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Abstract

One-dimensional hydrothermally synthesized nanostructures such as nanotubes and
nanobelts composed of layered titanates from A>TinO2n+1 family have attracted great
interest due to their high specific surface area, ion-exchange ability and semiconducting
properties, which make them promising candidates for potential applications in the field
of catalysis, gas sensors, dye-sensitized solar cells, lithium batteries and photocatalysis.

Titanate-based one-dimensional (1D) nanostructures are characterized as a layered,
lamellar structure with mesoporous morphology, which may facilitate the transport of
ions to the surface of the elongated nanostructures. The ability of ion-exchange of
titanate-based 1D nanostructures has been utilized for the formation of Ca-doped titanate
nanotubes and nanostructured CaTiOs. Implementation of titanate nanotubes as a template
material ensures formation of modified or new materials of nano-dimensions with
elongated structure inherited from the parent nanotubes.

In the field of photocatalysis several approaches that modify electron band structure of
titanates have been successfully introduced to enhance the photosensitivity of titanate-
based 1D nanostructures in the UV and visible regime. Recently, the increased
photoactivity in the visible range was observed with the metallic nanoparticles/titanate
nanocomposites.

Polyelectrolyte multilayer (PEM) film of desired thickness formed by the layer-by-
layer self assembly of appositively charged polyions assembled on the surface of the one-
dimensional titanate-based nanostructures can be utilized as nanoreactor for the in-situ
synthesis of metallic nanoparticles. By this approach the surrounding polymer prevents
aggregation of formed nanoparticles within PEM film and thus enables a control over the
size and density of metallic nanoparticles in the nanocomposite.

The weak PEMs of polyallylamine (PAH) and polyacrylic acid (PAA) possessing ion-
exchangeable carboxylic groups were assembled on hydrophilic surface of titanate-based
nanobelts by the sequential deposition of polyions from an aqueous solution. PEM films
fabricated by Layer by Layer (LbL) electrostatic assembly of weak appositively charged polyions
were used to bind metal cations within the PEM film. The free carboxylic acid groups that do
not electrostatically bind to the appositively charged groups of PAH during the film
assembly are later used to bind the metal ions as the PEM is exposed to the metal salt
solution at the nominally neutral pH. By subsequent chemical reaction of the metal ions,
metallic (Ag, Cu) nanoparticles are formed within the PEMs. Due to the regeneration of
the carboxylic acid groups upon nanoparticle formation, the control over the volume
fraction, the size and the density of the particles within the polymer film was obtained by
repeatedly cycling the synthesis process. By subsequent thermal treatment PEM is
removed resulting in the metallic Ag(Cu) nanoparticles-titanate nanobelts composite
formation.

Under photo-excitation the metallic nanoparticles in the composite act as electron traps
and hence suppress the electron-hole recombination rate in the semiconductor (titanate
nanobelts) and thus enhance photo-response of such hybrid material in UV region of solar
spectrum. Additionally, visible photo-activity of metal-1D titanate nanostructures
nanocomposites is obtained by the electromagnetic near field induced by the surface



VIII Abstract

plasmon resonance (SPR) of metallic (Ag, Cu) nanoparticles.

Furthermore, the PEM films formed by the layer-by-layer self assembly on the surface
of titanate nanobelts were utilized for the fabrication procedure of titanate nanobelts thin
films. Organic-inorganic PEM-titanate nanobelts composite was assembled in sequential
steps with fully charged polyelectrolyte Poly(styrenesulfonic acid) (PSS) to fabricate 10
and 20 bilayered film assemblies. By applying PEM onto the surface of titanate nanobelts
the negative surface charge of hydrophilic titanate nanobelts become positive which then
enables electrostatic coupling with strongly negatively charged PSS polyelectrolyte
yielding inorganic-organic multilayered thin film with linear film thickness increment as
the number of layers was increased. After annealing at 450°C the inorganic films are
composed solely of crystalline titanate nanobelts that are not oriented parallel with the
substrate. Random orientation of nanostructures building as-formed thin film induces
nanoscale porosity and hence renders these multilayers potentially effective photo-
sensitive materials for the degradation of organic pollutants.
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Povzetek

Raziskave na podro¢ju priprave in funkcionalizacije hidrotermalno sintetiziranih
enodimenzionalnih nanostruktur z morfologijo nanocevk in nanotrakov na osnovi
plastovitih alkalijskih titanatov s splo$no formulo A>TinO2n+1 S0 v zadnjem Casu pritegnile
veliko pozornosti zaradi visoke specificne povrsSine, dobre zmoznosti ionske izmenjave in
polprevodniskega znacaja titanatnih enodimenzionalnih nanostruktur in moznosti
aplikacij le-teh na podrocju soncnih celic, plinskih senzorjev, heterogene katalize, litijevih
baterij in fotokatalitskih procesov.

Hidrotermalno sintetizirane nanocevke na osnovi alkalijskih titanatov imajo
plastovito, lamelarno strukturo in znacilno odprto, mezoporozno morfologijo, ki omogoca
prenos nabitih specij med plastmi, ki tvorijo stene vecplastnih nanocevk, in na povrsino
nanocevk. Uporaba tak$nih enodimenzionalnih nanostrukturiranih templatov v nadaljnih
procesih  omogocCa pripravo novih materialov in enodimenzionalnih produktov
nanodimenzij, ki so prevzeli/ohranili morfologijo templata, vendar jih odlikujejo
spremenjene lastnosti, kot so fotoaktivnost, biokompatibilnost in bioaktivnost. Zaradi
njihove morfologije in zmoZnosti ionske izmenjave smo titanatne nanocevke uporabili kot
templat za pripravo s kalcijem dopiranih titanatnih nanocevk in nanostrukturiranega
CaTiOs.

Glede na ze raziskane in znane fotokatalitske lastnosti TiO2 je v zadnjih letih veliko
raziskav usmerjenih tudi v Studij in prilagajanje lastnosti titanatnih enodimenzionalnih
nanostruktur za uporabo v fotokatalitskih procesih. Modificiranje elektronske strukture
nanostrukturiranih titanatov z dopiranjem z razlicnimi specijami omogoca prilagajanje
lastnosti titanatnih nanocevk in posledi¢no poveca njihovo fotoobcutljivost v UV in
predvsem v vidnem obmogju son¢evega spektra. Se posebej za povecanje fotoodziva v
vidnem obmocju pa se je izkazala kot uspeSen pristop priprava nanokompozitov na
osnovi kovinskih nanodelcev in polprevodniskih nanostruktur.

Za kontrolirano pripravo nanokompozitov na osnovi kovinskih nanodelcev in
polprevodniskih nanostruktur smo uporabili vecplastno polielektrolitno matrico
pripravljeno z “Layer-by-Layer self assembly” metodo. TakSna organska matrica,
naneSena na povrSino polprevodniSke komponente nanokompozita, to je titanatnih
nanotrakov, lahko deluje kot nanoreaktor za in-situ sintezo kovinskih nanodelcev.
Dodatno organska matrica omogoca steri¢no stabilizacijo kovinskih nanodelcev, ki
prepreCuje njihovo aglomeracijo, in s tem kontrolo velikosti in gostote kovinskih
nanodelcev v nanokompozitu.

Vecplastni polielektrolitni nanos smo nanesli na hidrofilno povrSino titanatnih
nanotrakov z izmeni¢nim nanaSanjem Sibkega polikationa polialil amina (PAH) in
Sibkega polianiona poliakrilne kisline (PAA) na osnovi elektrostatskega privlaka.
Vecplastni polielektrolitni nanos nam je sluzil za vezavo kovinskih (Ag, Cu) kationov iz
vodnih raztopin njihovih soli. V vecplastni matrici so prisotne proste funkcionalne
skupine, ki se med pripravo vecplastnega polielektrolitnega filma niso elektrostatsko
vezale s funkcionalno skupino nasprotno nabitega poliiona in delujejo kot vezna mesta za
kovinske ione. Z reakcijo redukcije se vezani kovinski kationi pretvorijo v kovinske (Ag
in Cu) nanodelce. Pri tem se karboksilne skupine regenerirajo in so ponovno na voljo za
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vezavo novih kovinskih kationov. TakSno ponavljanje sinteznih korakov (ciklov)
omogoca kontrolo volumskega deleza, velikosti in gostote kovinskih nanodelcev v
vecplastnem polimernem filmu. Termi¢na obdelava organsko/anorganskega kompozita
rezultira v odstranitev organskega vecplastnega nanosa in nastanek kristalinicnega
anorganskega kompozita na osnovi kovinskih Ag (Cu) nanodelcev in titanatnih
nanotrakov. Foto-vzbujeni kovinski delci delujejo kot past za elektrone, pri cemer se
hitrost rekombinacije elektron-luknja v polprevodniku (titanatnih nanotrakovih) upocasni
in vodi v povecan foto-odziv takSnega hibridnega materiala v UV obmocju svetlobe. Prav
tako nanokompozit kovina-polprevodnik izkazuje povecan foto-odziv v vidnem obmocju
svetlobe, kjer je foto-aktivnost posledica elektromagnetnega polja v blizini kovinskega
(Ag, Cu) delca, ki ga povzroci povrSinska plazmonska resonanca delca.

Polielektrolitne nanose, naneSene na povrsSino titanatnih nanotrakov z Layer-by-Layer
metodo, smo uporabili za pripravo tankih plasti titanatnih nanotrakov. Kompozit na
osnovi vecplastnega polielektrolitnega nanosa in titanatnih nanotrakov smo nanasali na
silicijevo podlago z zaporednimi nanosi kompozita in popolnoma nabitega polielektrolita
polistiren sulfonske kisline (PSS), da smo dosegli 10 in 20 dvojnih plasti debel tanek film.
Z zaporednim nanosom nasprotno nabitih komponent debelina tankega filma linearno
naraSa s povecCevanjem Stevila naneSenih plasti. S termi¢no obdelavo odstranimo
organski del tanke plasti in kot rezultat dobimo tanko plast, ki sestoji iz titanatnih
nanotrakov, ki pa niso orinetirani/poravnani vzporedno s silicijevo podlago. Naklju¢na
orientacija nanotrakov v tanki plasti na podlagi povzro€i prisotnost nanoporoznosti ter s
tem odpira moZznosti za uporabo takSnih plasti kot potencialno ucinkovitih materialov za
razgradnjo organskih polutantov v vodah in zraku.
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Abbreviations

SPR = Surface plasmon resonance

LSPR = Local surface plasmon resonance

DDA = Discrete dipole approximation

XRD = X-ray powder diffraction

TEM = Transmission electron microscopy

HRTEM = High-resolution transmission electron microscopy
SAED = Selected area electron diffraction

FESEM = Field-emission scanning electron microscopy
AFM = Atomic force microscopy

UV-vis = Ultraviolet-visible

QD = Quantum dot

Ti-NBs = Titanate-based nanobelts

Ti-NTs = Titanate-based nanotubes
Ag(N)/Ti-NBs Ag nanoparticles/titanate-based nanobelts composite

Cu/Ti-NBs = Cu nanoparticles/titanate-based nanobelts composite
Ca/Ti-NTs = Ca?" doped titanate-based nanotubes

PAA = Poly(acrylic acid)

PAH = Poly(allylaminehydroxide chloride)

PDDA = Poly(diallyldimethylammonium chloride)

PSS = Poly(styrenesulfonic acid)

PE = Polyelectrolyte

PEM = Polyelectrolyte multilayer

LbL = Layer-by-Layer polyelectrolyte method

MB = Methylene blue






1 Introduction

1.1 Nano-meter sized materials

Nanostructured materials are found in a wide variety of shapes such are spheres and
polyhedrons, cylindrical tubes and fibres, or random and regular pores in solids. [1]
Development and controlled fabrication of nanostructured materials with functional
properties have attracted considerable interest in research community due to their unique
behaviour and due to their potential for numerous applications. Physical, chemical,
electronic and magnetic properties of nano-meter sized materials differ from their bulk
properties. A broad range of phenomena obtained in nanostructures such as size—
dependent excitation, ballistic conductance, and Coulomb blockade or single electron
tunnelling originate from nano-meter sized dimensions. [2] By reducing the dimensions
of the material the increased surface to volume ratio leads to the dominance of the surface
atoms over the interior atoms influencing the surface energy of nano-scale materials due
to the strongly lowered cohesive energy of incompletely bonded surface atoms. Together
with confinement effects, at a nano-scale, the vast surface area can dominantly determine
the properties of nano-sized materials. High surface area is advantageous for catalytic
processes where the catalytic reactions occur on the surface of the catalyst.

Nanoscale one-dimensional (1D) materials have attracted great interest due to their
importance in basic scientific research representing an ideal system for investigating the
size and dimensionality dependence of electrical and mechanical properties and are
expected to play an important role as interconnects and functional components in
nanodevices. [2] Much of the interest in 1D nanostructured materials, especially in nano-
tubular materials, was initiated by discovery of carbon nanotubes in the 1991 by Iijima [3]
and it has been shown that many layered materials are able to form nanotubes [4].

1.1.1 One-dimensional (1D) titanate-based nanostructures: nanotubes
(Ti-NTs) and nanobelts (Ti-NBs)

Nanostructured materials with elongated shapes i.e. 1D nanostructures are defined as
shapes with aspect ratio greater than 10 where the aspect ratio is determined as the ratio
of the elongated nanostructure’s length to diameter. [1] However, 1D nanostructures are
referred to various elongated morphologies: nanowires, nanofibres, nanorods, nanobelts,
nanowhiskers, nanotubes, etc.

Among non-carbon 1D nanostructures the titanate nanotubes (Ti-NTs) and the titanate
nanobelts (Ti-NBs) have been of particular interest. Ti-NTs and Ti-NBs are expected to
exhibit enhanced physical and chemical properties in comparison to their respective bulk
materials leading to a wide variety of potential applications. High specific surface area
and high aspect ratio titanate-based 1D nanostructures have been studied as possible
candidates for the catalyst supports in heterogeneous catalytic processes [5], the
electrodes in dye-sensitized solar cells and rechargeable lithium batteries [6,7], and as
materials for the photo-catalytic degradation of organic compounds [8, 9]. Titanate-based
1D nanostructures are characterized by the combination of properties of conventional
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wide-band gap semiconductor TiO; and by the properties of bulk layered alkali metal
titanates.

