd the unpessiated
nanac rystaling snictune made by the fommda (NITIC b rightl

F5C A, XS & ITRSE-1004 | 1T
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compaational runs, the ultmsolt peseadopatentinl formalism
was used, In this frnme, calcubntions were perforrmed for 75 (3d”
467), NI (3d" 457 and O 28" 2p* ) edevirons. The cot-off energy of
ther plamewave basis set was chosei o be oqual o 300 oV, The
integmtion by numerical sampling for specitic directions over
the Brillomin zome (BE) were carried our using the Monkhorst-
Pack method with an 8 = 8 « 8§ special bpolng mesl, The total
enengy convergenee criterion was assumed to be fulfilbed when
the seif-oonsisent field (SCF) tolerance; fe ogual to 10" e¥ per
atgm,

The clectronle propertics of the MITIO, envstal were
commputed vsing the shove-mentioned parameters, as specificd
for the grometry optimization pmmdurr. The caleubations
were carmbed out in spin restricted as well as spin unrestriceed
procedires, apphing the GGAPEE potential and Heyd-Scu-
serig-Emuerhaf  (HSE0G)  mnge-seporated  hvbrid fune-
tanal, ™™ Hummer #f o™ slwswed that the HSEDG funetionn|
yields the correct electronic band strocture for the semi-
conductom of group-1v. Also the work of Spiowak er al ® shows
that the HSEi6 patentinl may betoer reproduce the electronie
properiies of Ge s'mgie :.'q.ﬂn'ls- with defects, Contrarny to this,
ather wawrks Indicate that the ranpe-scparsied functonals
shaww improvements for strong change tmnsfor systems, - I
is generully known that clwaicn]l DFT potentials do oot
correctly reproduce far-nucleus asymprotic behavipur*™* and
undersstimate the excitetion energies, netably for charge
transfer pricesses, ™ The mngesepamted potentiole lead o
the partitioning of the tosal exchange energy into shor-range
and long-mnge contributions

Ey= B+ E% (1]

To Improve the ecchamge functional, I terms of caleulating
the long-range electrun-clectmn inberactions wsing the HY
eachange integral, the sandasd error function is used. The
repulilon dlectron operstor s also divided Into shont-mage ond
lomg-range parts and cun be defined for b electmng at the
distance as

1 _ Vet derfan)] o erf fury)

Fa g fa

]

wieere the a and 0 pammetess define the exsct exchonge
perventages between the shore and lomg-range exchange func-
tional. u represents the weighting foctor, which contrds the
separation between the short-range eschange funetional and
the bonyg-ramge part of the HF exchange integral.

The Kohn-Sham equation was alse solved using the (A
PRE functional extended by rhe Hubbard panameters. The
introduced methodobogy contributes o precise insighis inte the
elevtronic properties of the material. The major drawhack of all
functionals lics in the underestimation of the caleulated eloe-
trndc baisd gap™ This |s frequently encountered die b the
appreaimate caleulatons of the elocton sell-ingeractlon ener-
ghesi. Algo, pate locol density sppeoximmations (LDALT general-
feed  gradient  approsimations  (GGAF and  even hyheid
funetionals™ * can lack precision in some stances, doc to 5o
called “strongly cormelated” systems,

II88 | R Aov, 015 B TTAG- R0

Nirw Artde Qi

P

Ome relevant solation for describing correlated electrans in
silids conoems the Hobbard macled, ™ based on an extencled
LDA approach, alse referred to as LDA + UL It decrenses the
electron sel Fintergction ecror by selectivily adding an emergy
pormection to lombized electon states, such as d or 1 orhials
where the self-interaction is particularly large, To conetrac an
appropriate funetional, the LOA + I approach subsdivides the
charge density into fwo subspsterns with delocafized and
Incabized features. In the muldhand Hobhand mode the effec
tive LIkA + & enerngy Funetionol s writen as:

Einasp = Elpa * Epdn b — Epin,.) {3)

whire Eyw denotes the standard LDA energy functional, Ege bs
the Hartree-Fock [(HF) functional, Eg is the double counting
term and @, Is one partiche density marris. The HF part can be
written ag follows:

. | y
Enrita) _EEI iz — Upag Wizt {4}

t the renorr

where the 0, forms e lizedd Conlomb
imtegrmls Inthe LDA + & approach, the Kohn-Sham equstion is
mipplemented by the nonelocal pofentinl. On the other hand,
the DFTHubbard method fals o compute the correet energy
difference  between  dystems with  localized/carrelated  and
delocalizediuneorrelated  electronde  states.™  In such  an
approach, the LDAGGA + U methadidogy has successhully been
applied tooomprte the electronic properties of different ternary
mecides, such ns Codloy,™ Coad 00, PraTi0s or O, 105 and
Mindep,,” fased on the owlinged theoredeal framework, the
Infiwenee of the Hubbard parameter U on the electronic prop-
erties of KT, was imeestiguied for the crvstalline structure in
balk material or in nanosized clusters, taking into account the
srong correlation of the d-arbital electrons.

In the present work, the clectrnie propenies of the [NTIO ],
manovlusters were alsg caloulated. To our kivowledge, i b firs
time that pickel tanate nanoamictures have been srudied
thecretically, The methodology requires two different caleula
tion eodes to perform the simulations and also o ensure thedr
wnhility. Thus, the Grussinnd® and MOPAC {(Mokeseulor Ochital)
PaCkape)™ quantum chemisty programs were used, 'With
regard to the skee of the investigated clusters, semiempirical
single pint colewlations were performed, applying the param:-
cterized self-consistent resmicred HF [SCF RHF) PM6 method ™
The convergence of the 5CF procedun: was achicved with an
energy uncertainty ol greater than 107" harvees and mo more
than 150 required jterations, Within sich approaches, the
clectronic propertics of twoe different cluster fimilies were
computed. The first ane deals with (NITIOG), clusters possess
ing an ilmenite crystal structure without any seconstnction.
The seoond considers the same elusters as spevified previously,
bur thelr geometries were optimised according to the wotal
enengy minimizaton. The geometry of all clusters was specified
in Cartesion coonliretes wich ©1 symmusnye. The gradient
convergnRce folerance was equal o 107" hartrees bohr ' using
the guadmtic approximation [QA) methoed, ™ opdating the
Hesslan  matris  during  the optimization. The Hesslan
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evaluation was performed o exclude the stistires giving rise
o nergmtive frequency miodes.

Results and discussion
Structure and electronic properties of bulk ilmeaite NiTiO;

The GUATPRE functional was weed to build the smble NITIO;
erystn] geommietny and to cichiulate the related physical responses,
In the Arst stEp, the goometry optimization of the crystal
structure was porformed, The changes o the optimised momile
distances wore less than 5% compared w the starting values
frivm the defined :L'_!,nuJI.ug:mphiu;' data, It is in agresment with
the former report by Xin et @l* The noticed departures from
these values could be attribitsd o the fact that the present
caleulations were performed at ¥ = 0 K, whereas the exped-
meninl grictural data messurements were generally performed
at room temperatare. Thus, the relatively low deviation betwoen
the optimized values nnd experimental structural datn indicates
that GGAPEE I5 o suitable computational funetonal for the
deseription of the structures of the NiTiCk, erystal. Following the
perfimmed geometry aptimization, one may eonbclude that the
ilmenite METIC), structune appears as the byered organisation
depicted in Fig. 2 (lefi-hamd panel ), where Ti and i atoms form
the bayvers separnted by oxygen atoms,

The cledtronic propertics of the NITIO, crystal were
commputer] within the spin polarized approach for & primitive
umit ¢ell fsee Fig. 20, The band sreciure caleulations were per-
formed in the & space within the BE directions shown in Fig, 2
{right-hand panell. The DFTHSER Function] gives wnsatis-
factory resulis. The obtained enengy gap s equaal o 123 &V,
wheerens the experimenml diom are within L12-2.18 eV Alsn,
the DFTARE functional was conel dered with and without the
Hubbard approcimation, The mentioned fonetional without the
Hubbard approximation and in the spin polanzed regime gives
an energy gap equal o077 eV for the NiTIO, crvstal, This shows
theat using nonempidcly tuned mnge-separated DFT metlods
results in @ significant improvement over raditional  GGa
functionals but docs not give good resalis for the smdicd
eryatal, The large discrepaneies suggest the presence of strongly
correlpted cloorons from the considered (Ti and Ni) ions,
leading to the necessity o explore the Hubbord approdmation
in such systemes. Within the approach basex] oo the DFT/PEE

Fg, @ Pomitiee wait opll of NiTiOg (R and e corraspondmg
reciprochl [sttor il with e coondnates of the speciadl poirts of
the B2 F L2 172,00 I 0000 O K (104, 14, 14) amd J L2 12, L3

‘i Arbice Oniies

RASC Advances

Fig. 3 Eledtron demily projection in @ sehected plane of the NiTIC,
imenike structhurs

potential, the electon density depleted in Fig. 3 alse informs
s about the covalent charcter of the O-Ti, O-Ni and Ti-Ni
bonds, This behovior Indicates the nature of the strongly
comelated system and the necessicty w develop the theoretical
funational o reconcile the predicted electronie Teatures with
the experimental findings,

The furctional madified by the Hubbard approsimation uscs
parameters that ean be chogen for T 2d and NI 3 salence
clectrons in onder to evaluate U energy band gap valucs, The
indhenee of the chosen Hoblard porameter U an the ohenine
hand gops s demonstrated in the summary in Table 1, The
comect evatluaton of the electronie behaviour, In agreement
with experimental findings, requires flaed Hubbard paameers
ab 55 o and 45 eV for T 5d and Ni 3d choctrons, respctividy.
Thus, the DFTPBEE + U method may Frulddl.- a satisfactory
qualitative elecsronde srecture caleuladion with the cormect
chodee of the Hubbasd pammeters. The electronbe band struc-
tuare compited with Ly = L5 eWand Ly = 4.5 eV s presenied in
Fig- 4. This plot indicates that the NiTIO, structure exhibits a
dirett semiconducting nature with an energy gap cqual to L33
oY, Its spin polarioed chamcter i€ alse included in the predicted
electronic festures, Thus, the wp of the walence band (s
constituted by spin pelarized alpha electrons while the bottom
of the condoction band is composed of the beta state. In
acdition, the partial density of staves depicted in Pig. 5 shows
that the spin polarized alpha electrons with rr::r_p'e: at the top
of the valence band derive from the ivbridieation of Ki 3d and ©
2p orhitals; while hybridizstion of the Ti 3d and Ni 3d states
defines the electronie structure of the bistom of the condluction
hand, In agreement with the previous work of Sabador o @™

The energy dispersion of the electronic sates alliws us 1o
caleulbate the effective mnsses of charge carriens. The disgonal
clements of the cffective meass censor for electrons and holes are
caleulated & the erergy derfvatives around the K padnt of the
B, Tollvwing the equatima:

Tabe 2 Hubbard U parsnietsr walues for the Tid and b o orbiials and
ther ey gap vakie calculated by the DFTPEE « U methodoiogy

T Ml | g fov')
il il (1
15 15 175
is 4.5 233
a5 A8 1.4
45 45 4n
W Ay, MS & URIE-17a04 | 17389
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Fig. 4 Eection band siructure calculabed by the OFT/PBRE funcional
wihin e Hubbard approximation U The enenty levls wel: spin
poarized alpha electrons blackl ard energy levels with a beta state
ined] A sharen

| _ VR

| #E k)
m:; = j:: e T e,

W Ak, (51

The effective moss of clectrons and haoles is determyined Tw
fitting the conduction and valence hands (see Flg. 4), respec
thely, to parabolic functions. One may see that the wop of the
walence band and bottom of the conduction band are symmesric
aroamd the & poine of the BE. In this case, the calenlaned
effective masses of the electrons and lades are cqual w m; =
2.00Ehmy and My, = 06836, with the same valiues (o both the
K-Z and K-F directons: of the BE The relatively high values of
the: reported parmmeterns suggest that the Tl.'||:|h'||'i|.}' of charges in
the westgated NiTiO, single enstal |5 relatively low, This
result B of particular importance for the very low electrical
vomductivity [10 " % m ') achieved in NiTi(), ot moderate
temperatures up o 200 G5 The performed ealeulations
confirm thiat in the studied matetial the ebearical conduetion
observed ot temperatures beliny 70 K seems o be extrinsic,
governed by impurities, interstitial sires, eic. 00 takes place wio
e semall polaron hopping mechanism™

Kanocnstalline ilmeniee NiTe0, clusters

serictural and electrode features, Soructural and electronic
properties of NITIO, nanoenstals were investigated for o
particles mde of the dmenite balk material. The investigmted
mancsirucires possess o spherical shape with a variahle
number of (MITIO,), unis, from 8 = 2 up o 103, The single
ot BFTYPEE and DFT/HSEM caleulations wene pecformed for
clusbers with g from 2 up to 20, bt the regulis did not show the
correct behoviour of the enogy differenee betwoen the hlghest
umacrspied moberulor arbital (HOMO) and kavest unoccapded
malecolar erhital [LUMEY wrons the size of the chusser. It s
knsnwn that the standard DFT scheme & nob useful for Anfe
siped objocts beeanse the asemprotic pobential, absent In the
tmilk material, plays a cruclal rale bn te cluster enengy dise 1o
the addition amd remowal of elertrons, This lewds o the

I7aDD| FLD Agy. 25 S TTIEG- T

“Wirw Arade Oniies
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|

DS [electronsieV]

=

E [eV]

fig. 5 Eectron densty of state (D08 coouisted for the NITIO,
irnerd e St by using the DFTIPEE lunctonal augrmenied by the
Hubbard apprommation: polanred sioha slectrans fopl and betn
eecteons Chottam),

calculated enengy gops for finitesized objects often 'h-ring: much
amller than the real gaps.™

Contrary to the results obtained by DFT, the PME6 semic
empirical methodology was successfully applied for such clus
ters, kuding to the cornect estimatxm of the cndmgy gap in
nanasized MITiCh. In Fig, &, the compoted energy differences
A ooy e FERERS the cluster slzes are depleted, The reported
inergy gap splitting as a funcdon of the [NITi0y), unis
demonstrates the size incoced quantom confinement effect,
This ks In agreement with the experimental repor™ on NITIC,
natoparticles thot ghe rse o a blue shift in e absorption
specirn compared e the bulk material, Thet A8 g a0 value
reaches saturation for closters comprising » = 50 [WNITO, ],
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Fig. & Evabustion of e A5 e | e orsegy Spilng varad fomter
maf HiTHO,, units calculated by the PME mettodalogy.