1.1.1.1 Crystallography of Ti-NTs and Ti-NBs

The alkali-metal titanates represented by the chemical formula A;TinO2n+1 (A: Na, K, Cs,
3 < n < 9) possess monoclinic symmetry and they have crystal structure of layered or
tunnel-type titanates. Titanates with high alkali-metal content exhibit layered-type
structure, while those with n = 6-9 show tunnel-type structure. In Figure 1 structures of
layered-type Na>Ti307 and tunnel-type NaxTicO13 titanates are shown. The basic
framework of layered-type is built up from three TiOs octahedra in one layer, and three at
a distance b/2 above and below, sharing edges at one level. These octahedra form blocks
which are joined together through corners forming a two dimensional sheets with the
(Ti307)* composition held together by alkali-metal cations positioned in the interlayer
space. [10, 11] The tunnel-type structure consists of blocks of the three through edges
connected TiOs octahedra building a zig-zag ribbon extending in the b direction. Ribbons
from one layer share all terminal corners with ribbons in levels above and below resulting
in formation of tunnels with the alkali-metal cations situated along the channels. [12] The
structure of alkali-metal titanates allows appreciable mobility of interlayer cations causing
a good ion-exchange ability of layered-type titanates [10, 11], while the tunnel-type
structured titanates exhibit higher thermal and chemical stability [13].

@ | (b)

Figure 1: Crystal structure of alkali-metal titanates: (a) layer-type Na>Ti;O7 and (b) tunnel-type
Na:TisOy3.

Since the titanate nanotubes were hydrothermally synthesized for the first time by
Kasuga et al. [14], they were characterized by tetragonal, monoclinic and orthorhombic
symmetry. The crystal structure of 1D titanate-based nanostructures was interpreted,
beside TiO, anatase [14, 15], as (Na or H)>Ti2O4(OH), [16, 17] Na>Ti2Os-H>O [18],
ArTinO2n+1 (A: Na, H) [19, 20, 21, 22, 23] and lepidocrocite-type titanates AxTiz-x40x404
(A: Na or/and H, o: vacancy) [24, 25, 26]. Till today, in the international research
community, the exact crystal structure of titanate-based 1D nanostructures is still under
discussion. The exact determination of crystal structure of nanotubes is hindered by
several difficulties arising from the nanostructures themselves. The small size of
crystallites and the rolling of the nanosheets along certain crystallographic axis result in
broadening of the XRD peaks and appearance of diffuse rings in SEAD patterns.
Additionally, the low weight of hydrogen and sodium atoms render difficult to determine
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their exact position and content in the structure.

Based on powder X-ray diffraction (XRD), differential thermogravimetric analysis
(DTG), differential scanning calorimetric measurement (DSC), high-resolution
transmission electron microscopy (HRTEM) and selected-area electron diffraction
(SAED) the (Na or H)>Ti204(OH)> nanotubes were characterized by layered structure of
orthorhombic symmetry with the lattice constants ap = 19.26 A, by = 3.78 A and ¢y = 3.00
A. [16, 17] The nanotubes are formed by rolling of (100) plane around the b direction
leading in the formation of multi-layered walls. The radial direction and the axis of the
nanotubes correspond to a and b axis of the orthorhombic dititanate, respectively. [1] The
obtained distances of 0.74 — 0.96 nm between adjacent layers building walls of the
nanotubes correspond to the d200. The variations in the interlayer distance are related to the
dehydration of interlayered OH groups (Equation 1). [16, 17]

Na,Ti,0,(0H), —» Na,Ti,0s + H,0 (1)

Second proposed model describing the crystal structure of titanate nanotubes is based
on the lepidocrocite-type titanates with general formula of AxTiz-x40x404 (A: Na or/and
H, o: vacancy). Nanotubes are formed by rolling of lepidocrocite (y-FeOOH)-type sheets
in (010) plane along [001] direction. The tube axis is parallel to [200] direction. [26, 27]
Lepidocrocite-type layers are two-dimensional sheets built of edge-sharing TiOg
octahedra forming flat layers situated at a x ¢ planes [24] as shown in Figure 2. The peaks
in XRD pattern were indexed to a orthorhombic HxTiz2x40x4O04'H20 with lattice
parameters a = 3.783 A, b = 18.735 A and ¢ = 2.978 A. [26] The peaks in the XRD
patterns can be assign to the reflections of the basal inter-layer (0k0) series and in-layer
(200) and (002) planes of the orthorhombic lepidocrocite-type titanate. [25] Furthermore,
the radial distribution of atoms (RDA) function calculated from extended X-ray
absorption fine structure (EXAFS) spectra implies that the local structure of nanotubes
might be closer to the lepidocrocite titanates. [25]

........

.kakk'

Cc

Figure 2: Structure model of lepidocrocite-type A.Tir.s0x4Oy titanate.
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However, nowadays the most widely accepted structure model is the trititanate
nanotube model. [27] Based on detailed XRD, SAED and HRTEM studies combined by
structure simulations it was proposed that crystal structure of nanotubes corresponds to
the H,Ti307. [21, 28] The layered trititanate acid has monoclinic crystal structure with
lattice parameters: a = 16.02 A, b=3.75 A, ¢ =9.19 A and p = 101.5°. [1] In Figure 3
shown structure of trititanate H,Ti307 is composed of corrugated ribbons. Three edge-
sharing TiOs octahedra wide ribbons are joined through corners to form stepped sheets
that are separated by H" ions

‘-«u‘ W*\A AVN‘%A;/AW

| S——. "4 {

L“ ‘“/A?' é‘* e A@* As\ A 'Av

Figure 3: The structure of layered titanate H,Ti30;. Unit cell is indicated by dashed lines.

Nanotubes are multi-walled scrolls formed by rolling of (100) (TizO7) > sheets along
[001] direction of the H,TizO7 structure. [20, 21] Obtained nanotubes have tube axis
parallel to the axis b of monoclinic HoTi307. The radial direction from the centre of the
tube towards the walls correspond to the a axis of the trititanate, and the tangential
direction to the nanotube surface corresponds to axis c. [1]

By the hydrothermal treatment of TiO in highly alkaline environment the fibrous
rather than tubular nanostructures such as nanorods, nanobelts, nanowhiskers,
nanoribbons and nanowires can be obtained. According to literature, the crystal structure
of these fibrous nanostructures corresponds to the structures of various layered titanates
including A>TinO2q+1, where A stands for Na or H and n equals 3, 5, 6 or 8 [29, 30, 31,
32, 33, 34, 35, 36], lepidocrocite-type titanates [25, 37] and NaTizOs(OH)-H2O titanate
[38]. Although there is still no consensus on exact crystal structures of hydrothermally
synthesized fibrous titanates it is generally accepted that these nanostructures are layered
structures consisting of parallel (100) planes with the interplanar distance corresponding
to the characteristic interlayer spacing d2o0 which is intrinsic to all layered titanates. [1,
35] The single-crystalline nanoribbons/nanobelts indexed to monoclinic phase of
NaxTis011-H20 grow along the [002] direction showing layered structure with the
characteristic interplanar distance of 0.82 nm, which corresponds to the d-spacing of the
(200) plane. [29, 36] The rectangular morphology of these nanobelts originates from the
intrinsic structural anisotropy and variation in growth rates of the three principal
directions (001, 100 and 010). [36] The nanobelts’ structure is composed of corrugated
blocks built of five edge-sharing TiOs octahedra. Five octahedral wide blocks are further
joined through corners to form stepped layers. Similarly, the main building blocks of
nanobelts characterized by monoclinic layered A>Ti307 and tunnel-type A2TisO13 titanates
are TiOg octahedra, which share edges to form three octahedral wide one-dimensional
slabs. These slabs form stepped two-dimensional network by sharing octahedral corners.
In tunnel-type titanates, one-dimensional blocks in one layer share corners with slabs
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from layers above and below thus forming tunnels. [33, 34, 39] According to the XRD
and SAED, the diffraction peak at 20 = 11° corresponds to the (100) A>Ti3O7 titanate
plane indicating growth of nanobelts in this direction, which is one of the two prominent
growth directions; i.e. [100] and [001]. [33, 34] The SAED pattern of monoclinic tunnel-
type A2TisO13 titanate nanobelts reveals elongation along the [010] direction with the
two-dimensional framework built of TiOs octahedra running in [100] direction, parallel to
the elongation of a nanobelts. [39]

In contrast to the monoclinic trititanates, which have corrugated layers built of three
octahedra wide one-dimensional slabs, the lepidocrocite titanate lattice, AxTi2-x40x404
(A: x ~ 0.7, o: vacancy) belongs to the orthorhombic system and it consists of continuous
two-dimensional layers of TiOs octahedra connected to each other via edges and cations
situated between layers as shown in Figure 2. [1, 37] The SAED pattern indexed to (200)
and (110) diffraction planes of the lepidocrocite structure was in agreement with obtained
XRD and Raman results. [37]

In addition, according to XRD analysis the structure was also ascribed to the structures
of titania polymorphs TiO2(B), TiO, anatase and TiO: rutile. [32, 40] However, the
synthesis procedure for formation of nanowires with TiO2(B) or TiO> anatase structure
includes post-heat treatments by which hydrothermally synthesized titanate-based one-
dimensional nanostructures are transformed into titania polymorphs but preserving the
elongated morphology. The titanate-based nanowires transform to TiO2(B) at 400°C,
followed by the transformation to anatase at 600°C and at 900°C rutile starts to form. [40]

However, recently electron diffraction data collected by automated diffraction
tomography (ADT) technique were used for the ab initio structure determination of new
phase of sodium titanate NaTizOs(OH)-2H>O, which was formed as an intermediate
species in the synthesis of TiO> nanorods. [38] This type of titanate crystallizes in the
monoclinic space group C2/m. The structure is composed of distorted TiO¢ and NaOsg
octahedra. In Figure 4 the individual TiOs octahedra sharing two common corners and
six, four and five edges for Til, Ti2 and Ti3, respectively, are shown. Corrugated layers
are built up from corner- and edge-sharing TiOn polyhedra arranged parallel to the (001)
plane. Based on the interatomic distances and thermogravimetric analysis combined with
crystal chemistry considerations the final composition of NaTi3;O0s(OH)-2H20 assigned to
this titanate phase includes one hydroxyl group and two water molecules. Since the
(Ti307)* layers are negatively charged the charge compensation is achieved by the
intercalation of one hydrated sodium cation and a hydroxyl group in the space between
two layers, while the water molecules situated in the interlayer space increase the ion-
exchange ability of such materials by making their structure more open. In addition, edge
dislocations and defects, such as mutual layer shifts, were obtained in the nanorods.
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Figure 4: Model of NaTi;Os(OH)-2H:O crystal structure viewed in [010] direction.

1.1.1.2 Formation mechanisms of Ti-NTs and Ti-NBs under hydrothermal
conditions

The exact formation mechanism of Ti-NTs and Ti-NBs formed under hydrothermal
conditions is still controversial topic widely discussed in contemporary literature. Since
the discovery of one-dimensional titanate-based nanostructures formed by wet-chemical
methods, many attempts have been made towards understanding the formation
mechanisms. However, it is now generally accepted that during transformation of three-
dimensional TiO; (anatase, rutile, brookite or amorphous) structure under alkaline
conditions maintained by concentrated NaOH, layered titanates in form of thin single- or
multi-layered nanosheets are formed as intermediate phase playing a crucial role in the
formation process of tubular nanostructures through folding/scrolling mechanism. [41,
42] The formation process proceeds through several stages. At the beginning of the
formation reaction slow dissolution of TiO> powder, epitaxial growth and exfoliation of
titanate nanosheets take place. In the next stage the nanosheets start to fold forming
tubular nanostructures. As-formed nanotubes grow along their axis to reach the final
dimensions. [41]

1.1.1.2.1 Formation mechanism of nanotubes: exfoliation/peeling and rolling of
single-layered nanosheets

In this mechanism, the reaction of TiO; particles with highly concentrated NaOH solution
under hydrothermal conditions starts by the diffusion of Na" and OH species towards the
surface of TiO, particles causing the digestion of the particle’s surface. Swelling and
subsequent peel off of the surface leads to the formation of the titanate nanosheets
followed by the rolling into nanotubes. [43] At the very beginning of the process, a highly
disordered phase is formed. Inside the intermediate phase containing Na, Ti and O the
formation of single sheets of Ti3O7*" or Na,Ti;O7-like nanocrystals is plausible. If the
formation of Na,Ti3O7 nanocrystals is assumed, the excess of Na* cations intercalating in
the interlayer space cause peeling of the single layers from the Na>Ti3O7 nanocrystal’s
surface. In the disordered phase formed Ti;O7* single sheets may start to grow in two- or
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three-dimensional. In the case of two-dimensional growth the nanosheets simultaneously
roll up into nanotubes, while in the case of three-dimensional growth the rolling of as-
grown thick plates is not complete leading only in partial bending of edges. The
increasing surface tension of growing nanosheets caused by the charge of the surface of
sheets is a driving force the curling of nanosheets. Exfoliated single trititanate sheets
curve forming nanotubes. [20, 44] By applying sonication pre-treatment step prior to the
deagglomeration of the TiO: starting material the length of nanotubes can be controlled.
Due to the narrow interparticle space of the agglomerated titania particles the diffusion
rate of OH and Na' ions is uneven across the entire titania surface leading in the non-
uniform peeling of swollen surface layers. Therefore smaller nanosheets and consequently
shorter nanotubes are formed as shown. Schematic model of formation mechanism of
nanotubes with controlled length is shown in Figure 5. [43]

According to the first-principle calculations and experimental thermodynamic data,
even in alkaline environment the ion-exchange of Na" ions by H' ions occurs. The
concentration and spatial distribution of these ionic substitutions are crucial for the
exfoliation process of Ti307 sheets from the layered titanates and folding of as-exfoliated
nanosheets into nanotubes. The bonding strength between the Ti307 sheets is decreased
by the increasing degree of substitution of Na* by H" ions affecting the exfoliation
process of Ti307 layers prior to the nanotube formation. [42] 4b initio calculations based
on the density functional theory (DFT) performed for H,Ti307 structures were employed
for the evaluation of the effects of chemical environment on the two surfaces of the Ti30O7
sheets inducing cleavage and rolling of the sheets. [22, 23]
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Since the Na;Ti307 and H2Ti307 are two closely related structures and H>Ti307 may be
obtained by the ion exchange reaction of interlayer Na“ ions with H" by immersing
NaxTi307 powder in HCI aqueous solution the formation mechanism of HoTi3O7-based
nanotubes is applicable to the formation of NayTi3O7-based nanotubes. However,
although the frameworks of both titanates consist of [TiOs] octahedrons, which share
edges and corners, the positions of Na" and H" are very different for the two titanates. The
bond lengths are 1 A for the H-O bond and well above 2 A for the Na-O bond. The H*
ions are considered as adsorbed on the surface of the Ti-O skeleton while Na* ions are
between the Ti-O layers. There are seven distinct oxygen sites for hydrogen adsorption in
the structure of octahedrons. Oxygen on these sites is bonded to one, two, three or four Ti
atoms. In a stoichiometric H>Ti307 crystal two hydrogen atoms are bonded to these seven
oxygen atoms. Short O-H bond with oxygen located on different sites results in different
total energies, which means that the capability of different oxygen sites for adsorbing
hydrogen ion is different and results in different O-H bonding strength. Adsorption of
hydrogen also causes transfer of certain amount of electrons from Ti-O bond to O-H bond
and consequently Ti-O bond length increases.

For the surface layer of the H>Ti307 in the solution of NaOH the chemical environment
on both sides is different, because the concentration of OH™ and Na" ions in solution is
much higher than in the interlayer region i.e. on the side where the surface layer is
bounded to the layers beneath. The H" ions at the top of surface in contact with region of
higher concentration of OH™ ions (solution) experience more frequent collisions by OH"
ions from solution in comparison to the other side of the layer which is bounded to the
layers beneath the surface layer. In addition, the gain energy for the OH ion to carry away
the surface H' ion is very large therefore the formation of water molecule is very likely.
The negative charge of the surface layer, which is due to the loss of H' ions, is neutralized
by Na® ions located near the surface. Nevertheless the surface is negatively charged,
because Na' ions are only weakly bonded to the surface. As the hydrogen ions are
neutralized by the OH™ ions a higher negative charge is accumulated on the surface. By
the loss of H' ions from the surface and simultaneous accumulation of Na® ions close to
the surface, an electric field is formed, with its strength proportional to the negative
charge accumulated on the surface. On the other hand the limiting process preventing the
decrease of the repulsive field strength is associated with the reduction of the Na* ions.
The equilibrium between these two processes results in a negatively charged surface
layer. Asymmetry of hydrogen content on the two sides of the surface layer may be
described by an average number of H' loss per molecule (8). When & equals 1, it is
assumed that all H" adsorbed on the surface side have been removed from the surface by
OH  ions and it corresponds to HTi3O7 layer. Hydrogen deficiency on the surface may
induce the contraction of relevant Ti-O bonds on the surface and subsequent increase of
the surface tension that provides sufficient driving force for the top most layer to be freed
from the layers beneath and roll prior to the formation of H,Ti307 nanotube.

The ab initio calculations of the surface tension, elastic strain energy, coupling energy
between layers, and Coulomb force indicated that the driving force for the formation of
the single-shell nanotubes arises from the asymmetric chemical environment induced by
the deficiency of hydrogen ions (d) at the surface of a single layer. [22, 23] Released
hydrogen causes contraction in corresponding Ti-O bond on the top of the surface and the
content of hydrogen on both sides becomes unequal. Hydrogen deficiency on one side of
the surface layer introduces surface tension. Surface tension increases with increasing
hydrogen deficiency resulting in enhanced tendency for the surface layer to bend. When
hydrogen is removed from the surface the content of hydrogen on two sides of surface
layer becomes unequal and the corresponding Ti-O bond on the top of surface will



Introduction 9

contract. Thus the surface tension will increase. As the surface tension overcomes the
coupling energy between the surface layer and the layers beneath, it starts to act as a
driving force for peeling off of the surface layer from the crystal plate, most likely
starting at the edge, and roll up into the nanotube. The surface tension due to the
contraction of Ti-O bonds in certain plane may be decreased by the rolling of the
trititanate layer along this direction with chiral angle & = 0. An example of contraction of
Ti-O bonds located in (010) plane decreasing the tension by rolling the trititanate layer
along [010] direction is shown in Figure 6.

Figure 6: Model of the structure of the single titanate sheet and a nanotube formed by rolling of
the sheet along the [010] direction with a chiral vector along the [001] direction and a chiral
angle 0 = 0.

The surface tension energy favours bending of the layer. After releasing the hydrogen
from an oxygen site the corresponding Ti-O bond will contract resulting in a surface
tension which tends to bend the layer in order to minimize the tension. The surface energy
may be written to a first order approximation using a Hook's law as

E = 28k(1 — 815)? )

E; the surface-tension energy,

0 the hydrogen deficiency on the surface,

[ the difference in the arc length of the two sides of the layer,
olyp the equilibrium value of / and

ok the effective spring constant.

It is assumed that the effective spring constant dk is proportional to the hydrogen
deficiency ¢ when the hydrogen vacancies on the surface do not interact strongly. When ¢
equals zero the equilibrium value of / reduces to zero and for a finite value of J the
surface tension reduces to zero when 6/ = /.

The correlation between the arc length and the radius of the curvature of the layer is
given by

=+ 3)

and
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C
Ry =1, ©

where c¢ is a proportional constant. Then the surface-tension energy resulting from the
relevant Ti-O bonds contraction after hydrogen desorption from the surface may be
written in following form

1 1 ) 1 o)
Ep = 38ke* (3 — 2)* = 6b(G = )% )

where b = %kcz.

The strain energy is independent of the hydrogen deficiency at the surface of the layer
and results from the deformation of all angles and bond lengths when the layer is bent.
The strain energy works against bending of the layer and as such contributes to the total
energy. By use of continuum elastic model the strain energy of a bent H,Ti307 fragment
may be written as follows

g = (6)

where R is the radius of curvature of the bent fragment and « is a proportional constant.

The total energy of the crystal layer is given by equation (7), where Ej is the total
energy per molecule for a perfectly flat layer with 0 = 0 and shows dependence of the
total energy of a curved crystal layer on R

1 S5
Eiayer = Es + E; + Eg = — + b8 (= — 22+ Eo. (7)

The increase of the energy of a perfectly flat surface layer caused by the removal of the
H" ions from the surface by the OH™ ions initiated the surface layer to start to break away
from the layers beneath, since the coupling between them can no longer offset the energy
increase due to the hydrogen deficiency on the surface. Although, the H>Ti30O7 crystal
plate is composed from the identical layers of atoms and the peeling may start anywhere
in the crystal plate in general the coupling energy is not a constant and peeling would start
at any place with minimum coupling energy.

Based on LDOS calculations only desorption of the hydrogen from oxygen bonded to
two Ti atoms significantly contributes to the net charge of the surface layer and represents
the principle driving force for formation of nanotubes. From the dependence of the total
energy on radius of curvature the clear minimum was observed at ~ 4 nm. Therefore it
was assumed that there exists a natural radius of formed nanotubes that minimizes the
total energy of the layer. This minimum results not only from the surface tension energy
but also from the strain energy.

Since the capability of different oxygen sites to adsorb hydrogen is not equal, different
hydrogen atoms on different oxygen sites may have a different effect on the surface
tension. Each oxygen site can adsorb two hydrogen atoms. The minimum energy
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configuration corresponds to two hydrogen atoms being adsorbed at two different oxygen
sites. The first site represents the oxygen, which is bonded to one Ti atom and the second
site is the oxygen bonded to two Ti atoms. These two sites have the lowest energy for
hydrogen adsorption forming the strongest O-H bond. Microscopically the surface tension
energy and the optimal radius of curvature are determined mainly by the hydrogen atoms
bonded to the oxygen bonded to two Ti atoms, whereas the hydrogen absorption at other
oxygen sites rarely occurs due to the higher energy. By comparing the calculated and
fitted energies for different radii of curved layers with the same hydrogen deficiency the
energy minimum was again observed at optimum radius of curvature at ~ 4 nm. The

optimized radius R = 4.3 nm for a peeled off layer may be then obtained from equations
8 and 9.

aElayer _

—r =0 (8)
= _ (a+b8)R0

R = &0k ©)

So far it was assumed that rolling of nanosheets into nanotubes occurs along the [010]
direction with zero chiral angle (as shown in Figure 6). Since the surface tension is related
to the contraction of the Ti-O bond due to the removal of H" from the surface and the rise
of the surface tension is most effectively released by rolling the (010) titanate layer in
[010] direction with the chiral angle ® = 0 the dependence of the surface tension on chiral
angle comes into the equation for the total energy of the layer that can then be written as

a cos® 1)

Elayer(R'@) = Es +Et +E0 =E+b6(T_R_O)2 +EO- (10)
From the equation (10) it can be readily seen that the minimum energy corresponds to

the zero chiral angle, which is in agreement with the experimental data showing the

formation of nanotubes with the tube axis pointing along the [010] direction. The energies

contributing to the curvature of a single trititanate sheet determined by first principle

calculation are graphically presented in Figure 7.
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When nanotubes with more than one shell are formed additional factors, i.e. the
coupling energy, the number of shells and Coulomb energy need to be considered. In the
case of multi-shell nanotubes the coupling energy Ecou between the shells results in
lowering of the total energy and the radius of the nanotubes will deviate from the optimal
curvature with increasing number of shells. The deviation of the radius from the optimal
radius will increase the total energy of the crystal layer. On the other hand the repulsive
Coulomb energy Ec evidently increases as the hydrogen deficient negatively charged
crystal layers roll prior to the tube formation. The energy rise from the increase of the
shell number is not sufficient to stop the rolling process since its contribution is much
smaller as compared to that originating from the coupling between shells. However, the
repulsive Coulomb energy, which rapidly increases the total energy of the rolled layer,
may prevail over the coupling energy and therefore terminate the rolling process and
limits the upper tube diameter. When the total energy becomes positive the
peeling/rolling process will be terminated leading in the formation of four-shell nanotubes
which is in good agreement with experimentally observed nanotubes. The contribution of
different forms of energies contributing to the total energy of the rolling crystal layer
related to the number of shells is shown in Figure 8.
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Figure 8: Contribution of the coupling and Coulomb energy to the total energy of the rolling
crystal layer as a function of the number of shells in a formed multi-shell nanotube.

Van der Waals forces play central role in all phenomena involving intermolecular
forces. Although they are not as strong as Coulomb interactions, they are always present
and they are of long range. The van der Waals interaction free energy between two
surfaces calculated using Hamaker summation method is as follows form equation (11).
The van der Waals force between two geometrically identical bodies in the medium is
always attractive. [45]

A

w=- 127D? (11)
A Hamaker constant,
D distance between two surfaces.

The coupling energy of a nanotube E'coupl results from van der Waals force between
layers in HoTi307 bonding these layers together. The average number of shells may be
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estimated as

N b (12)

2Ry’

where L is the circumference of the nanotube, Ry is the optimal radius of the nanotube
exhibiting zero surface tension. The approximate average coupling energy of the
nanotube per molecule is given as

N-1
E(Eoupl"'TEcoupl > (13)

where Ecoupl expresses the coupling energy between layers per molecule. In a nanotube
the electrostatic force among positive charge coming from Na’ ions and negatively
charged Ti307 layers will enhance the coupling energy between shells giving the modified
form of the tube coupling energy

N-1
E(foupl"’[xkcoupl(d) + Ecoupl] N (14)

A coupling constant kcoup 1s related to the shell spacing d. The d spacing of 0.78 nm,
which is characteristic for such nanotubes, was determined by the TEM analysis. Since
the coupling energy is not sensitive to the hydrogen deficiency the main contribution due
to the residual charge on the surface layer is included into equation for the total energy of
a nanotube by the Coulomb repulsive energy.

The Coulomb interaction is very strong and of long range. The free energy for the
Coulomb interaction between two charges, » apart, is given by:

(15)

The Coulomb force is the strongest among the physical forces and it is stronger than
most chemical binding forces. For like charges the force is repulsive, while for unlike
charges the force is attractive. The dependence of the Coulomb force on the inverse-
square distance range (equation 16) shows that Coulomb force is very long ranged. At the
large distances the decay of the electric field is always exponential with the distance,
therefore the Coulomb interactions between ionic crystals, charged surfaces and dissolved
ions is of shorter range, but still of much longer range than covalent forces. [45]

dw(r) _ zizpe?

F =

dr  4meger? (16)
In the nanotube formation process the Coulomb energy results from the hydrogen
deficient negatively charged H»TizO7 layer that rolls into the nanotube. The negative
charge may be partially compensated by electron exchange with surrounding Na" ions. A
residual charge on the surface layer results from the balance between charging and
discharging of the surface. The slowest process which determines the balance is the
electron exchange between Na™ ions and negatively charged surface layer. When such
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negatively charged layer starts to roll into a nanotube, the tube is negatively charged and
the repulsive Coulomb force starts to play an important role in the nanotube formation
process. The Coulomb energy Ecincreases rapidly with increasing number of shells NV and
it is proportional to the average radius of the nanotube and the spacing between shells.
When the averaged radius of nanotube 7 is much larger than the shell spacing d the
Coulomb energy can be written as

Ec(N) = Ec(N—1) + (N — 2)*E.(3) (17)

where Ec(1) and Ec(2) equal 0, Ec(3) = kcp?1é ln(:ztz
Na' ions per molecule located outside the outermost shell and inside the innermost shell.
For the nanotubes with two or three shells the coupling energy prevails over the Coulomb
energy enabling the rolling process to proceed. When the shell number increases the
Coulomb energy increases rapidly and at about four shells the total energy of the
multishell nanotube becomes positive and thus terminates the rolling process (shown in
Figure 8). The formation of mostly four-shell nanotubes was also confirmed
experimentally. [23]

), and p is the average number of

1.1.1.2.2 Formation mechanism of nanotubes: bending of multi-layered nanosheets
prior to the nanotube formation

In contrast to the nanotubes formation mechanism based on peeling and rolling of single-
layered sheets, which does not support formation of the nanotubes via scrolling of multi-
layered nanosheets [20, 22, 29] Bavykin et al. [1, 46] suggest a rolling of multi-layered
nanosheets into nanotubes.