unlts. The energy gap value for the lange clusters satiirates ae
2300,

Uging the PMG muslel, UV-Vis absorption spectm were
camputed for selected clusters, namely | NITIO, |y, (MITH,  ond
(NITO, ). Lamge chaters wore not conshdered due to the
memury limitations of the computer system. The cdeo lnted
spectra are presented in Fig 7, along with the cxperimental
data, A good agreement |5 demonstrated between the spoctrm
calvalwted by the PMG oode] for the [NiTH ), cluster and the
measured one for the r.-q.mlll.n: rxlwﬂrr of MNiTh,. Increasing
the cluster diameter |undt pumber ® = 2-17), the pesiton of the
A band (3 Fig. 7 left-hand panelf shifs w the red spectral
range. The bamd labelled B, with pronounced [ntenskty for smal|
clegters, imadergoes o red shift and decreases natably in imten-
sity with ingreasing cluster size. For the cluster [NiTith), witha
dinmeter of 1.20 am an additional broad peak C develops in the
mange 704900 nm, The broad band in that spectral range was
also demonsiroted  experimentally.  The UVVis  spoctmim

LR N N N B E B N B

Rt ST

e e
i

Fig. 7 UV-Vis absorption spectna calcuimed by the PG moded for

diffprent closters fef-hard pandl, the spectrum cakculated far 1he

bulk crestal by usng fhe DFTPBE + U unctoral {upoer raghl-Fand
paned ard the spesimertaly obtsnsd data lower right-hand panet)

‘i Arbice Oniies
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caleulated for te bulk cryssal BITIO, by using the DFT/PRE + @
fumectional fuee Fig. 7, upper right-hand panef) did not moteh
that obtained experimentally in the high wavelength range,
whore the © band B jnvohed. This confimms that the surface
effers in the experimemal elsorption speetrum of the N0,
powtders ploys a key roke,

The HOMO and LUMOD orbitals, depicted In Fig. 8, for the
investigated clusters (NEHE, o, [NiTi0, ) nnd [NETiE,), show
their explicit separation and contribute to the Jow energy
absorption spectra. The sepatation feature benween HOMO ancd
LUMO aebitals 18 not seen for the balk MITIOL where the
valence pnd conduction bands are attrilnted o the orlbialy
rxpandded through the wlume of the n:pltll. The observed
detabls sugyrest that the separation of the HOMO and LUMO
orbitals gives tise tv B aml O bands

The compardson of the theoneticnl and the operimental Livs
Vis absorption spectm of the (MITiOu); nanecluser cleirly
Indicates the interesting optical actbd of the systemn in the UV
amid the visible rmnge of the solar spoctram. A broad absarption
cdge sitminted at ~411 nm s associated with 0 — 78" charge
tmnsfer ransitions, The high:r wivelength shoulder is assoc
ared with the crveaal Beld sphitting of KT, ghving rise to the
Mi* — Ti'" transitions™ Thus, for the nanosieed NiTH0,, the
photoindueed  charge  transfers  that  are  required  far

HIAC
[ HITI)
(i |
HERATY Ll:lml
NITER PRETi 1y

LATKIY
LTS

HOA4O
ARATICH o

FAg 8  HOMO and LUMOD arbitals cabculved by the PME model for the
[NITREN) . IHITIO g and [NITIO 5 chustors.

P Ao 1S 8 TTISE-1a0 | el
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photoeatalytie seactions may be ensured by several electronic
tmansitions covering the UV and sisible Ight moge. These
contribute to the efficlent photoeatalyic activiy, Finally, It s
woith noting that the msoled dewils on the thearetical
absorpton & are indweved by ealeuloss perfarmed
without any influence from the tempemiare on the structural
rebanation af the NITHO, clusters, The possibiliy of reconciling
the shapes of the absorption bands between the theory and
cxperiments may be realized through the electmn-phonon
interactions and the Franck-Condon nile for the opeical trone
gitlon probabilitles, a5 was used In our previeus work,™

Raman spectroscopy of nanocrysialline NiTi0,. Taking o
mecownt the effect of E'lm'mm-p}ulnnu interactions, the evalu-
atlon of the Raman spectra related to the selected clusters were
perfurmed using the PMG approsch. The Raman spectra wen
caleulvted osing the stancdond procedure implemented in the
fiaussian program package. The calealations were performed
ot b [MATIO )y clusters, Tn one of these, the ilmenite erystal
structisre wits frozen and the other spstem posscssed o surfoce
reconstrocted wsing the geomeiny oprimizatdon  procedure
acparding to the total ETETEY inirmdeation criterion. The last
cluster was chameterized by & completely amorphous network,
The experimenta] and caleulated Raman specttn modeled for
the [MITiOy),: nanochsters and for the NITIO, powder o
depicted in Fig, &

Faor the cluster [NITEOL | - with a primarily ilmenite strocture,
the caleulations show only a single mode ot poddtion . The
cxperimental Raman spectrum shows an intenss band with a
wavenumber posithon 1o agrecment with the coleulated valise,
The C bamd is also the most interse detail in the experimental
Raman spectrum, The titanatcs, such as NMiTiOy, CoTi); and
WauTily, possess hesacoomdinated Ti-0-TH proups and chelr
Raman miodos are associated with the mabn band, located an
TOS, GEH, TAT e, respectively.™ ™ Therdfore, bt owas estab-
lished thar the Ti-0-Ti stretching mode shiuld appeor im the
wicinity of 700 e ', For NiTi, the band At 720 cm ' corre-
sponds b the THO-TH vibration of the copaal structure

—— Bmwenite NI,

—— amarpbeas NITHI,

e W of Bl H'I'IU; &
10 % of amarpbaus

:ﬂ prrimontsl datn

Intensify [ark. sntis]

Fig. 9 Raman spectra for the (NTEO ) neroparticles calculatbesd by
the parsmetrad PME methiod as well as sspedmental pecirum

103 | ST Adk, F05 5, 1R85 [0
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The Raman bands momed A, B and D, with relatively Sow
inmensities mu'npamd t the o, are pssocinied co the full
oprimization and relasston of the nancclister stnctures, This
procedlure, which leads to stable amorphous setworks, cnsunes
malecular bonding distomtions, ncuding changes w band
lengihs and angles, Sech sructural changes modify the vibra-
thonal Features and, as slown operimentally and theoretically,
cawe tiw Harman bands to appear. A supegues tion of the main
Baman band [(90%) for O-Ti<0 strecching and the secondary
bands (1044} related o the amerphous strucmre leads moa
theoretical Raman spectrum that reproduces the features of the
expeerinmental one. The slight departunes from the sperdmental
hand positions oy bee ewplained by the fact the anharmonic
vibrotion terms weore not considered in the calewlaton moded,
The main origln may be related o bond frequency dised batiins
due to amorphization or the cccurmence of vacancies or antisites
contribiting o the damping and frequency shifis of Raman
procdees, ™7 s B, it was prosed taet the bands bocated at
627 and 690 em | originate From the stretching of Ti-0 and
benabing of ©-Ti-63 boneds, while the consribution at 547 om !
resulks fronm Mi-0 honds™

As [lustrated from the theoretical analysis and the experi
mental Raman irvestigations, the omganization of the povader
masterinl is fullv sccounted for in the onalysis that hos been
carried out, The pamicle core hrings the signamare features of
the infinite and bulk costal, while the cutermest partiche
sirfave accounts for the amerphows feutures. This is presume
ably due s the manifestation of surface states with the relaxs-
than i meeonstreetion of the euaermess partiche layers.

Conclusions

The electronie, optieal and vibrational propemies of [NITHO, ],
nanosttsctunes were fnvessigated and compared W those of
bk ilmeenite MiTIOL,. The im'cnig:ud.:d ANCHTTULTIITS Plkees
 spherical shape with the number of [MITHO), units modified
fremm it = 2 up v 1EL The PME semb-empidenl miethodol ogy was
nble o provide o saluabie estimation of the energy gap in
nannsized MITIO, stroemres, The value of the 85 o
s rales at 255 eV for the clusters comprising at least m = 50
|NETECY ) umits. The UY-AVE absorption spectm wene caloulated
using the PME methodalogy for nanosruemres and compared
with these obtalned experimentally. The obtalmed specira
confirm thar the surface effects In NITIO, powders eontribure
with additional band vdges. The comparison of the theoretical
and the experimental UV-Vis absarption spectra obeained far
the (NITIOG ) nanochester chearly Indicates the promising
optial acthvity of the system in the UV and the visibde range of
the solar spectrum. The NiT#, nanoe lssters also exhibit other
relesvant properties regquined for efficiont photocatalysis,

The eabetiloted Raman spectra for the RITIO, custers shaow
the maticeable contribation of the surface m the vibrational
propemics. Among the feamones of che aman spectra, those
relsted o acthe modes of the imenkte structune amd thase
inferred From amorphoeus STy can be distinguished, The
theoretical superposition of a Ruman band that constitutes 90
of the band |Tl'ﬂ1.'hi1‘". and & associated with the O-Ti-0

157



Pabdishedd oo 31 vy HH 5. Doserdoaded by AKADEMEA I8 1AM A DLUGOREA on (ROL201E | 2:47:58,

ANNEXES

Papar

stretching mode, and sevondary bess intense bands [109%),
reisted to the amorphoes strocture, represents the main
features of the experimental spectnom,

Finally, the present work polnes ot the relevant optical
properties of the NiTiO, clusters that allos them to harvest
visible light for efficient photocatalytic reactions. However, the
lome mobility of charge carrers, demonstrated from the effective
mitss estimation, leoves open guestions thint can be sohed osing
a doping procedure. This is o matier of curment development,
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b. Comparison of nickel titanate (NiTiO3) powders synthesized by sol-gel and solid

state reaction
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Comparison of nickel titanate (NiTiO) powders synthesized @m,‘
by sol-gel and solid state reaction
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Availibde unline 18 March 2015 This work was conoeried with the synehesis of NiTil, powders by the sal-gel and the
i salid skate reaction methods and the investigation of their strcucall electronic md
NETH),, pridevs optical properties required for their application in photocatal ysis. The main goal was 1o
Sal-pel determmine which of thess twa symthesis methods was better for sbtaiming a pore NiTi0;
Phoaocaalysis crystalline phase, Synthesized powders were characten sed by BDS, XRD, Raman and LUV -

vis dalfuse refectande Specirosoopies. Al analyis of (Ise results shows that the sol-gel
rowte wirly an annesling seep ag 1350 °C for 2 b o ale atmosphene beads mooa highly pune
nickel rinate powder withoot any further punilicadon @ep A and gap of 22 of was
determuined for this sample from diffise rellectance speciroscopy. The solid state reactinn
route also allows the preparation of NITIC powdens, b with a redusced purity (95%) as
some Tid; and N0 phases are found in che powders, after the same thermael treatment as
for tee sol-pel anples. The EDS and XRD rendis wete conastent between themselves for
all samples, showing that the powders obtained by the sol-gel moube and annealed at
1354 C, during 2 Iy are pure polycrystalline HiTioh with the Hlimenite straonane (hesagomnal
STy Wil Lattie paramerers sround 0 == L5 am and O= 138 mm) In additan, the
observed 12 active Raman modes confirmed the presence of the llmenite phase of KTIO,,
Fimally, thre absorprion specira as determined fom UW-vis diffuse refloctance shows the
preseice of at keast 3 abeorplion bands that tould be explained by the main (HOMD-
LUMEY) ranczions plus iwo ather bands related {0 charge iramsfer from o inTi*t and
K" o T 0t can be expected that these phato-activated charge transfer phenamena
will provide o higlh photo-catalytic activity o this material. AH of e sbove results show
that e sol-pel rodite alliss The preparaten of e ans-Crysifline NaTicy powders,
€ 2015 Elsevler Lid, All rights resepoed,

L. Introduwction buit it s aleo inefcient in arlizing sunlight, Grear efores
have been made Lo increase the wavelength range of Uv-

The development of visibie-light-driven photocatalysis active oxides into the visible range by doping [1-4] or
materials bas been of great imterest in the past decade creating hetero-structures | 56[ Also, attemipts for devel-
because UNV-dight induced photocatalysis, like the one oping new visible-light photocatalysts [7.8] have been
carried out by TiD, not only needs expensive light sounces, maadke, but they are still deficient in either activity or
stahility. Perovskite-type oxides, such as tantalates and

titamates, have recently attracted musch attention because

* Corresponding suther. of their high pholecatalytic activigy under U irragdiation
E-motl naktres- smorales@solar omvestrems (A Movabess Aoevedo), and, more remarkably, under visible light [3-11],

gy 7 B oy ML MR B o e DD Z0HGT
VIGU-S00 fe 008 Blewer L Al pighis mesenaed
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The titanates ATy [A—MNi. Ph, Fe, Co, Mn, Cu, and Zn)
have been smdied as functional inergandc materials with
many applications such as clecrodes for solid osdde Fued
ells, metal-air barriers, gas sensors, solid lubricants, and
high-performance catalysts | 12-T4]. Mickel tiranane (NITEO,),
being an impomant member of the ATIO, family, has been
attracting mach ateention in recent years because it holds
tremendows pomise for a wide range of applications,
expecialy [or semiconductor feclifiers, high temperatiine
superconducions, gas sensrs, and photocatalysts | 151