During the dissolution/crystallization process under hydrothermal conditions the
growth of multilayered nanosheets proceeds at the edges of the individual layers rather
than forming a new layer giving rise to the mechanical tension of the nanosheets. It is
assumed that during growth process width of individual layers varies. The imbalance in
the width therefore causes certain layers to move within the multi-layered nanosheet.
During the shift of the layers and bending of the nanosheet the gain in the surface energy
is sufficient to compensate the increase of the mechanical tension arising due to the
curving of the nanosheets prior to the nanotube formation and it can be written as

2
E2 < oLax . (18)

The left side of the equation (18) describes the mechanical energy of the bent
nanosheet, where Ay is the curving of the deformed layer and k is the spring constant
while the right side corresponds to the excess of the surface area due to the imbalanced
layer in the nanosheet. o is the excess surface energy per unit area at the solution—particle
interface, L is the length of imbalanced layer and Ax is the imbalance in layers width. The
driving forces responsible for curving of multi-layered nanosheets due to the imbalanced
layer widths are schematically shown in Figure 9.
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Figure 9: Scheme of the nanotube formation mechanism via bending and rolling of multi-layered
nanosheet under hydrothermal conditions.

According to this formation mechanism after bending of multi-layered sheet different
types of nanotubes are obtained depending on the sealing of the layers nanotubes (shown
in Figure 10). When matching layers close up perfectly the nanotube cross-section is
composed of concentric rings. For the sealing of the non-matching layers typically the
scrolls or snail-type nanotubes are formed. However, in some cases the bending is not
complete leading in the formation of the onion-type nanotubes with visible seam running
along length of the nanotube.
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Figure 10: Types of nanotubes formed by different closing up mechanisms of layers building
certain nanosheet.

1.1.1.2.3 Formation mechanism of nanobelts

Hydrothermal synthesis enables formation of titanate nanobelts by adjusting the
temperature and duration of hydrothermal reaction. The transformation of nanosheets into
the nanobelts requires higher temperatures of hydrothermal reaction as compared to the
temperatures needed for the nanotubes synthesis. The sequence of events leading to the
formation of titanate nanobelts under hydrothermal conditions is similar to the formation
steps in the formation process of the nanotubes except for the absence of the rolling step.
The rectangular morphology of the nanobelts originates from the intrinsic structural
anisotropy and growth rate of the principal directions. The growth rate of the principal
directions follows the order r001> 100> ro10. [35, 36] The preferable growth of nanobelts in
the [001] crystallographic direction suggests maximized dissolution/crystallization rate
along c axis causing the nanosheet to become too rigid to roll up into nanotube at higher
temperatures of hydrothermal reaction leading in the formation of nanobelts elongated in
[001] direction. [1]

Recently, another formation mechanism of the nanobelts via self-assembled bundles of
nanotubes serving as an intermediate phase was suggested. By employing the rotating
autoclave the unique flow was generated in the vessel reducing the surface-to-bulk ratio
gaining the free enthalpy through transport of solution-phase material into hollow
nanotubes and recrystallization within the nanotube channels. [47] It was assumed that the
flow conditions in the revolving autoclave provided favourable environment for the self-
assembly on nanotubes bundles by mixing-effect induced oriented attachment and the
transformation into nanobelts is thermodynamically controlled regarding to the
minimisation of the total free enthalpy of the system. In addition, for the explanation of
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the formation of nanobelts through nanotube intermediate phase at temperatures higher
than 170°C without introduction of revolving autoclave the combination of Ostwald
ripening and oriented attachment mechanism was proposed. [48, 49] The coarsening of
material occurred due to the bunching/coalescence of nanotubes by much faster oriented
attachment mechanism followed by the filling of the nanotube channels through
precipitation of dissolving titania via Ostwald ripening route resulting in the
transformation of smaller nanotubes into larger nanobelts.

1.2 Hydrothermal synthesis

Although that today the hydrothermal synthesis is widely used for the preparation of
various materials there is no unique definition for it available. Usually, the term
“hydrothermal reaction” describes any heterogeneous reaction of materials performed
under high pressure and temperature in a closed system in the presence of water, aqueous
solvents or mineralizers to dissolve and recrystallize the material. [50] Under
hydrothermal conditions reactants which are under ordinary synthesis conditions difficult
to dissolve become soluble in a suitable solvent forming complexes and as such enter the
reaction. In the hydrothermal reaction the reactants are sealed inside the autoclave usually
made of various alloys where the mixture is externally heated in the temperature range
from 100°C to 2000°C giving rise to the pressure that is controlled by the degree of filling
of the vessel. By the temperature and the degree of filling of the autoclave related
pressure established inside the autoclave may be evaluated from the P/T diagram of given
solvent. As an example in Figure 11 the P/T diagram of water is shown. Due to the
behaviour and specific properties of the solvents under hydrothermal conditions such are
high solvation power, mass transport of solvents and high compressibility different
reactions may be obtained [50]:

- Formation of new phases or stabilization of new complexes,

- crystal growth of inorganic compounds,

- preparation of non-agglomerated materials with controllable size and morphology,
- leaching of ores and metal extraction and

- decomposition, corrosion, etching.
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Figure 11: The pressure-temperature relationship of water at a constant volume inside a sealed
container where the dashed lines represent the pressure and the numbers denote degree of the

filling of the autoclave with water at ambient conditions. AB curve is the saturated steam curve
that separates water from steam. At temperatures above 374°C the water is in the supercritical
condition where the distinction between liquid and vapour states is no longer possible.

The hydrothermal synthesis can be performed in a wide variety of aqueous and solvent
mixtures based system. Mineralizers entering the hydrothermal reaction may be organic
or inorganic compounds playing the role of additive for pH adjustment and are usually
employed at excessively high concentrations to increase the solubility of the reactants and
to promote the reaction. [51] The type and the concentration of a solvent determine the
hydrothermal process by influencing the solubility of reactants, quantity and composition
of phases and the dissolution/crystallization process of various materials. For the selection
of an appropriate mineralizer following properties of a solvent must be considered:

Congruent dissolution of the reactant,
a sharp enough change in the solubility under elevated temperatures and pressures,

a specific quantity of absolute solubility of reactant,
the formation of readily soluble complexes mobile in the solution and
medium possessing a specific redox potential assuring the existence of ions of the

required valence.

Although that the hydrothermal solution is in general considered as ideal one a
significant deviation from the Rault’s law due to the specific interaction between the solid
components and the solvent in real hydrothermal solution occurs. The solubility of certain
reactant in various solvents at constant temperature and pressure differs from solvent to
solvent since the enthalpy and entropy of the solubility is different for different solvents
as it can be seen from the expression for the change in the Gibbs free energy when
reaching the equilibrium conditions shown in equation (19), where K is the equilibrium

constant. [50]
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AG = AH — TAS = RTInK (19)

Since the water is low cost, environmentally benign throughout the nature widespread
substance, it is the most important solvent and it is very often introduced into
hydrothermal systems as a hydrothermal mineralizer. In the hydrothermal synthesis
procedure of various materials by chemical reactions of reactants in water in a sealed
container at high pressures above 100 kPa and temperatures above 100°C the water has a
function of pressure-transmitting medium and acts as a mineralizer or a catalyst or
additionally it can be reactant or product of the reaction. [50, 52, 53] The properties of
water at elevated temperature and pressure are remarkably different from those at
standard conditions influencing the reaction rates of chemical reactions. Water under
extreme conditions exhibits macroscopic properties as a non-polar solvent, although that
the single molecules preserve polar character, and therefore provides a unique reaction
medium with unusual properties suitable for performance of various chemical reactions
for the synthesis of wide range of materials with controllable physical and chemical
properties, morphology, particle size, etc. [53, 54] The temperature and pressure
dependent solubility of dissolving species is decreased for polar and ionic compounds and
is increased for those having nonpolar character. The increase or decrease in solubility of
the compounds in water under elevated temperature and pressure is consequence of the
drop of the water polarity.

The change of the ionic hydration is strongly related to the decrease of the dielectric
constant and density of water with increased temperature and/or pressure. The reaction
rates of the chemical reactions under high temperatures and pressures can be controlled
by variation of the relative dielectric constant of water and by the water ionic product.
The relative dielectric constant and ionic product increase with the increasing pressure.
The water under high pressure can exhibit the ionic product of some orders of magnitude
higher as compared to the ionic product of water at ambient conditions. Due to the high
concentrations of H3O" and OH" ions water at elevated pressures may act as an acid or
base catalyst. However, since the detailed mechanism of a reaction occurring in the
hydrothermal procedure in water is not described yet it is nearly impossible to predict to
which extent does the change in the relative dielectric constant and the ionic product of
water influence the hydrothermal reaction with a polar activated complex. [53]

Although the hydrothermal technique is suitable for preparation of non-oxide materials
such as pure elements, selenides, tellurides, nitrides, carbon nanostructures and oxides it
has been mainly introduced for synthesis of oxide materials, both simple oxides (ZrO»,
TiO2, ZnO, etc.) as well as complex oxides (perovskites, ferrites, etc.), which are
materials widely used for preparation of advanced electronic ceramic, particularly for
dielectrics. The classical production procedure of electronic ceramic based on solid state
reactions usually includes high temperature, long lasting treatment and additional milling,
while in general liquids under hydrothermal conditions provides an effective medium for
acceleration of diffusion, adsorption, nucleation, crystallization and growth rate. By
employing hydrothermal conditions the reaction temperatures are drastically decreased
while the milling step is eliminated from the fabrication procedure of advanced materials
for electronic components resulting in a reduced production costs. The complex reactions
enhanced by the mineralizer under elevated temperatures and pressures in a closed system
enable formation of fine anhydrous crystalline powders of highest degree of purity and
very low level of aggregation with controlled particle size, morphology, microstructure
and stoichiometry. Variety of morphologies and forms of the ceramic materials prepared
by the hydrothermal synthetic route such are powders, elongated structures (fibers),
cubes, spheres, coatings on various substrates, single crystals, etc. is controlled by the
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precipitation process of crystalline powders directly from the solution that regulates the
nucleation rate, growth and aging of as-synthesized materials. [55] The decreased
temperature ensures precise stoichiometry since there is no loss of components due to the
volatilisation at high temperatures and enables formation of cracks-free ceramic since the
stress-induced defects caused by phase transformation during cooling process are
minimized. Since the microstructural features such as grain size influencing the electric
properties of the produced material the microstructure is a crucial parameter in the
manufacturing process of electronic multilayer components. [56] For this reason the
optimisation of sintering temperature plays important role in tailoring of the properties of
fabricated products. The hydrothermally prepared ceramic materials require moderate
sintering conditions as compared to the conventionally synthesized powders since they
are prone to high reactivity toward effective sintering.

In the field of synthetic routes towards fabrication of free standing nanostructured
materials the hydrothermal method is of considerable interest for practical applications
since it is cost effective, energy saving, simple, environmentally friendly technique that
enables higher solubility and reaction rates as well a better control over the nucleation,
shape and morphology of nanostructures in comparison to the other conventional
synthesis processes and provides an effective route towards formation of nanomaterials of
high purity obtained even from impure starting materials. In a substrate assisted
hydrothermal process the hydrothermal reaction can be performed on large areas and/or
flexible substrates in which the low reaction temperature enables utilization of
temperature sensitive substrates such as plastics or textiles, and provides the ability to
fabricate aligned nanorods on pre-treated substrates that control the nucleation of
nanostructures.

Titanate-based 1D nanostructures are mainly obtained by the template method,
anodization and wet chemical methods. However, the first two methods are not able to
yield very low dimensional, well separated nanotubes without thermal post treatment [46,
57], while the hydrothermal method has proved as a suitable method for production of
nanotubes with a small diameter. [9, 46, 57] By adjustment of pH value, reagent and
mineralizer concentration, degree of autoclave filling, temperature and pressure of the
hydrothermal reaction the control over morphology, size, chemical composition and
crystal structure of the products is obtained. [50, 58, 59] Utilization of an alkaline
environment and hydrothermal conditions provides an effective reaction environment and
has proved as a simple, effective and non-expensive synthetic route for the synthesis of
various one-dimensionally nanostructured materials. [59, 60, 61] Furthermore,
introduction of hydrothermally derived precursors with corresponding morphology and/or
chemical and crystal structure into the optimized hydrothermal process enables
controllable formation of 1D nanostructures through the topochemical reaction, in which
the morphology/shape of a template material is inherited by the products, while the
chemical composition is altered, and provides a promising methodology for the template-
assisted fabrication of one-dimensional nanostructures of various materials. [61] A typical
hydrothermal treatment of TiO2 in crystalline or amorphous form in highly concentrated
NaOH yields titanate-based one-dimensional nanostructures of various morphologies
depending on the employed reaction temperature of hydrothermal process. The
hydrothermal method offers many advantages over other used methods for the synthesis
of alkali metal titanates such are solid state reaction, melt reaction, and flux growth
although that hydrothermal reaction rate is slow and it is not suitable for large scale
production due to the autoclave volume limitation. By the hydrothermal technique
synthesized titanate nanostructures are of high purity, controlled shape and exhibit
uniform size distribution. [32]



Introduction 21

With the variation of reaction parameters required for the formation of titanate
nanostructures under the hydrothermal conditions the tailoring of the morphology of as-
formed nanomaterials is obtained. The morphology of these nanostructures affects their
thermal, chemical and structural stability, degree of crystallinity and mesoporosity,
specific surface area, and physico-chemical properties. [62] Hydrothermal formation
process in highly alkaline environment ensured by the addition of NaOH and/or KOH
mineralizers applied for the production of single crystalline titanate nanotubes and
nanobelts includes several steps which are described by the proposed “TiO> precursor-
nanosheets-nanotubes-nanowires” transformation mechanism[48]. The partial dissolution
of the titanium source in alkaline solution leading in the release of Ti*" species mainly in
form of mono- or poly-titanic ions [63], which concentration in solution is temperature
dependent [46], into the reaction mixture is followed by the formation of thin single- or
multiwalled titanate-based nanosheets acting as an intermediate phase that is in dynamic
equilibrium with Ti(IV) species in the solution. Since the nanotubes are formed rapidly
once the Ti(IV) species are obtained in the solution the rate of titanate nanotubes
formation and the yield of nanotubes is strongly related to the release of Ti** species from
the precursor crystallite’s surface into the alkaline solution. [64] The consumption of the
precursor and consequently the concentration of Ti*" species in alkaline solution is
regulated by the kinetics of the precursor dissolution process. The zero-order kinetics of
anatase dissolution indicates that the dissolution process was not depended on the
precursor concentration and solubility resulting in a higher yield of formed nanotubes as
compared to the yield of nanotubes formed from slower second-order dissolution process
of rutile. [64] The hydrothermal formation process including crystallization/dissolution
events and growth of nanosheets accompanied by their transformation into nanotubes or
nanobelts is finished when the entire initial amount of the titanium source is converted
into one-dimensional titanate nanostructures exhibiting one of the two morphologies.
Formation of either nanotubes or nanobelts is controlled by the concentration of Ti*"
species in the alkaline (NaOH or KOH) solution at elevated temperatures which can be
approximated by following expressions [65]:
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Titanate nanosheets experience both the growth in all crystallographic directions as
well the scrolling into nanotubes depending on the kinetics of both transformation
processes. The morphology of titanate 1D nanostructures formed by the transformation of
titanate nanosheets is controlled by the variation of synthesis conditions that ensure
appropriate Ti*" concentration which would favour the formation of either nanotubes or
nanobelts. The favourable formation of nanobelts may be consequence of an increase in
the local Ti** concentration, which may accelerate the rate of nanosheet growth and
hinder the rate of nanosheets rolling process. [65] Rapid nanosheet growth results in the
increment of nanosheet thickness that make the sheet too rigid to bent and render its
rolling prior to the nanotube formation impossible.