MiTHD; b5 an n-type semicondocting material wath a
band gap around 218 eV, which possess high elecrical
resistivity and high permittivite. A survey on the relaied
reports on NiTedy indicates that this material has both
semiconducting and anti-lerromagnetic behavior | 12-16],
folkd state reaction has been the conventional method (o
synthesize nicke| titanate powders in the past decades and
it requires a heat treatment step for a stoichiemetnc
mixture of metallic B or N0 and Tilly at temperatines
higher than 1000 'C | 17]. By contrast with the salid state
reaction methed. wel-chemistry synthesis technbgues,
Including sol-gel. sol-procipitation and chemical co-pre-
dpitatien, amoag others. offer many distnctive advan-
tages over the maditional method such a5 mntmlling the
average particle size, homogeneity, marphology, etc, Zhou
and Kang [ 18] have prepared mano-structured MITiOy Ty
the calcination at 900 € of the precipltate produced by Ni
(0OH ) and ttanbum diceide poweder (P-25] in etyltrimethy-
limmuonaem bromide (CTAB) micelle sohetions. Sadjadi
et al, |19 implemented 2 sol-gel method vsing nickel
stearare and Eetra-n-butyl ttanate as Ni, T sources,
respectively, and stearic acid as the complexing reagent,
calanating at 750 °C for 2 h. Lopes et al |20} followed a
sob- gl mate based on the polymerization of metallic
dtrate wsing ethylene giycol and also wsing citic acid as
chelating agent in aqueosss solution, oblining NiTi0,
powders warying the annedling temgreradure from 400 °C
to 1000 C during 2 b in air. These results have shown that
at annealing temperatures as low as 600 T the NiTIOy
phase formation begins. Howewver, for annealing tempera-
tures below 1000 °C, the lattice parameters of the pre-
pared nano-crystals differ  significanily  from the bulk
arystalline powders (JCPDS file 33-(r560)

The subdect of this work is related to the synithesis of
NITiDy pownders by both the sol-gel and the solid stae
reaction techmigques, and the investigation of their stre-
tural and optical properties requlred for their application
in photocatalysis. Complementany experimental character-
izations have been used to monitor their physical proper-
ties In omder to make 3 comparson between these
preparation technigues, fn this way, we intend (o deter-
rvine the hest synthesis method acconding o the obserwed
propertees of the obtaied powders,

These stlies are also dedicated o create photoactive
materials which offer competing alternatives o other sys-
Ems based on ttankm dioxide, typically appied in the area
of clean energy {production of hydrogen) or ervironmenial
care {degradation of water and atmosphene pollutanis),
Investigations of the structural, morpholgical and chemical
properties wene performed by techmiques such as Xeray
diffraction [XRRL Raman spectmoscopy, scanning ek<tron
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mucrcopy [SEM ] and enerpy -dispersive X-ray speciyouopm
(EDSL In additon, the UW-vis absorption cunses, obtained
fom diffuse meflectance specorometry (DRS)L allowed us to
determine the band-gap energy of the prepared powders,

It will be shown that NiTi0; namo-crystalline powders
wene obtained in all cases. Hewwever, in contrast to the
solid state reaction synthesis, the sol-gel oute was found
to be a more efficient method for obtaining the stahilized
lfmenite structure after 4 high temiperitute thermal
Ireatment.

2. Experimental detalls
23, Synthesis

MiTiDy powders were prepared by both the sol-gel and
the solid state reaction techniques. Samples obtsined by
these two methods were labeled Powderd and Powder2,
respectiveh

For making Pewder], the sal-gel procedure was (ol
lowed. The chemicals used were citric acld [Aldrich, 99
pure], dtanium (IV} sopropoddde [ACROS Organics. BHE
pure |, nicke! acetate [ACROS Organics, 9% pure), ethylene
lyeol (LT, Baker. 995 purel In this method a solution of
5768 of citric acid in 92 ml of deionized water was
prepared amd, after this, 3 mi of titarivm (V) soproposide
and 248 g of nbckel scetste wene sdded under constant
stirfing at room temperature (the molar ao between
citric add:titanium (V) isopropeside-nickel acetate was
$1:1) For homogenization, the solution was Jeft wnder
constant stirring for 1 b, Afer this homogenization sme,
t84ml of ethyfene glycol was added 1o the solution
(weight percent matie solution:ethybene glycol of 60040,
The resulting solution was stirred and heated al a tem-
perature between 70 and 80 °C for 3 h, and then it was
pul inte an oven at W00 CC in adr, Tor 1h, The obtabned
powder was then caloinated ar 1000 o1 1350 °C in air foe
2 i a furnace where the femperature was ncreased at a
rate of 5 “C/min from room temperature up o the desired
temperanime.

After annealing (2 h), the furnace was coobed down at a
dow rale dn room termperature, Two different powders
were thus obtaimed by this procedure, depending on the
anneslimg temperature. They ane labeled Powder1 A 1DDOC
for the sample annealed at 1000 C and Powder] _AT350C
far the powder annealed at 1350 'C,

o Powwiler 2 synthesis, solid stale reaction was used fee
which sevchiometric quantities of nickel oxide and titanium
dieide (Akdnch, 998% pure} were mixed in a mortar and
grourd by hand, until the misture was bomogenesous. This
miiktare presended a light gray color, The powder was then
annealed in air ;o oa simile way as described above Tor
Pender ], L e, starting o moom lemperatire, the temperature
wirs increased at a e of 5 C/min wtil the desired tem-
perature was reached | 10007 or 1350 CL Then, the tempera-
e was maintained constast for 2 h Afer that tieme, e
lurmace was cooled down slewly (o pocm temperatuge. In this
vase, the annealing temperature is specified in the label of the
samples a5 Powderd A0 and Powder2 A1350C In sum-
mary, 4 different poweders were obtained: Powader? A DO00C,
Penvier1_A1I50C, Powaler2 A MMAC and Powder2 A1I50C
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22 [haructermiion

The characterizaion of the powders was made using
the following technigues.

221, Sconning electron microscopy (SEM) and energy-
dispersive X-roy spectroscopy (EDS)

A JEOL-JECM-GIGOLY scanning clediron mimosoope
(SEM] was used for the morphological charsclerizations
ol the samples, In addiion, semi-guanfitative analyses
were carricd oul using energy-dispersive X-ray spectra-
scopy (EDS) with a JEGL detector inside the SEM chamber,
The different powders wene deposited on & carbon con-
ducting tape suited for the SEM observations and EDS
analysis. A low electron acceleration voltage {5 kV] was
usedd in order 1o avoid charging these samples

222 X-my diffmction (XRO)

XRD measurements were performed on all the samples
in order o analyze their erystaliing feanres incheding the
presence of other secondary phases, The X-ray diffract-
ometer was an Empyrean model from PANalytical, Mea-
suements were camiod out in 3 symmetrical coplanar
geometry (theta— 2theta)) with 2theta ranging from 200 o
G5, Merays were produced with 0 copper tube (K=
154056 A, K5 = 154438 A} with 178 and 1/d° diver-
gence shis, siwated o 160 and 120 mm foom Che ample,
respectively. A nbckel filer was placed in the path of the
reftected beam to avold contamination in the data from
the K, wavelengihs. A pixel 30 detector was used in all
measurements. The observed data was refined with the
Rietveld method |21 L using the MAUD e 35 software. This
method was particularly wseful for quantdfying the volume
fraction of each phase present in the samples. together
with their crystalling stractune

Z21. Ramar spectiiscopy

Raman spectrometry was also used o characterize the
vibrational properties of the samples. The Raman scatter-
ing spedra were olected with a TG4000 Hociba Jobin
Yvon spectrometer, under 4 microsgope |« 50 LF objec-
tive} and coupled 1o 2 conled CCD. The 5145 nm wave-
length of an ArjKr laser was used as the endtation line. A
resolition of 0,7 cm " was used for all recordesd specira,
The analysis of the Raman spectra was done with the help
of the LabSpec software (v5.25.15) dedicated to identily
thie active Raman vilrational modes rdated to the invelved
orystalline structures.

224, Diffuse reflectnce specorometry (RS)

The optical properties were investigated by using
dilfuse refllectand spectromeiry Tased qan i Oeean O
Spectrometer with an integrating sphere and a Halogen
Lamnp {350~ 1000 nm) a5 the light sousce.

1 Experimental results
31, Scanning electron micrescopy (SEM)

As described above, the dilferent powders were directly
deposited on a carbon (nghacting tape in order (o observe

them with & (JEOL) scanning electron microscope, having
an EDS deteator in the chamber In Fig. | we show the
images for only two samples, since in all cases the
marphology was similar As can be seen (Fig 11 the main
difference is thar the oysallite clusters are larger for
Powder] AT1350C as compared to those for Powder
A1350C samples. However. a5 will be explained below
(from XED) the coherently diffracting crystallites  have
dimensions ol the same order (around 50 am] in both
canes,

12 X-ray diffioetion (XR0)

Fir 2 Wustrates the XRD patterne. Reflections corre-
sponding to the (0125 (1O4% (0005 (006L (113
(O24) (106 (2115 (018) {214) and {300} planes
o the lmenite struciore of NITIOy with space group B3 are
jdentified, The hexagonal symmetny O was wsed to fit the
data sarting typically with laitice parameters a=h=
0500 nm, c=138 nm and a=G=080F, p= 121 in
agreement with the JCPDS Gle 33-09G0, As shown in
Flg. 2, the presence ol serandary phases such a8 Bunseniis
(MI0) and Rutile {TiOy) i clearly seen. Table 1 shows the
details for each sample with respect to the phases present
in the samples. The wvolume fraction of these secon-
dary phases (a5 determined by the Rietveld method) is
feduied &4 the prepatation ternperatiie B incredssd.

P 1. SEM images of: (A} Povader] 810500 with magedficasom = 10001
(] Mooy ANGSOE welih magnific abm « 000
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= Tabile 1
- . - MITIOS crpstad size, esismamed by the Schemey fomela for the
i) ~ T = 1 = ; =1 orystallites anented perpendculs m the (10 4] plans.
=:| Tim J f'%[ " :I. = i Sample [ ——
;. = e 0 e Powder]_ATSO0C 414
4 I I Y S po i
51 ke | 1 Perweberd A 1OO0OC G
E B Powalerd A TS0 BB
- I
el B 'L"'—Jl_'h_"‘ — the erysrallite siges (D4, ) are shown in Table 2. Comparning
. . 5 the crystalline slz_ns for the dlﬂ'en!_m poweers we can sev
L L I l bk that there s an mcrease of the size when the annealing
Y T 3 ! ¥ ! T ternperature is increased from 1000 o 1350 °C For Pow-
-1} an 4 38 fil Tk

2-Theta (Degrees)

Fag. 2 XRD paneny of NITH, Pewileid aod Toswileid, anneded 8
diferent wmperatunes bt sr abmeepkere. The leter B pefers b the
Ruiile phase of Ti0; and "N° to the Doneener phase of Wi
) Powder] AIGEC. (R Powsder] AI3SOC (O] Powiler2 AHHHIC
(0} Parwrler2 ALISOC,

Tahie 1
Tractiom of the phases present m the siSesioed smple,
Sample Phase wollunse fraction (X)
Ty Ty, HiD
(hwemjie] [ Hatibe| {Bnmeiie)
Poswer] A 10000 6 =1 Edi04 55+ 04
Puewilir]_ATISOC 5 (H] 247
Povederd A 10000 44k - 04 185 014 16342
Poswder2_A1350C 18] 1304 1943

Povwrdler2 ATOOC presents ~44% of the Ny lmenite
phase, —40% af Tidy Rutde phise and - I6% of M0
Bunsenite phase. By mcreasing the remperature up o
1350 C the volume fractions of these phases change
drastically to 85+ 5% NiT#ls 33+ 045 Ti0; and 19%
Wil within the uncerainty range, Thus. a higher annealing
ternperature strongly benefits 10 the formation of the
NiTiOy phase in the solid state reaction method,

M similar effect is observed for Poveder] where anneal-
Ing at 1000 °C [Powder] _AIDDOC) leads o (he corxistenoe
ol 86 + 2% Tor NiTi0y, 8.4 + 04% for Ti0g and 56 + 0043 Roar
NI, Increasing the anpealing temperiture o 1350 C
| Poweder] _A13500) contribules to having pure NITIO, with
the limenite structure, within the uncertainty range.

In addition, the crystalite sizes increase for higher
annealing temperatures as observed by the redoction of
the full wicth &t hall maxiooem (PAHM] ol the Brags
diffraction lines. The sbees for the eryiallites adented in
the [1 0 4] direction were estimated by using the SCherrer
equation [22L Dy = K1 /By cos &, where 1 is the wave-
lengthi of the X-rays. & is the Bragg angle, Dy ks the
crystalliee siee 0 the direction perpendicular o the lanice
plames under analysis, By, is the PWHM of the diffraction
peak in radians and X 5 a numerical factor frequently
refermed as the crystallite-shape factor, Considering sphe-
rical shaped particles the crystallite-shape factor was
approximated o K =08 [27-24]. The abtained vahses for
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dert the siee inomases from 435 o 59.5nm and for
Powerder2 I goes fom 56,6 o G16 now We can also nole
the small difference in crystallite size between Pow-
dert_A1350C and Powder2 ANIS0C samples, particularly
alter the thermal treatment,

The lattice parametars were obtained Trom the Rietvetd
relinements with a very good correlation lactor, as shown
in Fig, 3 for Powderl_A1000C, Powder] A1350C and
Powder2 A1350C. The lattior parameders obtained from
this analysis are summargzed in Talde 1,

1.3, Energy-dispersive Xoroy spectroscogy (EDSF

The Momic percentages in the samples were deter-
mined tw energy-dispersive X-ray speciroscopy (EDS). For
A 100% pure nlcke] danae sample, the atonsc propontion
should be 20% nickel (Ni), 20% titanbum (Ti) and B0
ouygen (0) Howewver, taking into account the phase
valume fractions (%F] obtained from the Rieoveld anatysis
(Tabde 1) we expect different stomic percentages of Ni T
and O Powder |_ATIS0C and Powder2_ATODDC are located
in the opposite PYT extremes, For Powder] _AT3S0C,
within the wneertainty errors, abmoss 1060% of the sample
Is composed of NITWD, while for Fowder2 AT000C 44% of
NITHD,, 40% of T, and 16% of NiD was obtained. Accord-
ing to this result, the atomic proportion for  Pow-
der 1 AT should be ~ 2025 of M, ~197% of T aml
~GOEE of O and Tor Powder2_AMWDOC we should get
=17% of Ni, ~-2X% of Ti and --61% of 0. The stomic
peroentages for each sample are displayed in Table 4,
These walues are very close to those obtained by EDS,
confirming the reults obtained from the Rierveld refine
menis. This fact also conlirms that, within g small ervoe, we
hawe a pure NiTi0, phase in the case of Powder] _A13500

34, Remom specérosopy

Fram the above XRD amalysis it was concluded that
highly pure Dmenite NiTiD; was achieved in the case of
Paweder] _ATI50C In order to comoborate the above results,
Raman spectmometry was used to analyze the vibragonal
properties of samples. For lmenie NiTIOy, the axypen
atoms ane detra-conedinated o 2 Ti and 2 bivalent catlons
(M} in a €; symmetry siee. Theonetically, we can expect ten
active Raman modes [ Musany = 54, < 56, L where each E,
mode is doubly degenerated (F, =F' +F*) and ecight IR

]

active moes (Mg =44, <46, L MllliﬁTHI'T].'. this material
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Fig- 3. A refinrarenes of theee of the sampdes; showing e persence of
scondary  phases, (A Powder ) AENNC (N Powedert 413500
(€] Porwder ATI50C

Tahie 3
Lagraw paiamssiers of fhie MITED, phae of b syniohesgeil simphes,
Sample AT Lattice parameten
{nm]
a=k C
Poveder]_SI0000 0503434 - 5. 00 L3R + 4« 102
Poveder]_A1380C 0503280 - 1« W ° LI+ dw b ?
Proveder® AR G503307 - 4 WY 0 AT 42 W ¥
Poveder2_A1ISOC. (503248 « 1+ 10 © LITES5 2w 10 ®

should present Dwo sooustic modes (e = A, +E, | and no
Inacrive modes {15,261

The Raman vibrational modes for NiTi)s are located at
1522 (Ag), 2208 (E ) 2468 (A ) XN.3 (E) 3454 (EgL
304.5 (A} 4653 (Ey), 4645 (A, 613 (E. ) and 708 (A,
cm ', a5 wen in Fig 4. Inthe samples containing a high
fraction of Rutile {Ti0y), 3 contribation in the intensity is
visihle due to the vibrational modes of Rutile at 235, 445
and 610 ¢!, Bufsenite’s (NID) contribiifan o the spec-
ira b not noticeable in the analysed spectral range [27]
Notice that arcund 730cm ', 2 made of relaively low
Intensity appears as a shouker of the more inrense peak
located 701 cm*, This vibrational mode has been
wrongly considered before as one of the ton Raman medes
for the limenite symmetry. The work by Wang et al | 28]
anatyres the Mmenite-type METiOy and based on group
theory, they calculated the Raman modes and concluded
that this shoulder is not one of the ten expected modes,
However, na explination was given lor it ¢ither.