Since the implementation of hydrothermal method for the synthesis of titanate- and
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titania-based nanostructures many efforts have been made toward understanding of the
reaction kinetics and thermodynamics of hydrothermal processes. The lack of the insight
into the hydrothermal reaction is hindered by the use of autoclaves. To optimize the
synthesis conditions which would provide an effective methodology for the fabrication of
titanate-based nanostructures with the controlled morphology and chemical composition
the understanding of the influence of the type and concentration of mineralizer in the
reaction solution as well as initial raw materials on the properties of final products, impact
of the temperature, pressure and/or degree of autoclave’s filling on the nanostructure’s
morphology is needed. By this knowledge the tailoring of nanostructures physicochemical
properties may be possible.

1.3 Nanostructured composites

Development of multifunctional materials that exhibit improved properties of individual
components, the so called composites or hybrid materials, is an extremely active research
field. The synthesis and characterisation of semiconductor-based hybrid materials is
essential for efficient performance of various devices. In scope of these investigations,
semiconductors normally prone to an extremely high degree of recombination of photo-
generated charge carriers resulting in a low photo-efficiency could be manipulated.
Nanosized semiconductor/semiconductor and metal/semiconductor interfaces can be
made to avoid low bulk photo-efficiency and they can facilitate a charge harvesting in
these hybrid systems. [66]

1.3.1 Semiconductor-based nanocomposites

The complementary and size dependent optical properties of metal and semiconductor
nanostructures of various morphologies make them very attractive as potential candidates
for environment friendly applications related to the photo-induced phenomena occurring
in these combined nano-scale materials. Within the field of catalysis, photo-catalysis,
electrochemistry and sensing semiconductor-based hybrid materials have been
increasingly studied prior to the controlled designing of composites with improved and
tuneable catalytic and sensing properties arising from the interactions of their
phases/counterparts at the interfaces.

By the transition of inorganic materials from bulk towards nano-scale region several
changes in their optical and electronic properties that are uniquely controlled by the size
and shape of nanocrystals occur. As particle dimensions are reduced to certain size limit
quantum confinement behaviour of nanoparticles become distinctive. For semiconductors
in nano-regime the nanostructures exhibit properties between those of molecules and bulk
materials. In the nanometer length scale the wave functions of electrons and holes in the
conduction and valence band are confined by the nanometric dimensions leading in a
development of discrete energy levels. As a result of quantum confinement of charge
carriers these quantized nanoparticles exhibit modified optical and electrical responses. In
comparison to the semiconductor nanostructures the quantum size effect and essential
change in the energy spectrum due to the quantum confinement occurs in metal
nanoparticles at smaller sizes. As a metal nanoparticle size is reduced down to few
hundred atoms the density of state is decreased to an extent that the continuous energy
structure is replaced by quantized levels. By decreasing the size of metallic nanoparticles,
a high percentage of particle atoms is on the surface leading in an increased dominance of
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the surface atoms over the atoms in the interior of the particle making the electronic
properties of the material much more sensitive to the surface changes. Consequently, in
metallic nano-sized structures an enhancement of surface phenomena is obtained, in
particular surface plasmon resonance (SPR), whereas the SP frequency is controlled by
the shape and size of a nanoparticle.

1.3.1.1 Localized surface plasmon resonance (LSPR)

The interaction of nano-sized metallic structures with light is characterized by the
coherent surface charge density oscillations of the free electrons within the conduction
band induced by the incoming electromagnetic field leading in an in-phase oscillation that
is in resonance with the incident light frequency.

In a metallic particle with dimensions (diameter) much smaller than the wavelength of
incoming light (d<<)) the oscillating electric field of the irradiation that is essentially
uniform across entire particle induces the displacement of weakly bounded electrons
within conduction band and give rise to the polarization of negative charges at the surface
of nanoparticles relative to the positive nuclei. [67, 68] As the electron cloud is displaced
upon irradiation relative to the positive lattice the surface polarization is the main
restoring force resulting in the formation of dipolar oscillation within the entire
nanoparticle between the negatively charged electron cloud and positively charged nuclei
network as shown in Figure 12. As a result of the collective oscillations of nanoparticles’
conduction electrons a surface phenomenon i.e. the localized surface plasmon resonance
(LSPR) is obtained. The surface denotes the polarization of surface charges resulting from
the collective electron oscillations that are confined and enhanced on the surface of
nanoparticle and the plasmon is in analogy to the collective oscillations within gaseous
plasma. The excitation of surface plasmons is a resonant process with the dipole plasmon
frequency that is primarily controlled through the electron density of the material.
However, the oscillation resonant frequency is tunable by several parameters such are the
shape and size of the charge distribution, the effective electron mass, the composition,
size, and shape of the metallic nanoparticle, and its dielectric environment. [68, 69] When
the exciting light frequency correspond to the intrinsic electron oscillating frequency the
interference of the collective oscillation of the electron cloud relative to the nuclear
network with the incident photon frequency will cause the light of specific wavelengths to
be absorbed resulting in generation of strong surface plasmon absorption bands. [70]
Since each excited metal nanoparticle smaller than the wavelength of the exciting light
acts as an electric dipole the excitation of localized surface plasmons causes selective
photon absorption and generation of locally enhanced electromagnetic near-fields that are
localized within a few nanometers of a surface of the metallic nanocrystal.
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Figure 12: The displacement of the conduction electrons relative to the positive nuclei resulting in
the excitation of dipolar surface plasmons in a spherical metal nanoparticle induced by the
electromagnetic irradiation with a wavelength of a visible light.

In order to tune the optical and electronic properties of nanostructured metals of
various shapes and sizes the fundamental relationship between surface plasmons and light
as well the applications associated to the SPR drive great interest in this field. Therefore
spectral features of surface plasmons of metal particles have been extensively studied and
applied to the Maxwell’s equations. The intensities and frequencies of SPR bands
strongly depend on the size and shape of particles, and reflect the local surrounding
dielectric properties. As result of particle interaction with electromagnetic oscillation the
strong optical extinctions in conductive metal particles arise. By introduction of
appropriate boundary conditions, Mie [71] was first who solved the Maxwell’s equations
for interaction of an electromagnetic wave with small spherical particles that leads to a
series of multipole oscillations for the extinction cross section of the nanoparticles. The
total extinctions cross section composed of absorption and scattering is given as sum of
all electric and magnetic multipolar plasmon oscillations. [72]

In the extrinsic regime i.e. for particle size comparable to the wavelength of the
exciting radiation the solution of Maxwell equation for the electrodynamic calculations
leads to the non-uniform electric field distribution along the particle, inhomogeneous and
incoherent electron cloud polarization in each point of the particle and results in the
excitation of higher-order multipolar plasmon oscillations. For the particles larger than 20
nm the extinction cross section is dependent on these oscillations and the extinction
spectrum is dominated by the higher-order multipole absorption and scattering. [72] For
the extrinsic size effects, these higher oscillation modes depend on the particle size solely
and its peak is shifted toward lower energies resulting in the plasmon band red shift and
increased bandwidth as the particle size is increased as shown in Figure 13. [72]
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Figure 13: Dependence of the SPR on particle size in the extrinsic region. (a) UV-vis absorption
spectra of four different size gold nanoparticles in region from 9 to 99 nm showing red-shift of
plasmon absorption maximum, (b) the plasmon bandwidth as a function of nanoparticles
diameter.

For nanoparticles small compared to the wavelength of the incident light the
absorption is within a narrow wavelength range. As the nanoparticle’s size approaches to
the mean free path of the conduction electrons the intrinsic size effect in the optical
spectrum features of these nanoparticles occurs. [73] The particles experience a
resonantly enhanced constant electric field within interior of the particle (the quasi-static
limit), which, in the small particle limit, is homogenous throughout the particle’s volume.
The optical absorption spectrum for particles of size much smaller than the wavelength of
irradiation in the surrounding medium has been obtained by solving the Maxwell’s
equations for scattering electromagnetic waves by spherical particles as it was conducted
by Mie. Since in the intrinsic size region only the dipole oscillations contributes to the
extinction cross-section, the analytical solution of Maxwell equation is simplified by
introduction of quasi-static approximation, which is suitable for nanoparticles in this size
regime. Assuming that nanoparticles behave as a material with frequency-dependent
dielectric constant same as bulk metal Mie’s solution yields the particle extinction cross-
section, gex, as written in equation 22. [73, 74]
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where V' is the particle volume, w is the angular frequency of the exciting light, ¢ is the
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speed of light, and ¢, and e(w)=¢;(w)+iez(w) are the bulk dielectric constant of the
surrounding material and the particle, respectively. The dielectric constant of matrix
material, &, 1S assumed to be frequency independent, while the dielectric constant of
particle is a function of energy where the real part determines the wavelength position of
the resonance and the imaginary part determines the bandwidth. [75] A strong resonance
(a band maximum) occurs roughly at the frequency w where ¢;(w)= -2¢en, if €2 is small or
weakly dependent on w, the surface plasmon resonance frequency, which is for gold,
silver and copper at visible frequencies, is determined. [67, 75] Within the dipole
approximation the extinction cross-section (coefficient) does not depend on particle’s size
as it was observed experimentally. This discrepancy is ascribed to the assumption in the
Mie’s solution that electronic bands and dielectric constant of the particles are equal to
those in their bulk form, which is no longer valid as the particle size is decreased. As well
the assumption of bulk electronic and optical properties associated with the electronic
structure of the nanoparticles is questionable. Furthermore, as the average particle
diameter is below 20 nm the size dependence of the dielectric constant is introduced. As
the diameter of the particle becomes smaller than the mean free path of the conduction
electrons the electron surface scattering becomes significant. The electron mean free path
describes the quasi-elastic scattering of conduction electrons. For the silver the electron
mean free path is around 50 nm. Since the mean free path of electrons is limited by the
physical dimensions of the nanoparticles, the electrons faster reach the surface, scatter
and lose their coherence as the size of nanoparticles is reduced. Consequently, the
plasmon band width increases as the radius of nanoparticles is decreased and it is
inversely proportional to the particle radius. By the modification of Mie theory, by
accounting for the size effects in term of the reduction of the effective electron mean free
path and enhanced electron scattering at the particle surface, the size dependence of the
optical absorption spectra of metal nanoparticles is correctly explained. Following the
model of reduction of the effective electron mean free path and enhanced electron surface
scattering the phenomenological damping constant, vy, is introduced as function of the
particle radius (equation 23). For a bulk metal the damping constant is expressed as a sum
over all reciprocal relaxation times of electron-electron, electron-phonon, and electron-
defect scattering process, while for very small particles the surface acts as an additional
scatterer where the interactions of conduction electrons with the surface prevail and the
electron-surface scattering processes become dominating.

Avf
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where 7y is the bulk damping constant dependent on the electron scattering frequency, 7 is
the radius of the particle, vr is the velocity of the conduction electrons at the Fermi energy
and A4 includes details of scattering process (scattering process constant). This model
provides the correct dependence of plasmon bandwidth and particle dielectric constant on
the size for nanoparticle described by the dipole approximation in the intrinsic size
regime. In this size region, where the material dielectric function is size dependent, the
absorption wavelength increases while the peak width decreases with increasing particle
size. [76]

The existence of the plasmon resonance is obtained due to the collective motion of
electrons in a metal nanoparticle where any individual electron is not significantly
displaced from its origin position. The charge separation as the main restoring force for
electron oscillation in a metal nanoparticle is the most important factor in determining the
frequency and intensity of plasmon resonance. The energy of this collective mode can be
tuned by varying the size and the shape of metal particle. For the non-spherical particles
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where surface plasmons are unevenly distributed around particle in particular the shape-
dependence of surface plasmon resonance is pronounced. Since the exact solutions of
Maxwell’s equation are geometrically limited, for various particles shapes, an
approximation is required for solving the equation. For the isolated nanoparticles of
arbitrary geometry the discrete dipole approximation (DDA) is a particularly powerful
numerical method.