3.5, Diffuse reflectonoe specrrometry ((DRS)

The optical propertics characterization was conducied
by diffuse reflectance measurements form the powders.
The experimental specra wepe analyzed using the
Kubeika-Munk (E-M) model [20] In this frame, the
Kubelka-Munk Tunction Fillg) is intmoduced and depends
on the K- M effective absorption coelficient (K) amd e K-
M elfective scattering coelliclent (5]

.___‘.’.EE:I'_’ .. i

F{Rush %

The K-M elfective absorption coeflicient [K) 15 propor-
tional m the usual absorption coefficient (=) according to
K = e, and the K-M effective scattening coefficient (5) is
related 1o the usual scattering coefficient (5) by § =211 — g5
‘When the material scatters in a perfectly diffuse manner the
KM ellective absortion ooefTicient (K bewames K = 2o and
the K-M eflfective scattering coeflicient (5) is exactly the
same & the usual scanenng coefficent {2}, § - 5 (30311

Under this condition we can use the expression:

TRy g o = ) (b4

A plot of [F R ve b allows os to obtain the band-
gap energy (£;) values following the well-known Tauc
analysis [32,33]

Frovm the plots shown kn Fig, 5 we have determined the
band-gap (HOMO-LLMO transitions o panscrystalline
clusters) for the different powsders in the energy range

Tahie 4
e et of e clrmesds present in e s ples oliLened by D08
Element Atsmie progerison (%)
Povaraler 1_A NI Prmatler]_ATTHIC Parecieel A MS00OLC Powaderd A TTHC
Ml 2573 5 OF T334 Lol 1231 5 L3 ITRY « DRT
m FLGS 4 044 18005 LT TXAN 4 OLEG N1LHS » A7
o AREY L0234 BEED DA% ST 068 B - D2
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Intensity {a.w.)
=

Ay 450

Raman Shifi {cm™)

P & Eamuan spectra for Poweder 1 and Powderd semples divaded meto chree reggons in order o ke able o distingumh the detaily comrespondey o the
specified ranpe. Bach reginn had & dilfenred scale. (&) Penwdber] A 1000C (IF Prowder i ATRSOC (07 Possrdie A NHHOC, (D) Powelen 20411500

berween 2.2 and 25V, Table 5 shows the band-gaps
obtabned from the Teue plots for the different samples.

In Fi 6 we can see the absorption spectra for each
sample, whene twe alworption bands are cleary identified
at 400 and B00 i, respectively. Ressman et al [34] give an
explanation for the absomption bands found in NITIO, after
studying several compounds containing N7 ¥ jons. In their
paper the general features of Mi° ' absorption have been
described in terms of a Bgand feld theory, In a rigosowsly
octahedral environment, i+ will have three prominent
alvorption bands, arising from transdtions from the Ay,
ground state to the Yy, *T,JF), and T, 4G} states These
correspond 1o the promment absorpton bands in the 1400,
fie) and 400 nm regions, respectively. Because of equip-
ment limitations we could obtain only the spears oome-
spanding to wavelengiths in the range foem 400 1o 1000 nm,
bust Rossman's explanation for the 400 and 800 nm bands is
=till valid for our results. Strong spin-ochit coupling together
with antiferromagmetic interactions is befieved w increass
the intensity of the fransition o the 'E. sare ar
= TR = T4 fnrn sch that ¢ becomes more inbense than
the spir-allswed transition to the T, stie in the case of
Ni0. Likewise the transition o the *T), state at 378 nm is
mewe intense than the 415nm Ty, band in NiO. The
greatest absorption band insensities in the 400 am region
are associated with metal ion absorption bands in proximiny
o an iiltraviaker wavelength tail due to charge transfer. The
mast intense bands are aboul an crder al magniude mone
inrense than for NIO. Proximity to 2 charge transfer ulira-
wiobet tail has been recognized o be an important factor in
determining the intensities of electronc ransitions of metal
Ions in general throwugh the mechanism of “intensiiy steal-
ing™. The exient o which the wltraviobet charge transfer
hand extends into the visible region depends in part on the
ion with which the N * shames cxwgen jons. Easily reduced
jons such as Ti*° produce a charge tramidfer tail which
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Tahle 5
Band gap of ihe NTEDS, samples < determuned from e Tauc ploes of UY-
wis absarbance.
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Fig. & Absoibaice wpectoa of the wmples olseised Troom Mo ol -
e SPECITA

ewtends well into the wisible region, whercas hardly
reduced fons swch as P and 5% do nof. Site symmetry
influenoes the color of K * compounds. The degenercy of
the *T,. *Toy, and 'E; states of Ni** in octahedral geometry
are lated aml fuariple-absorption bants occur when Nit
is sitwied in a coordination environment of low symmeiry,
Bands split by low symmetry will show peak wavelengths
which are polarization dependent. The brightest yellow
oolor samples also have the most propoumosd splitting of
the almoiption bamnds. Band intensities often increase in
response o bow site symmetry,

This is alse consistent with moent moleoular caloula-
tions sed on the semi-empitical PME& parameterization
mathad | 35] applied 1o NITI0y nano clusters, This method
was ased to calculate the optécal absorption of MTIO, nano
dlusters and it was lound that for large NITO, clustérs (17
mdecules of MiT0,), 3 absorpiion bands are caleudated. A
band "A° at wavelengths between 300 and 400 nm. 3 band
“B* between 500 and 600 nm and a band “C* between 700
and S nm The calculated band "1 would correspond 1o
the Beds intense band, seen B the insed of (1 6, belween
5500 and G50 s, The calculited band “A" would be related
tor the miost intense band observed experimentally aroumd
400 mm. According o these calculations, the “A” band s
related o optical transitons due o charge ranster from
O o T and NPT @ TIYY. Inoa similar way as the
cxplanation given by Rossman et al |B4]

In surmmary;, all of the above measurements and char-
acterizations show that we have obtained NiTi0, powders
I the pwer poposed metheds; sol-gel and solid stae

rexction, after annealing the samples at 1350 'C in ale for
twn hours. 1t is clear that the sol-gel method is better than
the solid state reaction method because an even more pure
NiTiy crystalline phase s obtained in the former case

4. Conclusims

Micke! dtanate {NiTH,) powders wore symitheszed by nvo
different routes: sol-gel and solid state reaction The synthe-

sigod - powediers were characterized by  EDS MRDL Raman
spectrosoopy and diffuse reflectance specirometry. An analysis
of the EDS and XRD results has shown that the sol-gel route
with an additional anneating at 1350 C for 2 b in air ammo-
sphere. leads 10 a highly pure nickel titanate phase without
army Birther purification step, A band-gap of 2227 + 0,01 eV
wad delermined Tor this sample from dilfuse eflectance
spectmscopy. The EDS and RO resulls were comsistent
between themselves for all the samples, showing that the
powders obtained by the sol-gel roume and annealed at
1350 €, during 2 h, ame pure polyrystalline M0, with the
menite structure (hexsgonal simmetry with bBttive para-
melers amund a=h=05nm and c= 138 nmk In addition,
the observed 10 active Ramian modes confirmed the presence
of 1bwe Nrmenite phase of MiTIOy, Finally, the absorption specira
2% determined from UV-vis diffuse neflectance spectmnetry,
ahonws the presence af ab leest 3 absorption bands that coukl
e explaied by the main [HOMO-LUMO) transitions plus
itwo other bands related o charge transfer from (F° o 74"
and Ni** to T, It can be expected that these photo-
activated charge transfier phenomena will provide a high
phabe-catalytic activiey tothis materisl All of the above results
show that the sol-gel oute aiews the preparation of e
mand-crystilline METIOy powders. Our EDE, XRD and Rarman
specimsoopy results also show that the solid sate reaction
mate does not provide pure powders since they have a
volumetric fraction of e Rulle TIO, phase, even after
annealing them for 2h in aie at 1350 'C Possibly longer
anncaling tmes ase required when wsing this technigue.
Therefore, now we can siady the photocatalytic properdes
of such structures when prepared by the sol-gel muse after
ammealing ar 1350 'C, These mesults also encourage us (o
further sy the prepared nickel Hianate pewders for wsing
it as a photocataltic agent for watey splitting or sateriakr
purification.
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Introduction

Watier dissociation for hydrogen prodection or degradation of
pollutants imadved i wastewnter or in confined ammospheres
regislres photocatalytie reacthons that can be driven by light
radiation within a defined spectral mmge. Among the most
exphited p}umlym Tity, is Il'l:ﬂ.'l;h}' of interest with e
gand o the efficient photogenoration of excionic sates with
high wmocentratims and long 1detimes.' 1 boerogeneous
phatceminhesis based oo Tich, the mechanisms of superoadde
and hydrong] mefical formation and their interactdons in sque
oais selutions hose been deserbed exhaustvely in seveml -
parts devoted o the degradation of organic groups or bio-
Iogieal organisms' ™ However, the efficiency o Ti0, in
photocstabvsis wnder UV irradiation remadns on open prols
lem since costly light sources ere meguired or alternatively
only & namrow speciral range of solar rediaton [4-6%] can be
wsed, Thus, the seanch lor o competiive material has boen
performed o redice the THOy band gap -3 V] Ameong the
approaches, suitable metallic doping has been used' ™ w bet
ter harvest visible Hghi for elficient photocatabdie acthley,* "
In paralle, shemative photoactive sesnioondocting stmoctunes

= ismnnar s ModeTiiey o7 Midrien du bless TME-CVRS G2NE Deserand d
Sfadre, Avesur (L Memiees A0 AF bhbas, Pomee

E-maml bty un fbe oy

“rair di Jurdsngacidn ¥ o Lalialied Avirsdod e P Usidal Sdirirmn. e
IPY New J5iE, UTAR A, 0 F, M

© medrtate g PR, AL Armil Rrolewdl, LUTL fex Dlagues Dy

L A 2 dvvana, Mol
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with low electronic band gaps constitute an interesting
challenge* ™ As ccamples, banolebased servdeondiscing
omitbis such a8 BV, have demnsirted efficient activity in
visible fight phstucatahsis,'” ™ The phoogenerated excitons
ocgun begween hybridiped Bl and Oy, orbitals within the va-
lenaoe band and Vo ocbigals invalved dn the conduction bami.
The cloctrnic energy gap clme ™ 25 oY ollows the
harvesting of o lange spectral range of solor radiation, ths
prsmoting efficient photocatalyic reactions, In simllar ap-
praaches, perovskite-type oxides, sach as Hinnotes, hove olse
demonstmted photocatalytic asctvities under visible-light irm-
diation ™ This, thanate oddes sich s AT, [A - Ni, Ph, Fe,
Car, Mo, Cu, and ¥n] hove been stodied os functonal inor
ganic materials with wide applications as electrodes for solid
omide fued oolls, metal-alr barders, gas sensors, and high
performanes coabss '™ Anng the considered compesi-
tiong for phomestalysis, nickel diannee [NIT80,) with the -
menlte crpstalline seructure exhibite an optical absompeion
spectrum with o hansd gap anuind 2,98 &V, well adagted for
visitde fighadriven photocatatysis. ™"

Alsa, the presont work concerns the synthesis of NiTHD,
thin Alms by o simple procedure based on ff-sputtering and
the investigation of their smcture, mrrphnlnm- amd rq:lhl
properties with the alm of applying them in photocatalysds,
The relvande of the expedmental appraach les first in an e
fective simplificntion of the smchesis process compored o
the one already experienced i our groap by using co
sputtering techndgues from metallic mnpets (Tiand 1) Bok
lowing a wery sophisticated procedure such as Plackets-

e g
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Burman design.” Second, a deep analbysis Iecluding poalorize
tior measirerments has been pafomesd for the ssignment of
Raman getive modes in the erystalline structune of NiTi0,.
Moreover, the realization of films with te Bmenite serciure
characterized by an dlectronic and gap in the order of 1.7 &V
contributes to the harvesting of a fraction of visible light rad
atlon as i was demomstrated by plotocatalyte degraibation af
wrganic dves.