DDA method is very advantageous since every problem can be approached in the same
way by defining sufficiently fine grids that represent complex environment and provides
converged results. [68] In a DDA method the nanoparticle is discretized and it is
represented as cubic lattice of N polarisable points, where each point represents the
polarizability of a discrete volume of the material. Under the electromagnetic field the
dipole moment in each point is obtained. For the steady state conditions each dipole is
polarized by the field of both the incident light and other dipoles in the array. As a result
of determined absorption and scattering cross section, and cross-sectional area, the
dimensionless optical coefficients corresponding exactly to the N point array, are
obtained. [68,77] Based on discrete dipole approximation calculations (DDA) for 40 nm
silver nanosphere, the particles primarily absorb blue light, while the extinction,
absorption and scattering, spectra shows a presence of two resonance peaks. The main
peak at 410 nm is ascribed to the dipole resonance, whereas a smaller peak at 370 nm
corresponds to quadrupole resonance. The dipole resonance arises from appositively
charged sides of a sphere surface which induces a dipole moment in the particle that
reverse sign at the same frequency as the incident irradiation. Energy losses that make the
incident light nonuniform across the sphere induces the quadrupole resonance,
characterized by two parallel dipoles of opposite sign. As the shape deviates from the
spherical more nongenerate modes arise and many more peaks over a broad spectral range
are obtained in the optical spectrum as compared to only one plasmon resonance (all
possible modes are degenerate) for the spherical particle. The number of peaks exhibited
in optical spectrum of non-spherical particles compared to the single resonance frequency
for spherical particle is increased due to the increasing number of distinct symmetries for
dipole resonance. In Figure 14 shape-dependent number of SPR bands obtained for
particles of various geometries is schematically illustrated.



28 Introduction
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Figure 14: Schematic illustration of plasmon resonance bands in particles of various geometries:
(a) spherical nanoparticle, (b) nanorod, (c) hollow sphere and (d) aggregate.

Furthermore, the red shift of the most intense SPR peak compared with that of the
sphere is often observed for nanostructures with sharp edges. For these nanostructures
surface charges accumulate at sharp corners, which increases charge separation and
thereby reduce the restoring force for the electron oscillation. Therefore the weaker
restoring force is manifested in a red shifted resonance peak. Among cube, tetrahedron
and octahedron the tetrahedron has the most red-shifted SPR peaks because it has the
sharpest corners. Figure 14 shows the DDA calculations representing several ways in
which the shape of the nanostructure affects the features of nanostructure scattering and
absorption characteristics. Similar trends are observed for the hollow spheres (shells)
originating from existence of surface charges inside and outside the shell induced by the
incident electromagnetic field. DDA calculations show that due to the greater charge
separation within shell the near-field is four times enhanced compared to those of sphere.
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Figure 15: The calculated UV-vis extinction (black), absorption (red), and scattering (blue)
spectra of silver nanostructures, illustrating the effect of a nanostructure’s shape on its spectral
characteristics. Isotropic sphere (a) exhibit spectra with a single resonance peak. Anisotropic
structures: cubes (b), tetrahedra (c) and octahedra (d) exhibit spectra with multiple, red-shifted
resonance peaks. The spectra of a triangular plate (e) and circular disc (f) illustrate how
resonance peaks red-shift for particles with 2D anisotropy. [77]

For metallic elongated structures the plasmon resonance splits into low- and high-
energy absorption bands that depend on their aspect ratio. The high-energy band
corresponds to the oscillations perpendicular to the major i.e. long axis referred as the
transvers plasmon absorption, while the low-energy or longitudinal surface plasmon
absorption band is caused by the oscillations of the free electrons along the major axis. As
the aspect ratio increases the separation between the two plasmon peaks becomes more
pronounced as shown in Figure 16. [78]
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Figure 16: LSPR absorbance spectrum for a non-spherical metallic structure i.e. nanorod. (a) in
the metallic nanorod the plasmon resonance splits to a transverse and longitudinal SP and (b) as
the aspect ratio is increased the separation between the two peaks becomes more pronounced.

However, the LSPRs that typically arise in nanostructures of noble metals resulting in
enhanced and geometrically tuneable resonances are not limited only to metal
nanostructures and can be achieved in semiconductor nanoparticles that are characterized
with appreciable free carrier concentrations. Recently, well defined LSPRs were
demonstrated in semiconductor QDs arising from p-type carriers in vacancy-doped
semiconductor CuxxS QDs. A set of the absorbance peaks attributed to quantum confined
excitons with the lowest energy peak corresponding to the quantized bandgap, which
blue-shifts with decreasing QD size. The free carriers are holes rather than electrons as in
the case of metals. Well-defined, sharp plasmon absorption peaks in the free-carrier
absorption NIR region are related to the high monodispersity and low degree of inter-
particle aggregation. [79] As doping allows the modification of electronic, optical and
magnetic properties of semiconductor nanocrystals the ability to control the vacancy
densities in these nanocrystals opens new possibilities for active tuning of nanoplasmonic
responses. For copper(I)oxide nanorods increasing density of free carriers due to copper
vacancies generation emerge occurrence of LSPR band in NIR region with progressively
increase of intensity and blue-shifts as the density of formed free-carriers is increased.

1.3.1.2 Quantum confinement effect in nanosized semiconductors

The reduction in particle size leads to significantly different physical, in particular optical
properties. By the reduction of nanoparticle size a pronounced effect on the energy level
spacing, that is increased as the particle become more confined, is obtained. In nanometer
regime the semiconductors exhibit different properties due to the confinement effect.
Once the diameter of the particle is decreased to the size comparable to the average
distance between electron and hole, known as the bulk exciton Bohr radius, the quantum
confinement effect can be observed. These nanoentities exhibit optical features that result
from an incomplete band structure caused by the limited number of atoms. In an ideal
semiconductor the electrons occupy the completely filled valence band which is separated
from energetically higher empty conduction band by the gap between them i.e. bandgap.
Depending on the size of the bandgap which can be manipulated by varying the particle
size, a semiconductor can absorb light of any wavelength. As the semiconductive
nanoparticle size is reduced to the size comparable to the material’s exciton Bohr radius
electrons start to feel the particle boundaries. As a result of confining dimensions to the
nanoscale, the continuous energy bands of bulk material become discrete similar to
electronic structure characteristic for atoms. [80, 81] The electronic structure of bulk and
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quantum dot semiconductor is schematically represented in Figure 17.

Bulk semiconductor Quantum dot semiconductor
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Figure 17: A bulk semiconductor with continuous conduction and valence energy bands
separated by an energy gap, Eg (band gap), which is for a bulk semiconductor fixed. Electrons
normally occupy all states up to the edge of the valence band, whereas states in the conduction
band are empty. (left) A quantum dot is characterized by discrete atomic-like energy states that
are size dependent. These well-separated QD states can be labeled with atomic-like notations,
such as 1s, Ip, and 1d. (right)

The quantum confinement effect can be described by the particle in box model, in
which the electron motion is restricted in all three dimensions. The energy of the band
gap of a nanoparticle differs from bulk by

h2m?

2MepR2

E,(QD) = E,, + (24)
where 7 is the Planck’s constant, m.; is the effective mass. The effective mass is defined
as

Mep = ——= (25)

where m. and my, is the free electron mass and hole mass, respectively.

As deduced from the equation 24 the energy gap of a QD depends on the size of the
dot. For a spherical nanoparticle with radius R, a size dependent contribution to the
energy gap is proportional to 1/R?, which implies that the band gap becomes size
dependent. As the nanocrystal size decreases the gap increases. Consequently, the optical
absorption of nanocrystals shifts to the blue (higher) energies as the size of the
nanocrystal is decreased. Therefore by varying the size of the nanostructures their optical
characteristics can be manipulated. [82, 83] For QDs, in addition to quantum size effects
doping of nanoparticles with different materials enables control over the dimensions of
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the band gap of nanoparticle. By doping additional energy levels are introduced into the
electronic structure of material that enables nanostructured semiconductors to absorb
visible light.

Due to the nanosized dimensions and a large surface to volume ratio a significant
number of the atoms is located on the surface of the particle. In order to tune their
properties the control over the crystal structure and surface defects of nanosized particles
is necessary.

Apart of semiconductor nanoparticles the semiconductor oxide nanowires and
nanotubes have been extensively investigated due to their unique electronic and optical
features, such as the high surface to volume ratio, quantum confinement effect, charge
transport and carrier lifetime. These unique properties enable their potential applications
in many areas; in photocatalytic processes, hydrogen generation, heterogeneous catalysis
and in nanoscale electronic and optoelectronic devices including high-performance
nanowire-based field-effect transistors (FETs), sensors, dye-sensitized solar cells etc.
Sensing behaviour is one of the most important properties of metal oxide materials, since
metal oxides sensors usually exhibit much higher sensitivity, selectivity and stability to
their chemical environment in comparison to chemical/biosensors. The enhanced
sensitivity of the 1-D systems to the chemical environment is usually interpreted as a
result of large surface to volume ratio. With a large surface to volume ratio and a Debye
length comparable to the nanowire radius, the electronic property of the nanowire is
strongly influenced by surface processes, yielding superior sensitivity than bulk
counterpart. In particular, due to their semiconductive nature, high optical and chemical
stability, high aspect ratio and specific surface area the TiO;- and titanate-based (Ti-O-
based) one dimensional nanostructures are widely applied in the dye sensitized solar cells,
hydrogen sensors and photo-electrochemical processes such as photo-catalysis, photo-
splitting of water and self-cleaning ability under UV irradiation.

1.4 One-dimensional Ti-O-based nanostructures-assisted
photocatalysis

For the effective photoexcitation of certain semiconductor photocatalyst, application of
light with energy higher than its bandgap energy that results in existence of electrons in
conduction band and holes in valence band is required. Upon radiation the valence
electrons are delocalized and excited to the conduction band creating the electron-hole
pair called exciton. Most of the excited electrons and holes undergo recombination, while
a fraction of photogenerated electrons and holes migrate to the surface of photocatalyst,
where they are trapped in metastable surface states and participate in redox reactions with
chemicals adsorbed on the surface. When suitable species (electron donor or electro
acceptor) are available to trap the hole or electron, recombination is suppressed resulting
in subsequent photocatalytic reactions on the semiconductor surface. Photocatalytic
reaction at the surface occur either direct via valence band hole or via the surface-bound
highly powerful oxidizing species hydroxyl radical (*OH) obtained by surface reaction
between trapped valence band hole and —OH or H>O. Highly powerful «OH radicals are
non-selective and thus attack wide spectrum of organic compounds that after sufficiently
long irradiation time and proper reaction conditions result in the degradation of pollutant
to CO; and H>O (mineralization).

The photocatalytic activity of the material is controlled by the light absorption
coefficient and coefficient of the photocatalyst, oxidation and reduction rates on the
surface by the electron and hole, and the recombination rate. Additionally, photocatalytic
activity is related to the specific surface area of photocatalyst. The larger the surface area
of the photocatalyst the higher is photocatalytic activity. However, surface defects
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characteristic for large surfaces make the surface to act as defective site resulting in the
faster recombination rate, since the defective sites represent recombination centers that
enhance electron-hole recombination rate.

In Figure 18 a general mechanism of photocatalysis in the presence of most widely
investigated and applied semiconductor photocatalyst TiO2 is shown. TiO; has a wide-
band gap of 3.2 eV, which limits its optical activity to the UV region of the solar
spectrum. Since, the UV wavelengths represent only 3-4% of the total spectrum of sun
radiation, the TiO»-based photocatalyst utilization is limited only to the outdoor
applications. In order to extend the photocatalyst’s activity to a wider region, in
particular, to the visible wavelengths of the sunlight, modification of semiconductor
electronic band structure that will suppress the recombination rate is required. Several
approaches have been proposed such are cation or anion doping of the semiconductor
lattice and fabrication of metal/TiO, composites.
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Figure 18: Mechanism of TiO: photocatalytic degradation process. Under UV illumination, the
wide bandgap semiconductor TiO, photocatalyst absorbs photons with energy equal or higher
than its band gap energy (< 385nm) and undergo charge separation. These photo excited charge
carriers initiate the degradation of the adsorbed chemical species.

For the photocatalytic efficiency of Ti-O-based materials the limiting factor is electron
transport since the structure of those materials is a crucial parameter that influences the
electron transport. In particular, the structural disorder at the interface of two crystalline
nanoparticles results in decreased mobility of electrons due to the enhanced scattering
caused by the increased amount of defects, structural imperfections acting as scattering
sites. The efficiency of the photocatalytic process on the surface of the TiO» particles with
a large surface area primarily depends on the crystalline structure that facilitates the
photon induced electron—hole pairs generation with reduced recombination rates. Beside
the crystallinity that determines efficiency of the photo-induced process, and dimensions,
for the control over the selectivity of the photocatalyst the morphology is an important
parameter. One-dimensional (1D) nanostructured materials, such as nanotubes and
nanofibers, are of particular significance due to their superior physicochemical properties,
such as remarkable electronic, magnetic, optical, catalytic, and mechanical properties.

The elongated morphology, nanosized inner cavities and channels, the high specific
area and semiconductor electronic properties render one-dimensional titanate-based
nanostructures including nanotubes, nanowires, nanorods and nanobelts promising
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materials for many applications such as solar cells, hydrogen sensing and storage, lithium
batteries, catalysis and photocatalysis. A highly crystalline nature, which can reduce the
recombination of photogenerated electron-hole pair, a high specific surface area needed
for acceleration of the interfacial rate and an abundance of surface —OH groups required
for the generation of OH radicals during photocatalytic reactions are features by which
the best TiO> photocatalysts are characterized and are intrinsic to one-dimensionally
nanostructured titanates. [1] Although that all aforementioned properties make the
elongated titanate- and TiO:-based materials promising materials for photocatalytic
reactions, the relatively short wavelength necessary for photo-response of these materials
limit their commercialization and widespread industrial use. Several approaches for
sensitisation of one-dimensional titanate-based nanostructures to visible range of solar
spectrum were explored and reported in the literature. One of the successful approaches to
enhance the sensitivity of titanate-based one-dimensional nanostructures in visible range
of light is to dope it with nitrogen by which additional energy levels are introduced into
the forbidden zone of band gap of titanate. Recently, enhanced photocatalytic activity was
observed in various semiconductor—noble metal nanocomposites [17, 18]. With the high
noble metal-semiconductor contact area, under photo-excitation the metallic
nanostructures in the composite act as electron traps and hence suppress the electron-hole
recombination in the semiconductor. The lower Fermi level of the noble metal compared
to the semiconductor thermodynamically favours an interfacial electron transfer from
semiconductor to metallic nanostructures, which results in charge equilibration, yielding
an enhanced catalytic efficiency for the composite system [19]. Additionally, visible
photocatalytic activity induced by surface plasmon resonance (SPR) was observed in
various noble metal-titania and titanates nanocomposites [20, 21]. It was suggested that
an electric near-field in the vicinity of the metal nanoparticles in the nanocomposites may
yield an electron excitation from the metal nanoparticles to the semiconductor, which
results in an improved photocatalytic activity. The characteristics of the SPR and thus the
plasmonic effect in the photocatalyst highly depend on the metal’s particle size and shape
[22].
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2 Aims and Hypothesis

Titanate-based one-dimensional (1D) nanostructures are characterized as a layered,
lamellar structure with mesoporous morphology, which may facilitate the transport of
ions to the surface of the elongated nanostructures. The ability of ion-exchange of
titanate-based 1D nanostructures has been utilized for the formation of Ca-doped titanate
nanotubes and nanostructured CaTiOs. Implementation of titanate nanotubes as a template
material ensures formation of modified or new materials of nano-dimensions with
elongated structure inherited from the parent nanotubes.

For the realization of enhanced photo-catalytic efficiency of elongated titanate-based
nanostructures in broader region of solar spectrum i.e. extended in the visible regime
several approaches that modify electronic band structure of titanate-based nanostructures
by introducing the additional energy levels within their band gap have been introduced.
However, additional energy levels can also act as electron-hole traps, and hence reducing
photo-efficiency.

Recently, various fabrication routes utilized for the noble metal-semiconductor 1D
titanate nanostructures nanocomposites have been introduced toward obtaining hybrid
materials with enhanced photosensitivity in the visible range of solar light. Visible photo
response is induced by the electromagnetic near field triggered by the characteristic local
surface plasmon resonance of metallic nanoparticles which is metal’s particle size and
shape dependent. The synthesis approaches for the preparation of metal-titanate
nanocomposites discussed in the literature are mostly based on the precipitation of metal
oxide from the aqueous solution of metal salt followed by subsequent thermal, chemical
or photochemical reduction yielding metallic nanoparticles. Common to all these
synthetic routes is the lack of any ability to control the size and the density of the metallic
nanoparticles in the composite nanostructures, which may limit their efficiency for
photocatalysis. On the other hand, the use of organic matrixes has proven to be an
effective route to obtaining control over the size and the density of the metallic
component.

The layer-by-layer self assembly technique has been used to fabricate organic-
inorganic composites with controlled polyelectrolyte multilayered film thickness.
Moreover, due to its ability of precise size and density control the layer-by-layer self
assembled polyelectrolyte multilayer (PEM) film on the surface of various nanostructures
has been applied as a nanoreactor for the in-sifu metallic nanoparticle synthesis. With this
approach obtaining the control over the size, size distribution, density, morphology and
crystallinity of the metallic component building nanocomposite is crucial for the tailoring
of the properties of the metallic nanoparticles-semiconductor nanocomposites.

The thesis focuses on semiconductive titanate based one-dimensional hydrothermally
synthesized nanostructures (nanotubes and nanobelts) as templates for fabrication of
nanostructured materials and one-dimensional nanocomposites. Weak polyelectrolyte
multilayer films formed by the layer-by—layer self assembly technique on the surface of
titanate nanostructures prior to the one-dimensional nanocomposites fabrication were
implemented as a nanoreactor for the inorganic nanoparticles (metallic Ag and Cu)
controlled wet chemical in-situ synthesis. Furthermore, weak PEM was also utilized in
the two-step fabrication procedure of titanate-based nanobelts thin films.
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The goals of this thesis were

e To control the morphology, size, crystallinity and crystal structure of the
nanosized titanate-based one-dimensional materials by changing the synthesis
condition

e To introduce hydrothermally synthesized one-dimensional titanate-based
nanostructures as template for fabrication of Ca-doped titanate-based elongated
nanostructures and CaTiO3 nanocrystals by hydrothermal method, and utilization
of these titanate nanostructures as a one-dimensional nanostructured component
forming semiconductor based nanocomposite

e To elucidate the formation mechanism of nanostructured perovskite through
topotactic reaction under hydrothermal conditions

e To develop fabrication procedure of one-dimensional nanocomposite based on
titanate-based nanostructures and metallic (Ag, Cu) via self assembly of weak
polyelectrolytes

e To control and evaluate the growth characteristics of the metallic Ag and Cu
nanoparticles formed within the weak polyelectrolyte multilayer assembled on the
surface of one-dimensional titanate-based nanostructures

e To tailor the optical properties and photocatalytic activity of one-dimensional
nanocomposites: Ag nanoparticles/titanate nanobelts, Cu nanoparticles/titanate
nanobelts

e To employ the polyelectrolyte assisted synthesis and assembly as an effective
fabrication strategy for the formation of 3D nanostructures (thin films).
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3 Materials and Methods

3.1 Hydrothermal synthesis and characterization of 1D titanate-
based nanostructures and nanostructured CaTiOs

Anatase TiO> powder (99.9 %, Alfa Aesar) and NaOH (>97 %, Carlo Erba) were used for
the synthesis of 1D titanate-based nanostructures; i.e. nanotubes (Ti-NTs) and nanobelts
(Ti-NBs). Ca(OH)2 (95%, AlfaAesar) was used for the synthesis of Ca-doped 1D titanate-
based nanostructures and nanocrystals of CaTiOs.

The Ti-NBs and Ti-NTs were hydrothermally synthesized using Anatase TiO> powder
and NaOH. The reaction mixture was composed of 4.4 g of TiO; and 30 ml of 10 M
NaOH, stirred for 5 minutes and then sealed in a 100-ml, Teflon-lined, stainless-steel
container. The hydrothermal reaction was performed at 200°C, 48 hours for the synthesis
of Ti-NBs and at 165°C, 72 hours for the preparation of Ti-NTs, respectively. After the
reaction the Ti-NBs and Ti-NTs were rinsed with distilled water by centrifugation
(Eppendorf, Centrifuge 5810R), dried over night at 80°C in a drying oven and stored
under ambient conditions.

In the fabrication procedure of Ca-doped 1D titanate based-nanostructures and CaTiOs
perovskite nanocrystals the sodium titanate nanotubes/nanobelts were used as a template
material that provides the anisotropic shape for the final product. As starting materials,
0.5 g of hydrothermally synthesized Ti-NBs and Ti-NTs, 30 ml of deionized water and
0.85 g of Ca(OH)2 (95%, Alfa Aesar) were used. An excess of Ca(OH); served as the
reagent for maintaining the alkaline environment and as a source of calcium cations. The
ion-exchange reaction was carried out at various temperatures (100°C, 130°C, 150°C and
200°C) and times (12 h and 5 days) in a 100 ml Teflon-lined stainless steel autoclave. The
as-prepared products were washed with a copious amount of distilled water using a
centrifuge (Eppendorf, Centrifuge 5810R) and then dried over night at 80°C in a drying
oven. Samples were stored under ambient conditions.

In order to synthesize the nanostructured perovskite CaTiOz without using a 1D
titanate-based template, the hydrothermal treatment of 0.5 g of Anatase TiO» powder,
0.85g Ca(OH)> and NaOH was performed at 200°C. Aqueous solution of NaOH was
added drop-wise in order to maintain the same initial pH value of the reaction mixture as
in the case of reaction mixtures used in the hydrothermal treatment of the 1D precursors
in the presence of Ca(OH),. The reaction was performed in a sealed, Teflon-lined
stainless steel autoclave. The 100 ml autoclave was filled up to 30% of a Teflon reactor
volume (as in the case of the hydrothermal treatment of the 1D titanate-based precursors).
The products were washed with a copious amount of distilled water, centrifuged
(Eppendorf, Centrifuge 5810R) and dried at 80°C over night in the oven.

The electrophoretic mobility of the Ti-NBs was measured to determine their zeta-
potential using a ZetaPal (BIC, USA). The reported value of the zeta-potential is an
average of ten measurements made under constant conditions.

The Brunauer-Emmett-Teller (BET) surface area of the hydrothermally synthesized 1D
titanate-based nanostructures was determined by N> adsorption-desorption isotherms
recorded with a Gemini II 2370 Surface Area Analyzer (Micromeritics Norcross, Georgia,
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USA). The samples were out-gassed at 110°C in He for 15 hours. The specific surface
area was calculated in the relative pressure range 0.05 < P/P0<0.2.

For the determination of the phase composition of the synthesized products, the X-ray
powder diffraction (XRD) patterns were recorded in the ranges of 20 = 5° - 70° and 20 =
15° - 70°, using two X-ray powder diffractometers: a Bruker AXS D4 Endeavor
(radiation wavelength CuKa = 1.5406 A) and a PANalytical X'Pert PRO (radiation
wavelength CuKa = 1.5406 A) with a Johansson monochromator.

A transmission electron microscopy (TEM) was employed for the determination of the
morphology of all products by using a transmission electron microscope Jeol, JEM-2100
equipped with an energy-dispersive spectrometer (EDS, JEOL, EX — 24063JGT). The
morphological, structural and growth characteristics were examined using high-resolution
transmission electron microscopy (HRTEM). The energy-dispersive spectroscopy (EDS)
and selected-area electron diffraction (SAED) were used for determination of the
chemical composition and the crystal structure of the products, respectively. Additionally,
the chemistry of titanate-based nanostructures and CaTiO3 was studied by the electron-
energy-loss spectroscopy (EELS) using JEOL, JEM-2010F transmission electron
microscope.

3.2 Synthesis of Ag/Ti-NBs composites by weak-polyelectrolyte
assisted Layer-by-Layer self-assembly method

The positively charged polyelectrolyte Poly(allylamine hydrochloride) (PAH, Sigma
Aldrich) and the negatively charged polyelectrolyte Poly(acrylic acid) (PAA, 25%
aqueous solution, Polysciences) were used for the fabrication of the polyion multilayer on
the surface of Ti-NBs. Silver acetate - CH3COOAg (anhydrous, 99%, Alfa Aesar) was
used as the source of the silver (Ag") for the formation of the silver (Ag’) nanoparticles.
Deionized water with a pH value of ~ 5.0 was used in the fabrication process of the
polyion multilayer and nanocomposites. The pH value of this water was adjusted by the
drop-wise addition of 0.1 M HCI.

The polyelectrolyte multilayers (PEMs) of PAH and PAA were assembled on the
surface of the hydrothermally synthesized Ti-NBs by first immersing them into the PAH
solution with a concentration of 0.01 M (by repeat unit) for 5 minutes, followed by
rinsing with water and centrifugation. The Ti-NBs were then immersed into the 0.01 M
solution of PAA for 5 minutes, followed by the washing procedure and centrifugation. By
repeating the polyelectrolyte adsorption and washing steps a PEM film of 10.5 PAH/PAA
polyion bilayers was formed on the surface of the Ti-NBs, where one bilayer of the PEM
is defined as a single adsorption of polycation (PAH), followed by an adsorption of the
polyanion (PAA). After the assembly, the Ti-NBs-PEM composites were dried over night
at 95°C in a drying oven and then stored under ambient conditions.

The Ag nanoparticles were synthesized within a 10.5 PAH/PAA bilayered polyion
multilayer matrix assembled on the surface of the Ti-NBs with the in-sifu methodology.
For the in-situ synthesis of Ag nanoparticles the Ti-NBs-PEM nanocomposites were
immersed in an aqueous solution of silver acetate with a concentration of 0.01 M
overnight, where the acid protons of the PAA are exchanged by the silver cations. After
the ion-exchange reaction the composite was washed, centrifuged several times with
deionized water and dried in a drying oven at 95°C. The number of reaction cycles (N) of
the Ag nanoparticle synthesis in the PEM, composed of the silver cation binding to the
ionized carboxylic groups of PAA and the subsequent formation of Ag>O nanoparticles
within the PEM matrix was varied from N = 1 to N = 3 (the thus-synthesized inorganic-
organic composite will be denoted in the text as AgrO(N)/Ti-NBs-PEM, where the
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number of Ag-ion loading cycles is marked by N). Finally, the crystalline nanocomposites
Ag/Ti-NBs were obtained by a subsequent removal of the organic PEM film during
annealing at 600°C for 0.5 h in air (the thus-formed metallic Ag/Ti-NBs composite
nanostructures will be assigned in the text as Ag(N)/Ti-NBs, where N denotes the number
of Ag-ion loading/precipitation cycles in the PEM). The composite fabrication procedure
is shown in Figure 19.

The chemical and phase composition of the Ti-NBs and the AgrO(N)/Ti-NBs-PEM
composites were evaluated from the energy-dispersive spectroscopy (EDS) and X-ray
powder diffraction (XRD) patterns recorded in the range of 20 = 5-70° by using a D4
Endeavor, Bruker AXS X-ray diffractometer (radiation wavelength CuKa = 1.5406 A).

Transmission electron microscopy (TEM) using a JEOL JEM-2100 was employed for
the determination of the morphological characteristics of the composites. Based on the
TEM images, the diameters of approximately 100 nanoparticles were measured to
evaluate the average Ag nanoparticle size in each sample. The density of Ag,O and Ag
nanoparticles within a PEM matrix and on the surface of Ti-NBs prior to, and after, the
annealing was then calculated from the TEM images by scanning an 81*10* um? area of
the nanocomposite. The structural characteristics of the as-formed Ti-NBs and composites
Ag/Ti-NBs and the growth characteristics of Ag nanoparticles were determined by high-
resolution transmission electron microscopy (HRTEM) and selected-area diffraction
(SAED) performed on multiple nanostructures.

The Brunauer-Emmett-Teller (BET) surface area of the Ti-NBs and Ag(N)/Ti-NBs
nanocomposites was determined by N> adsorption-desorption isotherms recorded with a
Gemini II 2370 Surface Area Analyzer (Micromeritics Norcross, Georgia, USA). The
samples were out-gassed at 110°C in helium atmosphere for 15 hours. The specific
surface area was calculated in the relative pressure range 0.05 < P/P0< 0.2.