Thns, experimentul approeches: wene developed o opti-
mize the key physical properties required for photosctive mix
terals onder visible radiation. In o first step, the pammebers
of the r-sputtering deposition wene determined to ensure the
approprioie stoldiemetry and thickness of the Mms. As the
ohtakned Alns are amorphous, o pestsynthesis annealing is
reguined for enystal stncture stobiliation of the. ilmenice
pabytype, Structural and vibrstonal Investigstions were car
el ot and anabeed as o function of the annealbg comd -
tions, Thie rfsputtersd thin fAlms offering the approprinee
physical festures were ohipined ond thelr performance was
testind i photscatalysis through the degradation of onganic
ihes dissolved in agueoos media, under visdble light irmadio-
tinm, The photoeatalytle activity was evaluated through the re-
action e constant of dve degradation and nsights o the
loey paramicters which mmitor such photocatalat esponses
and the possible trend o improve their efficiency. were
abtaked,

Experimental details

Symthesis of NiTiO, argets

The mnthests of NITIO, targets was reallzed from stolchio-
metric commercial poswders of Ne0 and Teo, with good parity
(a0 ). Affer homogeneous mixing, shaped disks {diameeter
A mm and thickness 4 mim ) were made by compressing the
poweler with o hvdrnlie press inside o mold, followed by 2
sppund compression prixess using an isostitic prese The pel-
lets were sintered ar 1100 °C for & hours im0 alr o ensore, as
demonstrated by Xeray diffraction susdics, a homogonous
WITICy composiion with a good ovstallicse qualite of the iF
menite sEmicture.,

Depumsition. of the NITit, thin films by f-spbtering

The key parmmeters for fi-sputtering deposition of thin flms
cansist of the argonnogygen (An0] flow, the partial pressure
In thwe synithesis chamber, the ri-power and the sobstrmte woe
perutures during the gymthesis process. Different sets of pa-
mmeters were fested in order w determine the optimal
values that promote pood erystallindy of thin Alms, However,
all the conditions lesd o amerphous ss-fomed flms and a
'pmt-p.nmlinu trewtment & required o cnsane o l'!'}'ltn“l:ﬂl:
stoucture, The optimizatbon of the synthesls panameters g
ing rise to suitable stoichimety and thickness led o values
of B2 seem for the Ac'O flow, 1 mbar for the partial pres-
sure arl 500W for the ri-power and the stlicon substrate eme
petatire was fived at eoom femperngare. The fling wete de-
pasited under the ame conditions and during the same

eyt o
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titae: Thas, the same growth e and tickness wee exposied
for all snthesized flms. The annealing  process wis
comducted with a heating rate of 5 °C min ' while thie conling
e wiss not fxed; the ilm was allowed © coo dosn ot the
marural ate of the oven. Typdeal conling tme frome 10K 90 ts
ambient lemperatsre was about 24 by

Characterization techniques

Xeray diffraction (XKL

XRD investigations were comied out by using an Empyrean
diffractometer from  PAMalytieal working with o Cu anté
cathode [k = 154056 A, K,: = 154439 A) with 14 and 14
degree divergenee slite, sitmaced of 1060 ond 120 non, respece
tively, from the saniple. & nickel flver was placed in the path
of the reflecied beam (o gvold conamination of the data
from Ky radistion. Symmmetrical geometsy ((-20] was adopied
within the 20 range from 20° 60 55° The offset boween o
ane 200 was fwed equal b 5° I8 order to gethor as muich
diffracted raciation as possible coming Fem the film along
with a reduction of the reflection from the silicon substrate,
Refincment by the Rictveld method*® leas been done on the
XRD pattern of the Alm with the best achieved enstalline or-
der, referred to as the repnsentative film. This refinement
ensures guantiative unalysls of e onstal strecun, testure,
sorain, and sae of the coheneni diffracting domains. The soft-
ware Materials Analysis Using Diffruction (MAUD) ¥2.33 wis
selected for (45 aocieracy (i strucoaral relinemsent,

Hamun spectroscopy

Raman spectmmmetry wis used to anobee the vibrotions)
proporties of the Alms in chose relation o the smractural fes
tures, Raman seottering spectta were collected with a Tédion
Huriba jobin Ywin spectrometer, under o micmoscoge |50 LI
objeetive] coupled 0 a nitrogen-coaled CUTY, The 5145 mm
wavelength of an ApKe laser was wmed a8 the excliation
sairee. The Ramon speetm were anahsed by the softwan:
LahSpec ¥5,25.15 1o obtwin the spectrul parsmeters of the
bands [Ramian shifs and loe widthsl A meselstion of 07
e’ was selected o recond the Ramon speotra,

Avinks finree micrseopy

Thee surface topography was chamctored by on Agllent 5560
AFM operating in tapping mode in a0 adr atmosphere at
room temperature, A siticon AFM probe (Monosensor PRR
NOCHR-W tig) was used amd lmoge processing was performed
with Gwwldion Preewan: (v2.27).

Optical charcterizatbon

Thickness  and  refractive  Index meassrements  were
conduceed on NiTit, flms by optical nterferometry with o
setup from FILMETRICS Fab for white light imterferemer
frivge mensurenents, The setup uses an optical fibre which
directs whige light In the spectral mnge from 400 to 3600 nm.
The film on the 5 substrade gives rise 0 an interferometry

hts cermaliz @ The Hoyal Sodety of Chermndry 2010
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atterm which can be amabsed by o fitting prooedure o ex-
tract the film thicknes ond s refrective indes (real aod
Imaginary pars}.

The UVid absorption spectra ol MITIO, thin flmes depos-
ited om guartz subsrates wene collected uking an HRA000
Ooean Optics high resoltion spectrometer with o deute
risum-halgen lamp as the ilemdnation souree, The speoiny
were allected in the wovelength ramge of 200-1100 om.

Phatocatalytic acthity

Phatocatalytie seactions were vesthgated through the degra-
dation of Methylene Hbue (MEB] by Ni'Fi, films immersed in
aquesis wlutiens and imadiated By o UY-vis 200 W Xenan
are lamp (set &t 60 W] The initlal concentration of the MB
contuminant was 10 ° M. The degradation of the dyes was
evalanted by means of eollecting the abssrption specrum of
the coboree solution every 30 minwcs during a perod of 3
hsurs. The experimental setup conslsts of o gloss beaker

Wi Arade Onies

Pamer
!55 IE & 3 &=y
= - = L -

Intensity (arb. units)

ﬁ“"‘""‘—-—w‘.._ ¢
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[ A
TS Na 11854

| | rl A : L, |
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Fig- 1 XBD patterrm of MITRDy ihin flme amnealed o dffesd

'ng the MB with the specified molar
trathon [under continuous magnethe stiering 1o ensure the
hoanogenization of the MB chaged solution]. The thin film
wak ket in @ lodder with its top sudface directed in front of
the colbimated Tkght beam

Results and discussion
Structural investigations [XRI)

The synthesized and annealed NiTiO, thin films were investi
gated by XRID a5 & fuinction of the symihoesiy conditons and
the annesling trestments performed at different emperas
tures ard d i The = marameters leading to
hismogencous films with an approprise thickies wene optk
nioed at S0 o for ArO fow, 001 mbar for rrimsune and
S W for d-power, respectively, with deposition ot moem tem-
perature. Diffprent fkms woere Tovestigoied  for different
annenling temporatiunes i B0k O, SR A0, 1k G and 1104
= for 2 howors, In addifion, a samgde annealed for 4 hours at
AW =0 amd another annealed for 6 hours ab 900 =C were alsa
characterioed in order to obsene the role of anncaling condi-
tiens in the coystalline arder, The XED patterns summirized
In Fig. 1 Indiente the coorrence of o good erysaliine st
ture for pnncaling a1 9000 °C for 2 hours under air. Wihen
the remmpemiure is inoressed op o 116 °C, the strociure
seems o be degraded (in comparison with the film annealed
at 1000 °C) and an intense peak ot 30 ¢ 10,7 appears. This
peak has been attributed o the formatin of o orpstalline
layer of 5i01; with a eristobalite strocture (JCPES POF no. 35
1425 at the Interlsce between the NITIO, Hlm and the sillcon
substete, This was confinmes from the XRB patterns of thin
films deposited by 0 compriex process of cu-spuﬂl:ring from
twn metallbe targeis (N1, T} on Fused quart: substrates, well
stable ab tein peratitne laigher than 1100 *C*"

The quantitative analysis of the XRD patterns from the o~
spuittered thin Mms shows well defined and intense peaks k-
wited o I positions of 24.2°% 3327, 3507, 40.8°% 4955
54.11°, 5757, 62559, and 64070 According to the standard

Ihix poenel & & The Foyal Socetty of Chamalry 2018

Ler bures and Curl under ar. A} Anrealed &t-800 C for 2
howrs. B Anewaled st 800 °C for 4 hous, O Areesied 51 200 °C for 2
howrs. 01 Annealod ab 300 *C for & hours. E} Bnnaaied at 1000 °C fior 2
hensi ) Anndabed @ 1100 “C for 2 hoaste

struchimal referenes JOPDS Mo, 330960 related o the imenite
NiTIO, phase, the abovw data ore sssigned o the planes
[y, fuid], (100, (103, (024, [118), (221} [224] anad (0],
respectively. Fig. 2 shows the XRIY patterns of the NiT#, thin
M with opimized deposiibon conditons and annealed at
Ty o for 2 howrs usder air This flm will be referned be-
levwy a5 thee rpprep-emu.liw Ffilm ancl will he Inunﬂippﬂl h} o
man, AFM, and optieal methods and tested In photocatalyiie
FracTRunE.

The softwarne MAUD v2.53 (ref, 28) was nsed for the refing-
ment of the XRD pattems of ihe represeadative MITIO, Mlm,
As seen in Fig 2, the diffraction patterns did not show any
wecondany pheses such as mitike [T90,] or bunsenie [MNiC) along
with the Bmenite phase of nicksl tdmanate. The refinemenmt
it susimaieed in Table 1 for the Glin feberes ane 154 20 mm

. fe s e
sl & = S i 5

g E-i l 'i':' § % FE
5--' N I ' 5 ‘“%
g Ik---..a St
2 ‘--i"-Jv......J ¥
e

2. Thets (Degrees) "

Fig. 2 XEAD refinemient of a representative HiTED thin #im annealked ot
1000 “C fer 2 hours i &ir a5 8 pure. Bmenile phiis by wing the
Hmtwmld method, The standard reference JCPOS Moo 55-0960 i
e

AeEngrpereT
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Table 1 Strachorsl morphoicgecal and optical features of the: regresentathe. BETeOy thin fm obtsned by d-spunienng and annosied ak 000 “C under

adr

il WITI, lattice

o perinwierii (4] Thickress Eaughness Area el ive Bl
=amph |mm) Blicraytmin a=k r frem) [alial} {pr”| mrden np (V)
MiTio, 154 L7 LAt = ; 'S.IJ.E-F-H;"-I I5.7HHEH] 15HE bL N | T .41 171

for the average eowtallic domain slee, 1.4 % 106 for the
micrstradin, and the lattive parameters were close o the
standard values for the menite strocure, fe oo = &= 503 4
and ¢ = §3.80 A, The 10 positions of the difftaction lines are
in sgreemment with those of the JOPDS reference for the ik
menite gmctune |Fig 1L The ar!nl:puil. of the FWHM of the
diffraction lne vickls an estimate of the crostalbine demain
sz b the onder of 154 nm, This value inddeates the absence
of size effects on the broadening of the diffroction line and
with regund 1o the low wabue of microstrin (1.4 = 107, we
e conchude the good guality of the cystadline phase of the
representative MiTIO, film.

Raman investigaiions

The ilmenite strocture of NITID, possesses the space proup
B3 [0 wdeh the axveen atoans belng etra-cosrdinated o two
tetravakent Ti and to two bvulent Ni cations {Fg. 3], it can be
theoretieally prediceed that the oprical. normal maodes of vie
Ierathons @t the Briflowls gone center hive the Tollmdng svir
metries 54 + BE, + 4A, + 4B, [in addition to the 4, ¢ E, zero
frequency acencstic modes).™ !

Therelore, ten Raman active modes (54, + 5E;) are
expected with sach B, mode bedng twolold degenvrated [Eg =
Ej + Ey] along with the eight 0F sotive modes {44, + 4B}

Fromm the experimental specos repocted i Fig 4 and 5,
and exchading the 530 cm ' band due to the sifioen substrate,
the Raman modes of MiTHI, are assgned as folkess in em ™
L6 [Ag)y 2276 (gl 245.7 [Ag), 290,2 |Eg), 343.3 (), 392.6
(Agh 4614 {Eg) 4827 (A, GIRLT [E,) and TO5Y A,

This nasignment is propased by convparing the nelative
Intensities of the Raman hands between parallsl and cross

Fig. 3 Representation of the WITO, iimenite wet cel ano local
arrdiponmiEis af T ams 8

Tt ryComr

podarizations (Fig. 5] The tilckness ol the sample | bess thin
150 nm) prevents the socurrence of sigsificant beam depo-
lnrization induced by birelringence, us experimentally shown,
On the other hand, for culde symmetry, the disgonal elo-
ments of the Ramon scattering tensers of Ay modes have the
same value angd the of-dingonal dements are oo, @ thet
they vanish in cross polarization, In the cose of (imenite, with
rhombohedral symmetey, the diagomal dlements of the seas
bl‘!'irIF tensor may be different bot in view of the strochane,
they can be supposed to be Birly closs 0 aech other, There
fore, under cross polarization, e A, Raoman peaks are
expected o undergo more imponunt intensity decreaves. thiam
the E, ones, as observed in Fig, 5.

The Raman mode attribution can alse be done by compar
s with the Raman spectra of isomorphous MgTicy, as it
was proposed by Wang er ol In both materials, the Raman
acthve modes can be deseribed as symmettie TH-0 streeehing
viliratinns, hond-bending of C-Ti-0, aad trueslations of the
disnlent cations with respect 1o the oxygen groeps.™ The for-
met vibmthons ure espected to be st b the same nequensy
munge sine the snptures o clisge. On the ather homl, the
vibrations dominated by the divalent ontion displacements
are cxpected o undergo Tregquency shifts related 10 mass ef
fevts and would be roughly proportional o the square root of
the matio between the Ni and Mg atomic mosses. Thas, the Ay
mode at 306 cm ' ln METiOy, is predicted ot 197 em ' in
NI, which faicky well matches with the experinwental Hoe
measured af TRESG fm ',

Sinee MgTid; and MITIO; are lsosouctural, the other
madies thot mostly {mobe Ti-0 vibmtions are expected in
the same ﬁtquﬂl;}' mnge. Thus, the A.I mode &t 245.7 cm "

Intensity (arb. units)

T A

Fig. 4 Esierirerial and smultion of the Raman igectiam of the
represeriintive BTG, thin Alm anreated 88 2000 *C for 2 houn in e
ST g
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Intensity (arb. units)

Raman

150 200 250 MHY 350 44k 450 400 450

500 550 550 600 6SB 700 TS0 80

Shift (cm™)

Fig. § Haman specitra coliscted from a representates. NiTHy thn fim grmnsled gt 1000 ~C for 2 hoon ino s abmosphee uwsng: paralel

polailston op) e croms polareaion otlom).

cani e sitribated o the vibeatlons of T atems abong the =
axis and the A, mudes at 398 and 442.7 cm " can be assigned
ta a breathinglike stretching of the Ti centened  oagen
aectalidra,

A typicnl Feature in the Bumon spectra of the ilmenite
structure lies in the appearanve of a very strong band at high
frequencies (e.g. 7059 om '), This Ruman peak can be assock
ated with a mode that s inactive in the similar bat more
symmetric comindum structure (R3c = 15, space groupl,
which implics that this mode arlses from the symimetric
stretchidng of iy, octoheda.™ The B, mode at 2276 cm )
can e oonsidered as the asymmetrie brenthing vibration of
the oxygen octshedm ond the ones a1 2902 and 433 cm '
can be deseribed by the fwist of mygen octahedra due 1o vie
hratioms «of the Ni and Ti atems pamile] to the oy plane. The
E, mades of 63,4 and 8097 em ' are asigned 1o the asyme
mueiric brenthing and twist of the ieygen octahedea with the
cationic vibrations porallel 1o the oy plamse.

In addicion to these Arst-order Ramon lines, o weak and
broal signal [alveady reported) is ohserved around 7158
wem ', A similar signal that appears as o showdder of the
highest frequency mode s alse obsered in the isomorphoos
MeTIo, ™" s origin remalins o matter of debate. In our e
cent work dealing with theorctical modelling and mumerical
simulations of the structurnl, vEhrotional and electronic stme
wires of nitrogen doped N0, ™ our analysis suggests that
this signal may rise from the sooarrence of 2 small Tracion
of un amorphous '|1l|.nr|e The irmehvemens of vibmtional den-
sty of stabes phes Aee o broad featwres that would bead o
the asymmetry of the Ay bond, ie. similor b the ebserved
shamilder in the comddered Raman hamd, The amarphous

Ihix poenel & & The Foyal Socetty of Chamalry 2018

fraction may be accounted for by the high specilic surface of
the grains that compose the flms s dhstmotsd below by
AFM phsermtions.,

Aok foree microscopy

In the case of hiterogencaus photocatahsis, the contact sur
face boetween the photocatahesg sod Hee surrownding media
plays @ key mle in the cfficiency of the phomeatnlysis reac-
tows, The mdceoszructure snd morpholsgies of the grains de
finet the roughness of the sudace that mendtors the contact
betwesn the notive meedin, Alse, the chamcierization of the o
podogy of the film is an imponant facter and atomic force
mderoscopy can be used for s evalustion versus the synthesis
and treatment conditiens, Thus, the Tepresentative spattend
thin film was irvestigated by AFM. The wlee of the magh:
ness and the probed surface area for the optinswoed thin Ao
were estmated o be 192 nm and 687 pin’, respoectively. The
refevant morphology valoes are summarized in Table 1, and
Flg. 6 shows the surfsce Imiage of the represemative NiTiO,
thin flm. The AFM observations indicate the ccoomenee of a
rough surface organized ae nano-islands with high spevific
surfaces, Such orgnization may contribute wothe enhanee
ment of the plutocdalysis efficiency of such thin Glms as
disrarsed below.

Opiical charscterization, The cxperimental nterferometry
disgram was meodnded on the linenite stracture of the repre-
sentative MNITIO, thin film by asing Filmetres equipment
manitaged by the related software, Tig 7 reporis an sample
of ther exprrimental amd simulated intederende diagram from
the representative flm. The fitting parameters were deduced

e g
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Fig & AFM wurlaes whage of 4 reprariiative BTiOy thin filin dreeiled o

a8 1500 nm anad 242 For the thin flme thickness and refoe-
tive Endex, respectively, The relevance of the estimated thick:
mess wis confirmed by profilomasry. measarensents. For the
aptical abserption messunrmmnts, the absorption ooeificient
(i} was dedioed from the Uvvis optionl spectra amd used to
plot (ain)® wersas the photon energy () in order to deter.
mine accurately the band gap of the material. Prom thd Taece
plot depicted in Pig. &, the estrapolation of the linear beho-
iowr oo the (fe) oxis allows us oo detcrming the band £ap im
the: pange .71 bo L 7% ¢V, With sach values, the oblalied thin
films absurk a fraction of visible range for phatoeatalysis ne-
actinns discissed in the forthooming pan. It & worth noting
theat the band gap about 208 ¢V Is inceed Invabed in bulk
A0 erystalline moterinls. For the representative film im this
work, the roughness of about 19 nm may lead @ surfoce of
feets able to modify the band gap compared 1o the infinice
onstal

Phdocatnbtic activity of T, thin flms. The photoe
catalysls experiments were camied out by nsing MB dyes with
a concenttation of 107° M as pollutants in water amd the nep
resentative NiTiOy thin flm as the photocniahse. Under light

= Experimenial
— Simuolated

Intensity (arb. units)

450 S50 650 7SD KSO
Wavelength (nm)

Fig 7 Repressntaticn af e optical imeteomelny paliem mads by &
HWITE)y fhin film anneates s 1000 “C for 2 howrs inosr atmosphere
Thit waliess of Wi (L are suenranzoed o Table 1

‘ol At Qs

CrynEngComm

1722 nm

PO T Her 2 Faurd in ar sirmedphies, RS = 102 fm aoea - EA.7 pn?

mellation from a Xenon are limp [UV-vis-80 W) directed an
the sample surfnce about 4 cm’, the degradation of MB was
mankiored by the aptieal absorpiken medsured &t steps of 30
minutes for § hours, & showa in Fig. 9, the absorption spec-
tra undergo o contimmous deerease as @ fonction of the Hhn
expastre time and demonstrate the photocatplye aecivite of
M, I8 com B0 sefn thad alter 5 howrs of Erradiatbon, G4
ul thee Initial concentration of MB dves was desroyed in the
saflutiom,

The ratio between the absoliite concentration al o gven
time (£ and the initinl concentotion ;) wis plotted versis

time in the kgarithmide scale |-1[:,—.] = fir] (¥Fig. 1o} The lin-
car semi-bogarithmic plot was adjusted by using a frst onder
klnetics as © = O B with the reaction rale comatan esgi-
matesl from  the experiment (Fig- 10) to be k o3
1072 miin L. The visible Iighr diriven phmnu'rln.:ll:, of KiTH, is
thos demonstrated in HITIO, obialned by o simple synthesis

——NiTio,

T Limenr Fit |
Linear Fat I

¥

{oefv) (arb. units)

“I.DII:1 IL':I 13 2:-tl I:SII:EIJ:?lIlH Il:'l 30
Fhoton Energy (eV)

Fig. B Taces plot ol & NITIO; then Bim depodibid on a quars auksirals;
tihe: tilm was annealed ot 1000 *C unoer @ and exhinity the iimenite
ML T
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ity (arb. units)

Intens

500 550 600 650 700 750
Wavelength (nm)

Fig 3 Opticel sbiorplion specua of the M3 chamged salution during
ihe phaotocatslyte process. The imsst reports Ghe abaolole BB
concontation ¥, dme

T,

i~

T

* Txperimenial
Fli curve

In|C/C,|

0 S0 100 150 200 250 300
Time (min)
Fig. 10 Kinetics of the pholocstabytic degradation of ME by waslble

Wght wradated NITIO, The gragh reparts ihe semi-loganishmic gl of
ihe rmmadtized concermration C/C, verks mradiston tme

procedure fillowed by ssitnble treatments oo ensure ilmenite
stmicture with @ good crpslline quality, The photocatalytic
elficiency = a matter of improvement throagh the incease of
the concentration of phstogenerated charge oarriers omd their
lifetime. neveasing the charge carriers may be realized by
sultable doplng as metallie clements, In thls context, subsei-
tutiishal doping is able i modulate the dectronle strscure
of the host material. A second configureion of the metal
dhopling process leads o the formation of chastens wheee enige
ol phenomena such as surface plasmon resonance ontrib-
wie io the enhancement of the efficiency of the phl:lnrnh:lrurﬂr
reactions based on NITI,, Soch approaches ane currently un-
dr coiisideration.

Conclusions

A simnple sl fast synthesis route was developed b obtain
NiTic), thin filme with o good oystalline quality and ssuble

Ihix poenel & & The Foyal Socetty of Chamalry 2018
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Hneenige structune, Solid state nastien was perforoeed o ob-
tain crystalline powders used as targets for the rispattering
methad,  Approprinte  depositon  conditions  and  post:
synthesis treatment were determined to obtain thin Gl
with controlbed feabures. Thus, optimized deposeion condi-
tions and annealing lead w diffraction pasterns of the ilmen:
lte strieture without any sddidonal phase. Vibrational prop-
enies wene investigaled by Bamon specmoscopy. with  the
Identification and exhaustive dismssion of the assipnment
masde for all the acthe modes related 1o the &5 space group,
The sudfacy morphobogy and roughiess were charsterized
hy AFM microscogy, These feanmes chamcterize the contet
surface which can be explodiod in the photocatalysis reactions
considerned In this work thiough the degradaotion of ongganic
d:.luq. in nguedes salntions, We demonstrate the phaotosctivity
of the representative fibm with (e reaction constant e k=
033 = 107 min ', This vubee is in the order of the one
whenined wnder the same conditions on the co-spattering syo-
thesized films from mesille wmrmets 70 ol NG5 The phoio
activity of MITIOL con be improved by modulation of is
electmmic and optical propertics. The doping process using
sultable metalllc or nonmetallic iors s 9 matter of interes
which is curmntly nnder development by the simple synthe
sls approach discussed in the present repon.
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d. Visible-light photocatalytic activity of nitrogen-doped NiTiOj3 thin films prepared
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Visible-light photocatalytic activity of nitrogen-
doped NiTiO3 thin films prepared by a co-
sputtering process

Jagadeesh Babu Bellam,” Marco Alejandro Ruiz-Preciado,™ Mathieu Edely,”
Jacek Szade” Alain Jovarmeaux® and Abdel Hadi Kassiba™
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Mie kil tiarang {RETHC ] thae Alme wesre grosas By 3 i frodpuiency magnesron Co- Spainimneg pesoess prng
metnl (M8 and Ti| Brgels on futed guartz substrates ot a substrede temperahare of 400 "C. Annealing of -
deposted [smophou) filrs wes perfommed st 180 °C for 2 o o Taalize & stable crystaline phase. The
At of B Ti faiget powes 0K @nd 250 'W) @nd nitrogen dopsn an the stndctaral. mophakgecal and
optical progedtied & pest-spresed MNITIO, thin M were sesbgated betdes phabocatalyiic aoirty
urder wsinle bght rradistion. X-ray difmction measwement on the Alms eveslked a puare imenite phase
a1 250 W T powed, Pretorertial canntation changed fram [E04] 1o (10} a6 T powiar incraaced trom 200
10250 W Raman studies on keTals thin e showed almost el the active modes G4, + 565l of 8
oryutstiine structure. Two diferent microsbructures. weme obsened by scannirg ebeciron microacopy,
s Bvased roundod [F50 riml grairs a1 200 W T arget poes wihile decet farms 1500 nmd develbop in
e films deposited at 250 W, Chemicl bondng and valence states of the nwolved ions swch as W 2p, T
2p-and O 15 wane invecsigated by X-ray photoection gecioscopy. Mbmgen dopang mocdifes 1he e
moughress from 12 nm 8o 17 nm as dernonstrated on 200 'W groen Bime and contribuies sso o modfy
the indrect. ophcal band gap from 280 1o 243 & in Alms obtwned ab 250 W Th target power. As a
crucial (o of g doping, photocoatsEytic actity in 8 binad vk kght rnge was obsenad with a
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1. Introduction

Dimeeopment of visible light driven photomtabsts hay been of
great [nterest in the past decode becase ule violet [UV) Eghe
indueed phosncatalysis not only needs expeosdve Byhe sownces but
It is also inefficient In expledting a large spectrum of solar radi:
athon. TiOy shews relatively bigh reactivigy and chemical stability
under UV light, whose enengy cxceeds the band gap of 3.3 eV,
tSeveral approaches for TiOy modifieation have been emploged
such as metal (Ag, Fe, ¥, Au, P, Ni, Co, Cu, Mblion implanted
Tith, nonemeel (8, 5, C, B, P, L F) doped 190, {ref, 1 and 3jand
miedl cwides with p-n junction chareterisies. Attempts have
alsr been minde o develep new visible-light phitocatakyets such
ak Cds, Wk, BIVO, and B5,0,00,5" Hovweer, the resubting
prhstanctalysts are deficient in cither sotivity or stabiline

i rliete o Mofreiibe and MaiTel UK OIS E200, Dnivrry of Aliiae, Aevar
&, Mexicn, FSJUAS be Mang Srance, Bomelt biolaifan-dimingl fas o
JESEATEER Tl 403 MIRTRELD

“drpartiment o Slutricw Snlsnsing-SEES, CAWESTAVPN, ootk JLF. CF
oA, M

ik Chelbedd i f Mg oand Simee Gy o Bdumim ond
drersarislivary  Researl Uwiveraiy of Silvaho, LT Dwisergiecha o arair
Matouriin, Missad

g mfhcency Ipe the gegiacdabion ol inetindens biue by rfodei deped NiTID fhn B

A suitabde high efficiency semiconducor for visible-light-
driven photecatalysis should have sufficiently oamow bard
e fE; = 3.0 cV] o harvest visible lighe, but lange enough (£, =
LE3 V] to provide energede eleetrons.™ In this eontess NiTiC,
with nhpndgnpnl’ 1.2 ¢¥ has recently attrugted much actention
becnizee of bts high photocstalytie activity under UV Irradiation
anid more remackably wisler visible lght " To the best of oar
Imowledpe, mast poblished works have been focused on visible
light photoeatalysis of pure or meml doped NITIOD, nano
partheies, nanonsds and nanowires.' S To enhance the visilile
light absorption in KiTitk, non-metal doping con be one of the
simple and low cost option, This approach was siccesstully
applied for TIO, where nitrogen dopleg shifts the absorption
cidge to lower energies and henee increase the visibbe light
ahsorptiom™*

MNITiCk, in the only temary phase with ilmenite structure in
the WIO-TiDy based matertals, ™" For KITO, (ABOL), cathon
arrangement aking the c-asis ooours as A-B-Vae-B-A-Vac-a-B. .
[Var = Vacancy) as olsh ohserved nlong the plane perpendioolar
tx the c-axig ™™ Moreover, NITIO; fulfllls all conditions such as
tolernnce factor, clectrenegativity difference and octahedral
factor to odope a stable ilmenite structure.™ Thus good sability
and related features of Dmenice NITIO, contribute 1 8 wide
range of opplications for this compounsd sweh oy eribologleal

AT Ade. X015 & MSAT-10059 | 10351
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coating, pigment.® photocatalyst, 2 ctalse® and gas
sensor.®  However, the above properties depend on the
gynthesls method, So for different methods have been devel:
apiel toabeain MITIO, nanoparticles and thin Glme by diffonene
wet chemical methaods such as polymer pyrolvsis, "™ sol-gel dip
coating,™™ swearic ackl gel™ auto-combustion method,™ o
precipitation,™!  solid  sate methods ke molen  salt
synthesis"™ " and aerosol assiseed chemical vapor deposigion.™

Efficiency of phatocatalytic reactions is eritically dependent
an the imperfections of the erstolline strovture, All the chiemy
leal methods require metal-organie melecules, solvents and
lomges e to rech desited composition and meoss of alxye
studies immbve uuﬁi powders, ltepons umpcm'ir:g the charac
teristics of MITICh, hased thin Hlms deposited by physical vapor
deposithond are generally lacking. Herein we perform for frse
time the depotition of mitrogen doped NiTiO, thin films by
radiss frecpuency magnetron co-spaiering osing Ti ond MNi metal
tarpets under argon and osygen atmosphene ag well as nitregen
for doped filma. An achisement of good crplline structure of
the synthesized NiTiC,; films was realised as well as the nitmogen
dbaping: Exhnustive sodies of stroctural ond optieal propertics
wore carried out, The photocatalynic activity tested on methy-
leme b (ME] solutioig shows enhanced eficiendy in nitrogen
doped film compared o un-doped stroctures.

2. Experimental details

RiTH0, thin films were deposited onte fused quanz selsiraies
using Plassys MP 50045 ot -mrget sputtering unit consisting of
w1356 MHz, 100 W radio frequendcy [RE] magnetron sources,
ais sehermatically shown in Fig. 1. Double side polished clean 2
om = 2em guartz. substrates were intrduced inte depostion
chamber without any pre-cleaning treatmenst, except remiwing
v st prtiches with an abr pet. A 2 dinch guare Ni (99,995 and

+iff—

1. F- Bindas ety
M F-Pellass floww mesicr Iljl
I L= Bl fexck

Bl - Mlechamical sy
EAER Tt predeculie

Ty
TV Threitbrg valee | 35

Fig. 1 Schemanic of two tanget spattenng system

52 | A Agw, JUNS 5 1066110560

Wi Aty ds O e

P

Ti (99.7%) metal targets with a thickness of 4 and 1 mm,
respectively were psedl Sputtering chamber was evocunred by
turbo molecular pamp o o base pressare of 5 = 10" mbar,
Argon b weed as processing gas, oggen played reactive gas role
and nitrogen doping requines defined nitrogen partial presswre
in the deposition chamber, Prespartering was carried out ata
RF power of 50 W for 5 minubes in the presence of processing
s with clised shotters. The substrate was mounted apart from
target at a distance of 100 mm on o rotating dise. Deiled
deposition conditions of nitrogen doped and un-doped NiTH,
thin fibms are Hsted in Table L Depositon pammeters vidue was
chissen froim a set of 12 experiments (L) designed by Plhacket-
HBurman sereening l,‘ppn'gﬂ amed from Fr:limi.nnry ﬂe-Pu:IiLiunl,
which s mot reported in this work, The as-deposbed fibms were
anpealed ot 1100 “C for 120 minutes with a heatig mbe of 3 °C
minute © in air,

siructural charseterization of KT, thin flms were cmied
out using PANalvtical Empyrean X-Ray Diffeactometer opemting
ot 40 K, 30 mA with ¢u B, {4 = L5406 A) and Cu B, [1 =
15444 &) fines in gmzing incidence (o = 0.3} mode. Xray
diffruction [XRIY patierns were recorded in the scanning
runge of 20-65" with o scan step size of 0,037, The XED patem
was anabyeed by the Rictveld mthiod with the Fullprof program
[version 5.40L""* tefinement was curried oot by considering
space group and Inctlee pammeters from Jolnt Commilmee on
Famtler Diffraction Standands (JOPDS) database for lmenite
{0A1-0960) and bunsenite [47-1049) The quality of Retveld
refinement was ovaluated in terms of weighted profile residual
errof [R,) and profile residisal faeeor (K], Confocal Raman
scattering was performed with Tedi Jobin-Yvon mubichomnne]
wpecrometer in simple configuration with 1600 lines per mm
grationg conplied 1o n OCD detector, The spectrawoene collected in
the backscattering geometry, under microscope (500 objectie)
using the 5148 nm wavelength of Ar-Kr laser source with a
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Table 1 RF co-sputierng canditicns doe BITIC, Bun S

Sample identifivarion

Diepasiticn pumimetos (IMTLA%A GNT i (T CINTNERA
Prnwer ol i target |5 4 an ai an
Ponwer al Ti target [W) Jiay 50 2081 50
P edtion i frinede ) (F11] 120 120 K2
Argon s nase {secm) [ L] &l &l
Crypets Tosw ot [sccm) 0] 1 1] 1
it pingei Hesw Fale [seeii) - — 3 2
Shstrsty Ernperature [*C] Bl At Aimi ATHi
warking pressun [enbar] ihid i L2 w2
Anmemding tempermiure U0} F i LRI (RET] (REiT]
Anmeading time [minubes} (§J1] i2n L0 120

o af 200 mwW, Surface morphology was caprured using JECH.
JSM-6510LY scanning clectron microscopy [SEM) at an oper-
ating valtage of 10 kY with a spot size of 30 nm. Composition of
all the filims were determined wsing Ocford X-Mox ey
dispersive onolysis of XNeray [EDAX) systemn atmached to o
secondary electron micnoscope with an aceelerating volige of
1 kW,

The chemical states of NiTit, thin film and nitrogen doping
value were gudied by using Xoray photoslectron speaToscopy
(XPS) measurement perforneed on SSN-100 |Surface Sclence
Insgrumment i, | with monochmomatic Al Ko radiathoen,
Rind ing energies were calibrated relative o the © 15 peak (2846
V). Topography Images were obtalned on an Agllent 5500
aomie foree microscopy (AFM) operating In mpping mode in
air At mom tempenatune with & silicon AFM probe. Optical
properties of KiTW, thin films were recorded osing Cany 1o
double heam spectrophotometer in the wavelength mnge of
M- 800 . Phitoeatubtie study was performed under visilale
light wsing the degmdation of ME as the tes reaction The
vislhle Hght source was a 240 W high-pressare mercury lamp
{100 mm bongh A quantity of 50 ml MB blue sobution with a
concentrution of 1 % 10" mol L' onder continuous magietic
sairring is twkem in @ glass beaker and the thin flm is ploced
wertically im the comalner at o distamee of 100 mm froem the sl
if cident light beam. At reguolar time intenvaly, o sohetion s
collected in cuvette and analyzed by measuring the absorption
at 661 nm |(maximam ahsorption for MEB| usdop an alice SPLH-
POH UVwvis spectrophotometer,

3. Results and discussion

31 stnwtwral features

KR patterns of KiTich, thin films deposited] of 200 and 250W T8
target power with and without nitrogen stmosphere anre depic-
ted in Fig. 2, Fused quart: used as substmbe lesd o amorphous-
like brosd diffraction e at hewer amgle. With 250 W depostion
power, all diffraction peaks were mached o JUPDS card o,
033-0960 (trigomal, @ = b = 5,03 &, € = 1379 A4, V = J0L60 A”),
The diffraction plancs {1024 (104), (116}, (103), (024), (116),
{o16), (214) and (300) are siuaeed o0 24347, 30330, 354997,
L107, 49ES°, GG, STHE, BLEV and 64307, mespectively,

mFﬁm

= 3 “2‘6‘-:'? ) a0

Fig 2 XRD pamerrs af MTOy thin fims gaposved a1 diffemm T
power (200 W O {ONTLEAA) ano 250 W IONTLEGA) with nitrogen
cofEng FANTHELS snd GNTHEEA]

revenl single ifmenlte phase NiTiOw without any secondary
phases. Oppositely, in the case of films deposited at 200 W Ti
powwer with or without doplng, three diffesceion lmes (111), (200)
amd [220) ot 3TAR, 43.66° and G200, nespectively were
ohserved cormesponding o JOPIS card no, 471040 [cubie, o =
4178 A, ¥ = 72,93 A") along with imendie phase for bunsenlie
phase N0,

The ohserved, caleninted and difference profiles of Heteeld
refined XRD pattern of NTLA4A are (Hlustrated in Fg. 3, Owing
tivan bowwe sigraal-bo- reise ratio in the difraction patterm, a limited
number of dght nefined parnmeters were used in the refing
ment process and consist in scale Factors, sen-podnt value, cell
constants and two pammeters anly for the Thompson-Co-
Hastings pseudo-Volgt funetion, ™ The atumle coomd inates and
temperatune factors were kept e, After Bietveld refinement,
lamtice parnmetens and volume of onit ozl of owo phmﬁn wWeTE
determined os @ = b = 502 A, ¢ = 1377 A, ¥ = 301,39 A" for
MITIO, aned @ = 4072 A, ¥="T72.63 A" for KICL. Although there are
sOme r.'l:umj;ﬂ in the lattice pommeters ond wne cefl volome,
they are bess than 1%, Changes in the paremeters can be
atAbuted to Ui stress indoeed by lamice mismatch between the
substrute and the film* The fnod B-factors (oot cormeced for
backgronnd values] were 8 |[MITIO.] = 15,3%, 8 (NBO) = T05%,
B, = BT%, R = BA% and R, = 6.7%, The weight fractions
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Fig. 5 Retesid retnememt for XRO patiern of MNITIGs thie fm
depagitad at 2000 W T e eiing FuliPiol softwaes

whectisored from the Bichveld refinement rosults are 92 (4 7% and )i
{15% for NiTH), and Nith, respectively. This suggests that these
filmig are nicke] deh compared to the one deposied ag 250 W T
poet. It i5 alsdonis from the phase diagram® that N0 oexdsts
with MiTi0, phase at higher KT miio. Howeser the fikm
deposiced ar 250 W Ti power with nimagen daping shawed an
extra reflection (110} at 27.66° comesponding wo rutile phase
(T0; JUPDS card 21-12376) As Tl posser incnmsed foom 20 W
o 230 W, preferentiol orientation on the Ghn changed From
[104] fo [110] plane. Influenee of mitrogen doping on structursl
featumes of NITIO, were not noteed probably due oo low dieplng
rates,

Fig. 4 shows Raman spectm in the suvenumber mnge of
150500 ¢m ' for the NITIy flms deposiced ac 200 and 250 W
Ti piwwer and with and without nltrogen doping. In the case of
ilmenite structure, 10 Raman acthe modes (54, « 58 ) were
abserved and assignsd o 0,7 mmmery with B3 space
group. ™ These mides are charsctersties. of MITIO, and
canfirm the rhombohedral stroctore i agreement with the
Teported fierwmire, ™ The peak Pm;i:inn:. are locared ag 1931,
234L5, 2476, 2920, 345.5, 952, 4653, 4852, 6O%6 and 706
em- . Aceording to Barston «f al of least nine Raman active
fundamental modes can be observsd without any difficulty in

-y
Mo E a Y
CNTHESA

CNTLRAY

IrlEready (&0 urvie)

b ur i
150 e 450 00 750 [
Baman ahifi jam '}

Frg, 4 Raman spoci o HiTeDy thin filvs doposited 8t dferont T)
power 200 W OIONTLEAA and 250 W (DNTLEGAR with rrogen
doping (N TRERA ard QNTHEEA

MDA | A

0i5. 5, NESI-I0555

Wi Aty ds O e

Pafidi

food crvsealline strcture ™ The remaining mode can be unre-
sibved due g0 bew Intensity or overlopping with a closer bands.
Hiwwever, we were able 1o observe all the getive mades inoall the
sampbes Though its lew intensity bamd, the A, mode at 4852
e way wleo observed, The Raman hand at 7068 am " s the
highest frequency for fundamental mede of iimenite phase,
This maode arkses from the vibsathonal mode of MO, octabedr
tht is the symmetrie saretching mode™ The sssignoent of the
maedes to vibration mations was made in agreement with the
similar structure of #3 space group repaorted by Wang of ol for
METICy, stractre,™

A2 Morphology and oemposition
Sarface morphology of KITIO, thin films. depesited ar 200 and
250 W Ti target power and with nitrogen doping are shown in
Fip & As witnesséd from XRIY resubis; orfenation of grains
changed from round shape to facets along with pores as pasver
of Ti target increases, Average graln size was measured o be
2002500 e ap 200 W TL power while o different groin size
distributions were obsemved ot 250 W, Grains with similar sizes
a5 sren in 200 W T power synithesized Blms coesist with groater
prains up to 500 nm. The atmic concentratiens of the inves-
tigeted films obinined from FRAX are presenied in Toble 2.
Increasing Ti mrget power from 200 o 250 W contributes o
loweer the ratlo of NI from 1.7 te 1,2, approaching then the
stolchdometey, IUs warth poing test EDAX speetrum (Fig. 6] was
it ahle o evalute the nitrgen content due o the low doping
values as well a5 the onypen content due te ovedapping of
energy lines of TI La (0,452 keV) and O K= (0,523 ke¥' ) On the
hand, WNifTE miio is of primoany impomonee © define the stor-
chinmetry of the films

The X5 analysis of MOy thin fim deposied a1 250 W T
gt posver with nitrogen doping (CQSTHEGA] hios boen sarveyed)
im the (-1200 eV range of hinding emergics ns shown in Fig. 7a).
My conmminneion speces were observed within the sensitiviey of
the instrument, apart firom the adsorbed atmespheric carbon and
wilieon from the substrabe, Peaks cormesponcling o Wi, T ol O
exciit i the sample and nitrogen peak wos missiog fom the

loNTLEOA

aNTHBLA

FAg.® SEM mecrographs of KaTady thinfirs deposibed st 200 and 250
W T power with nittogen doprg
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Table 2 EDAX snalysis of MiTay then hims

AsoImic concencraion of

Ramrle I entificstion B [t T i) 0 s
NTLEAA 17,34 (LB 7134
OHTLARA 15.02 1w 7155
N THAIA 1788 10.m Faat
ONTHARA 15.13 1112 TLTR

spectrum probably because of lower doping levels The high
resnlution XS spectrum of M Zp O s and Ti 2p ane shown in
Fig, 7[b)-4{d}, respectively, The peaks in Fig. 7(h) locsted bt &56 and
A74 Y eomeaponds to the NI 2pa; and Ni 2p.y states"" The
broarl satellise peaks ot H6d o ond B4 ef ore chameterstic of
dbvalent ¥i (N7 The position of Ti 2pyy and Ti 2py; lines o
ASEG eV amd 4543 €V shown in Fig. 7(d) inddeates s Ti* owids-
tion e, Ad shown i Fig. Tl the peak at about 530,53 eV of O
15 can be attrilmied to MITIO, while the high enengy peak at 5306
o u:m:rpnuc!l to the surfice cominminations® Ammic concen-
tmtion of NI, T and O fromn XS analysts were 12,06, 12.20 and
75,74 agfvh, respectively showing BNUTI mtlo as 0.9 Ti ewvess
cumpare] tothe Wi is the souree o nutile phase obseoved in this
film as presemted In Pig, 2 However stolchiometric compositdon
was ot entmected from the sample beeause of signals coming
From comtamination and the substmte

Fif. & shows surfice topography of nivegen doped and -
doped KITIO, thin Blms deposiied at 200 and 250 W T tmrget
power unider nitrogen armosphere, The rms roughness was
cvaluated as 169 nim [QNTNEAA] and 196 nm (QNTHRE6A] for
the fikms deposited with nitrogen doping ond 122 om
(ONTLESAA) and 21.0 nm (QNTLE6A) for the films  deposioed
without doping. The difference in the surlace roughness wais
abserved in sl the Glms and seems to be due m the depostion
canditions which manitor drastically the film fearares, This fact
wans ailso notlead for the grkn size varation with the increase in
Ti twrget power or uncder nitrogen partial pressare reguired for
doping. AFM images shown'in Fig. 8 indicate dense, uniform
filens with columanar grown mompbology plong caxis

33 Optical and electronic featares

Fig. 9 illustrates the absorption properties of NITIO, thin flms
in the -Ip-u:h:qt range | 200~ 800 nm). Films depuibﬂ! ot MY W

s
E H ini
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Hg 7 i) KPS survey spechnen ol BT then Rlm depodited at 250 W
Ti targed powsr with nitrog on dogeng (SR THESAL high resolution XPS
spectrum & (bl M 2, ) O 18 and (of Ti 2p regions

Tl power show three absorption edges; one a1 lower wave
length region ot about 300 nm (-4 V] rebated o N0 intes-
bands trinsition  Indicating the presence of NI in the
sample us misticed from XHD rescules, Suppression of this kand
cdpr ocours In the 250 W grown A lme which are free from NiG
content. The second absorption edge is located at around 400
o | -3 e¥) related o direct electronic transition between the
upper edge of O 2p valence band and the keswer edge of T4 3d
coluction band. Finally a broad alsorprion edge appeared in
the visible region near 606 nm sccording to the light yelbkow
eohred MITIHD, flm. ™ an inser in Fig. @ shows pale yellow color
of post-annealed flm deposbted at 200 W Th power without
nitrogen doping. This indicates that these Alms indeed almorh
visible light in agreement with optical band gap i pure
MITi,, With |1Jl;n:|ger| disping, slight red shift oeeurs on the
optical absorption spectram imdicating that these films have
better visible light respanse to the ones witlaoit doping.
Acvarding o Agui and Mizumalki, who stodied the inter
metallic charge transfer and band gap of MTIC), (M = Fe, Mn,

CIHTHEAR

h

Fig. 6 EDAN spectum of HiThDy thin fim coposned at 200 W Th poweer with nircgan doging.
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Fig. B AFM imsges of NIy tree Rlry geposited mt 200 arad 250 W T power with nlogen doping

T LEdA
AT WA
= DT LESA,
e DT HEEA

Absorbence. Adark unis)

30 400 L] o TOn ach
Wavlergih, Anm})

Fig. 9 Abmoeplion 4paciek of NiTidy 1hin Sms daposied gl differes Ti
power 200 W OIGNTLELA and 250 W (GNTLEGN) with rigrogen
doping NTHEAA arad QNTRBEAL An irset shows post-amesaled fim
depasited at 200 W Ti power without nitrogen doping

Co and Ni), three types of electronic tmnsitions exist in
NiTily,, ™ They are represented s 0 2p —Ti 3d, Ni 3d — Ti 3d
and Wi 3d ~— O 2p, Heee also two signifeant absorption edges
can ke obseoved die o the covstal feld spliting of defined
WiTity, bands, Indeed, the one associated with Ni®" ghat the
d" fons cantributes to splitting of twas sub-bands which can
be calied Mi'" — Ti'' charge transfer bands. The sccond
broad absorption edge at shorer wave length s atrbured 1o
the ' — Ti" charge-transfer interactions' In order to
ohiain optical bangd gap of NiTidy, thin films, the absorhance
spectri were ftted by wslng Tave's equation ghen as (whef™ =
Aflr — Ey), where A is proportionality constant. Fram the
absorption spectra and the Taue's equation, the results
plotted in Fig: 10, keads woon evaluation of the band gaps,

MEGE | REC Ay, J0IS. 5 1IEAT-105510

The largest band gap for the four ivestigared samples 15
refated o the dircet electronle transition betweon the upper
cdpe of O 2p valence band amd the kaver edge of T 3d

"
]

=
"
L

rm!'ﬂeu} o 22 34

Fg10  Trarsionmed absception spectm of MiTH0, thin films depossted
at difesard Ti poesar (200 IONTLEAA) and 350 W ION TLAGA] wath
nitragen doping DNTREAA and CATREEA) shawing & direct snd (bl
nowect bano gap energins
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comduction band. The caleulated valves ab 3,16, 3,04, 296 aind
242 eV for QNTLEAA, QNTMELA, QNTLHGA and (NTHNARA
respectively, are elose to these of TIO; structures, ™ The lower
chergy oecurs from indirect rangitions doe to correlated
elevtmn stutes in the band gop, which could comespond to
Wi* 3d" band.™ Therefore, the wisible Hght response in the
BT, films would be dug to the transition beeween the K15
3d" band and Ti"' 3d conduction band. The band gap values
for these indireet mansitions are around 2,65, 263, 2.50 and
240 eV for QNTEHAA, [NTNEAA, ONTLESA and QNTHAEA os
shown i Fig, 10 Aecording to Zhao ef @l nitrogen doping in
Titdy Indices bwo characheristios deep levels mesulting band
gaps of L0 eV and 2.5 eV doe to AHEYPED YICANCY and avceptor
smare of N 3p impurity, respeatively.” The scceptor state 15
located uf the top of the valenee bamd and responsible for
recluction in the band gap of nitregen doped Tick,. Similarly
we noticed a slight drop in the optical band gap of NITID,
films doped with nitregen and this should improve the visible
light photecatalytic activity.

34 Iytic investigati

Phatocatalytic process is bosed on the photo-genemted el
trei-hale palrs, which can give rise to redon reactlons with
molemlar species adsorbed an the surface of the catabses. In
this fmme, photodegradation of methylene blue (MB] solutions
was performed on the nlirogen doped and un-doped  KITIO,
thin Hlms under visible light irradiation. Fig. 11 shows the
evolution of absorbance of MH verses mﬂ!nglh with respect (o
the frradintion time, As shown in Fig, 11, the apid decrease in
the hand i.r!rrru.'ity AL A1 nm for CENTLEAA -um'rrp.rud i hilamk
solutton suggests tha the chromophase responsible for char-
acteristic color of MB is mineralized o the irradiatbon time
increases, The change in the sohition during photocatakysis
reaction |3 llustrated In the insecof Fig 11. Mo bhee shift wos
whserved for the sbsorption at 661 nm. but a gradual decrease in
the absarption intensity wis noticed, indi.l:qrh'lg that the lurge
conjugared mmstem has boen destroped! We may  note
Iwwever, that a shoalder around G100 wm in MB selution was
previously reportsd ns oo conseg) of ME me nmd
dimmer formations during the resction, ™

Nirw Artde Qi

RSC Advamnce

Figg. 12{a] shewes the decrense in relative concentration of MB
ander visibde Iluju: Erranfintion with time, For ulmFﬂan.m, nEE
phiotolvsls without any catalyst (Mank solutlon) was alse per-
formed and plotted along with the degradation results, This
prowes that the decolorization of the MB solbution |s Jum.lllf dlue
tix the photocatolytic decompasition of the dyes and the caxent
of decomposition achieved was 60%: {Fig. 12(b]) for the sample
deposited at 250 W Ti power without nitrogen doping, A shght
imerease in the photocatalytic efficiency was observd for the
snrple drplsl'ltd at 350 W T power with nitrogren doping. The
peeudo first onder mie constnt (k) values related o NiTHD,
photocatalvtic pection is given by the fodlowing equation in
terms of logarithmic oo of MB concgntration at tme ¢ (O and
ar inbtlal time (C5).%

(i = kr (1)

The b vahees for ®iT90, thin flms deposiced at 250 W Ti
power with (QETMNB64) and without [QNTLEGA] nitrogen
dupitiy were estimated to be 5,83 = 10" and 575 = 10 7 per
minites, respesthely from the slopes of stradght line obtained
by phating - InfCYC,) versus rmadiation fime as shesanm in
Fig. 12{c). The inisin] degradation rate of ME over these Alms
decreased with nitogen doping and better  photocsalyile
activity was obsereed with film deped with nitrogen. Fie 12(d)
shows surface topography of the NiTi0, thin film deposited at
250 W T| target ponver (ONTLEAA ) after phatocutubiie reaction,
Rrns moughnesys of the Gim decrensed from 21 @ 1606 om after
150 rvinces of reaction, it can be notiend that the wsed films as
photocatalysts are suitable for re-cpeling,

Enhancod visible light photocatalytic sctivity of nitrogen
doped TIO), filns wene reported earlier by Zhao e al and the
degradation efficiency on MB selation is given. as 47.2%. Y. ).
Lin meponed photo-degradatgon of M on NiTIO, powders
doped with Ag under visible lght irradiation and the time tken
for simi lnr degrcdation efficienoy reparted in thoe sady is about
B0 howrs," ¥, Sho et @l achieved degradation efficiencies of A3
and T1% for NITIO, and T, eoupled NITIO, nanoparticles,
respectively after & hours of irradiation under visdble Hght,'™
whermas we repon almost equnl efficiencies within 2.5 hours,

L8]
BEF ——gmnews  Elamk soution ——DOminales  ONTLBEA
—— A0 mirtay — 30 mie
—— 80 misatin s B i P
e ] S IPAA n.._BDMM-
oA FI3 miruiey —— 120 minwe
—— 150 minudes

T

EOR
W pewingth. ./ inm)

i o g\u -
Ef b= o =80 ) L e

Waenange i pem)

Fig. 11  Ahscrpbion changes ol ME soution on blank fathout sernpiel snd HITACy thin fire deposibed 5t 250 W T power washout nitrogen
doging. & photograph of MB eouton in the inset shows the de-colorization of the soiution bedoeg and after the reaction
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Fig. 12 Gal lelndemnhnnut MA monstored as the rormalized concertrabon change. bl de-colorzaton percertage, () mear iemstorms
IFLIC ) v Brackation e undor visRilo ight eraciation far NiTeD, thin ilms deposied at 250 W T1 power [GMTLEEA] and wit b nitrogen
dogung (QNTIRIGA) ardd () AFM image of DNTLEGA sfier photocatalytc maction

Though the eMclencles obtalned in sur work are comparahle
with fisemer reports, the kinetis of the reactions is charorer-
{zed by shormer times. Thus efective photocatahtic degradation
efficienoy n be achieved easily {ne further punfiotion of the
degraded solurion 5 mwquired) by pure NITIO, thin films
deposited on guints sulsrtes ot 2500W T powier, Wi otitadned
suitable characteristics of deposited fillos o oot as efficient
phocoeatalysr, For insmnes stroctural order 5 imporng fg
achileve erystalling ilms with defined optical chorscteristies,
This optical band gap i crucial in the phoboctivity ol tilins
ungler visible light “imadiation and the nirogen doping
enhances the absorbance of these flms in visible range
contributing then to more eficient photentalyses,

4. Conclusions

Framm the performed work, we demonstrote that pure imenle
phass MiTiCh, thin flms with nitrogen doping can be growt an
quartz substrate, thanks to co-sputtering provess using maltiple
metal rargets under partial pressure of oxvgen and nitrogen
atmosphere, XRD patterns under gracing incideme and well
resabved] Raman modes revealed high qualiny of the erystallineg
saructure in investgated flms. Formation of facets with porous
saructure was ahaerved by SEM and ATM on films deposited ot
higher K¥-sputiering power for the ttanium targee X195 analysis
determined  the chemical bonding inmvohed between  the
vonstitutive clements aned their valenee stotes, Effective effect of
nitrogen doplng consists in a reductlon of the optical band gap
of NiTi, films and enhaneed absorption n the visible lighe
mnge, Improvement of the visible light driven photocnmbtic

1055%
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activity wais achleved Trom the degradation of M by nitrogen
duged NITIC, thin fim The sbserved photocatabytic efficiency
was attribited o sypengetic effects of electronde structure
madificntion induced by nitregren doping combined with thin
film mompholegy where higher specifie surface and pomus
sructure are vobed. Potential evploiation |5 inferred from
this work abom the mlevanoe of aitrogen doped SNiTiO, s
akernative to Til, based heterogeneous photocatalyits,
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