The optical spectra of the Ti-NBs and Ag(N)/Ti-NBs nanocomposites were measured
using a UV-vis transmission spectrophotometer (Hewlett-Packard 8453). The
photocatalytic activities of the Ti-NBs and Ag(N)/Ti-NBs nanocomposites were
examined by measuring the photodegradation rates of the Methylene blue (MB) dye using
a Tecan Saphire microplate spectrophotometer. After being kept in the dark for 30 min to
achieve adsorption equilibrium, the nanostructures in the MB solution were irradiated
using a 150W xenon lamp with a 400-nm-UV, cut-off filter and a 36W UV lamp to
evaluate the photocatalytic activity in the visible and UV regimes, respectively. After
selected time intervals, the residual concentration of the MB dye was measured using a
UV-vis spectrophotometer at the characteristic absorption maximum of MB at 662 nm.
The self-degradation of the MB under UV and visible light was comprised in the
measurements.
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Figure 19: Scheme of the Ag(N)/Ti-NBs composite fabrication procedure.
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3.3 Synthesis of Cu/Ti-NBs composites by polyelectrolyte-assisted
Layer-by-Layer self-assembly method

The positively charged weak polyelectrolyte Poly(allylamine hydrochloride) (PAH,
Aldrich) and the negatively charged weak polyelectrolyte Poly(acrylic acid) with Mw=90
000 (PAA, 25% aqueous solution, Polysciences) were used for the fabrication of the
polyelectolyte multilayer film (PEM) on the surface of the Ti-NBs. Anatase TiO2 powder
(99.9 %, Alfa Aesar) and NaOH (>97 %, Carlo Erba) were used for the hydrothermal
synthesis of titanate-based nanobelts (Ti-NBs). Copper(Il)acetate — (CH3COO).Cu
(99.999%, trace metals basis, Aldrich) was used as the source of the copper cations (Cu®")
for the in-situ synthesis of copper nanoparticles within PEM matrix. NaBHs (99.99%,
Sigma Aldrich) was used for the reduction of copper cations and subsequent formation of
the metallic copper nanoparticles (Cu®). The positively charged strong polyelectrolyte
Poly(diallyldimethylammonium chloride) (PDDA, 35% aqueous solution, Sigma Aldrich)
and the negatively charged strong polyelectrolyte Poly(styrenesulfonic acid) sodium salt
(PSS, Polysciences) were used for the fabrication of the multilayer film assemblies.

In Figure 20 fabrication procedure of PEM/Ti-NBs and Cu/PEM/Ti-NBs precursors
for thin films assembly is schematically shown. The positively charged weak
polyelectrolyte Poly(allylamine hydrochloride) (PAH, Aldrich) and the negatively
charged weak polyelectrolyte Poly(acrylic acid) with Mw=90 000 (PAA, 25% aqueous
solution, Polysciences) were used for the fabrication of the polyelectolyte multilayer on
the surface of the Ti-NBs. Deionized water with a pH value of ~ 5.0 was used in the
fabrication process. A PEM film of 6.5 polyelectrolyte PAH/PAA bilayers was assembled
on the surface of Ti-NBs by immersing them first into 0.01 M solution (per monomer
unit) of PAH for 5 minutes, rinsed with water. Following the centrifugation, Ti-NBs were
immersed into 0.01 M solution (per monomer unit) of PAA for 5 minutes, washed and
centrifuged yielding PEM coated Ti-NBs (PEM/Ti-NBs). Cu-loaded PEM/Ti-NBs
precursor structures were formed by immersion of PEM/Ti-NBs structures to the 0.01 M
solution of copper acetate for 1 hour. In order to obtain the metallic copper nanoparticles
within the PEM, the Cu ion loaded PEM/Ti-NBs were then exposed to the solution of
NaBHy4 for 1 hour, again washed with distilled water and centrifuged.

Ti-NB B

Figure 20: Fabrication of PEM/Ti-NBs precursor and Cu loaded PEM/Ti-NBs precursor
structures for the multilayer film assembly.

The X-ray powder diffraction (XRD) was employed for the determination of phase
composition of the Cu/Ti-NBs composites. The XRD patterns were recorded in the range
of 20 = 5-70° by using a D4 Endeavor, Bruker AXS X-ray diffractometer (radiation
wavelength CuKa = 1.5406 A).

The Brunauer-Emmett-Teller (BET) surface area of the Ti-NBs and Cu/Ti-NBs were
evaluated by N> adsorption-desorption isotherms recorded with a Gemini II 2370 Surface
Area Analyzer (Micromeritics Norcross, Georgia, USA). In order to measure BET surface
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area the structures were scratched from the substrates. The samples were out-gassed at
110°C in helium atmosphere for 15 hours. The specific surface area was calculated in the
relative pressure range 0.05 < P/Po< 0.2.

The morphology of the Cu/Ti-NBs composite nanostructures was examined by using a
transmission electron microscopy (TEM, Jeol JEM-2100). Based on the TEM images, the
diameters of approximately 100 Cu nanoparticles were measured in order to determine
their average size distribution. The structural characteristics of the composite
nanostructures and growth characteristics of copper and copper oxide nanoparticles were
determined by selected-area electron diffraction (SAED) and high-resolution transmission
electron microscopy (HRTEM).

Surface analyses were carried out on a PHI-TFA X-ray photoelectron spectrometer
(XPS) (Physical Electronics, Inc., Frickenhausen, Germany) exciting a sample's surface
by X-ray radiation from an Al-monochromatic source. The survey and narrow-scan
spectra of the emitted photoelectrons were taken with 187 eV and 29 eV. The data were
treated with the Multipak program, version 8.1. The sensitivity of the applied method is
up to 0.05 at.%. All the data were obtained by averaging at least three repeated
integrations of the peaks.

Optical spectra of the composites were measured by using a UV-vis spectrophotometer
Hewlett-Packard-8453. The photocatalytic activities of the nanocomposites were studied
by measuring the degree of the degradation of the organic cationic dye Methylene blue
(MB) under UV and visible light by using a UV-VIS-NIR spectrophotometer (UV-3600
Shimadzu). After being kept in the dark for 30 min to achieve adsorption equilibrium, the
composites in the MB solution were irradiated by a 4.5 W LED Parathom PAR16 20
lamp with a irradiation wavelength region of A = 400 - 700 nm and a 3.5 W Blacklight
Blue Lamp to evaluate the photo-catalytic activity in the visible and UV regimes,
respectively. The residual MB concentration in the samples taken after particular time
intervals was measured by a UV-VIS-NIR spectrophotometer (UV-3600 Shimadzu) at the
characteristic absorption length of MB at 662 nm. Self-degradation of the MB under UV
and visible light was considered in the measurements.

3.4 Fabrication of Ti-NBs thin films

The silicon (Si (111) oriented single-crystals) and quartz wafers (Si-Mat, Germany) were
used as substrates for the fabrication of film assemblies. Prior to the multilayer assembly,
the wafers were cleaned in a Piranha solution (H2SO4/H20,=75:25 v/v) for 20 minutes
and subsequently washed with copious amount of deionized water. To modify the surface
charge of the wafer, 2 polyelectrolyte bilayers of positively charged
Poly(diallyldimethylammonium chloride) (PDDA, 35% aqueous solution, Sigma Aldrich)
and negatively charged Poly(styrenesulfonic acid) sodium salt with Mw=70 000 (PSS,
Polysciences) were first assembled on the substrate surface. Wafers were first immersed
into PDDA solution for 10 minutes, followed by immersion into water, as a rinsing
procedure. Wafers were then immersed into the solution of negatively charged
polyelectrolyte PSS for 10 minutes and rinsed by dipping the wafers into water. The
adsorption and rinsing steps were repeated to obtain 2 (PDDA/PSS) bilayers.
Polyelectrolyte solutions with a pH value of ~ 9.0 were used in the fabrication process.
The pH value of this water was adjusted by the drop-wise addition of 0.1 M NaOH.
Modified silicon wafers were utilized for the multilayer film assemblies of the
PEM/Ti-NBs precursor structures. Aqueous dispersions of PEM/Ti-NBs were deposited
onto wafers mounted on the sample holder of spin coater by vacuum and rotated at speed
2000 min' for 10 seconds. The multilayers were formed by Layer-by-Layer self-
assembly of the precursor structures and appositively charged PSS, rinsed with water after
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each sequential step. The sequential deposition of the precursor structures and PSS were
repeated until the desired number of bilayers was obtained. To vary the thickness of the
films 10 and 20 bilayers of PEM/Ti-NBs precursor structures and PSS were spin coated
on the wafers. In order to obtain inorganic Ti-NBs nanostructured films, the PEM/Ti-
NBs-PSS (10/20) thin multilayer films were thermally treated at 500°C for 30 minutes in
air (scheme in Figure 21). Since dust and other impurities in the working environment
greatly influence the quality of thin films, the deposition was carried out in a protective
work-bench LFV 12 with a controlled level of contamination.

500°C, air@,
Ti-NBs film

10/20 bilayers .

Figure 21: Fabrication procedure for Ti-NBs multilayered films by LbL self-assembly
methodology.

The surface morphology of the inorganic multilayer films on the silicon substrates was
examined using a field-emission scanning electron microscope (FE-SEM, SUPRA
35VP,Carl Zeiss, Oberkochen, Germany), while roughness of the films was assessed with
an atomic-force microscope (AFM, Veeco DI 3100, Nanoscope 4) in a tapping mode.
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4 Results and Discussion

4.1 Hydrothermally synthesized 1D titanate-based nanostructures:
nanotubes (Ti-NTs) and nanobelts (Ti-NBs)

The hydrothermal treatment of anatase TiO; in a highly alkaline solution of NaOH
typically results in the formation of various titanate-based nanostructures, where the
morphology is temperature dependent. For the temperatures of the hydrothermal reaction
below 130°C the two-dimensional nanostructures in form of nanosheets are formed. In the
temperature range from 130°C to 165°C the hydrothermal reaction results in the
formation of nanotubular structures, while at higher temperatures nanobelts are
thermodynamically the favourable morphology. As a result of the hydrothermal treatment
at 165°C for 72 hours in a highly alkaline environment the titanate—based nanotubes were
obtained. Figure 22(a) shows a typical bright-field TEM image of an aggregate of the
nanotubes. As evaluated directly from the TEM images, the individual multiwalled
nanotubes were up to several 100 nm long and exhibit uniform outer and inner diameter
of 10 nm and 5 nm along their length, respectively. The walls of nanotubes consist of 3-5
layers, while the number of layers on the two sides of the tube usually differs for one
(Figure 22(c)). The interlayer distance between neighbouring layers forming nanotube
wall obtained directly from the TEM images was evaluated to be approximately 0.9 nm.
Additionally the TEM investigations revealed the coexistence of nanotubes and unrolled
or partially rolled sheets formed at the early stage of hydrothermal reaction. The presence
of partially rolled sheets shown in Figure 22(b) and the uneven number of walls on the
two sides of nanotubes (Figure 22(c)) indicate that the nanotubes are hollow scrolls, as
clearly shown in Figure 22(d), formed by the rolling of the thin titanate sheets [22, 23].
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Figure 22: Bright-field TEM image of (a) an aggregate of nanotubular precursor, (b) unrolled
titanate nanosheets, (c) high-resolution TEM image of a nanotube and (c) cross-section of
nanotubes.

In Figure 23 the XRD pattern (red) of the hydrothermally synthesized nanotubes is
shown. The peak obtained at 2@ angle of ~ 10° is ascribed to the layered structure of the
Ti-NTs walls, while other broad peaks of low intensity at 2@ angles 24°, 28°, 48°and 62°
are characteristic for the Ti-NTs containing Na [84]. The similarity of the reflections at
small angles in the XRD pattern of various titanates [16, 17, 19, 22-26] ascribed to the
nanotubes hinder distinguishing among these structures and thus exact determination of
the crystal structure of the nanotubes. Well defined, layered structure with the interlayer
distance of approximately 0.9 nm (obtained from the HRTEM images) combined with a
characteristic reflection (200) (obtained in the XRD pattern at small 2@ angles of
approximately 10° and denoted by an arrow in Figure 23), the low isoelectric point of ~ 3
and negative value of zeta-potential in aqueous solutions of Ti-NTs, and the presence of
approximately 5 at% of sodium determined by the TEM-EDS clearly indicate that the
structure of the synthesized Ti-NTs corresponds to one of the titanates and not to the
anatase[14, 46] (black pattern in Figure 23). The dimensions of Ti-NTs and the
dominance of surface atoms over interior atoms that is intrinsic to nano-sized structures
are strongly reflected in the value of specific surface area thus the BET surface area of
hydrothermally synthesized Ti-NTs of uniform size distribution, established from the
nitrogen adsorption isotherm, was 240 m%/g.
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Figure 23: XRD pattern of the titanate-based nanotubes (red) and anatase powder (black). The
characteristic peak at d~104 indicates the formation of the titanate-based nanotubes.

Since the nanostructured titanates formed under hydrothermal conditions exhibit belt-
like morphology at reaction temperatures above 165°C, the synthesis performed at 200°C
resulted in formation of the phase—pure Ti-NBs [13, 32, 63]. In Figure 24(a) a bright-field
TEM image of the hydrothermally synthesized Ti-NBs is shown. The length and the
width of the Ti-NBs evaluated directly from the TEM images reveal the broad size
distribution of the NBs. The length of the Ti-NBs is in the range between 500 nm and
several micrometres, whereas their width typically varies from 50 to 300 nm. The XRD
pattern, shown in Figure 24(d) combined with TEM-EDS analysis indicates that
synthesized nanobelts are chemically Na-titanates [32].
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Figure 24: (a) Bright-field TEM image of Ti-NBs, (b) bright-field TEM image of individual Ti-NB
with the marked area and corresponding SAED pattern (z = [001]), and HRTEM image of Ti-NB
and (c) XRD pattern of hydrothermally synthesized Ti-NBs.

The selected-area diffraction (SAED) pattern shown in the inset of Figure 24(b)
indicates that individual Ti-NBs are single crystals. Single crystalline Ti-NBs are
elongated in the [010] direction. As is common to all of the monoclinic layered sodium
titanates, the layers of Ti-octahedra are parallel to the [010] direction. Furthermore, the
sharpness of the peaks in the XRD pattern (Figure 24 (c)) indicates the high crystallinity
of the Ti-NBs, as it also confirmed by the HRTEM (inset in Figure 24 (b)). The measured
BET specific surface area of the Ti-NBs is about 25 m%*/g. A ten times lower Sggr as
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compared to the specific surface area of Ti-NTs is ascribed to the dimensions and high
crystallinity degree of Ti-NBs. The negative zeta-potential, obtained from the measured
electrophoretic mobility of the Ti-NBs, indicates a high concentration of hydroxyl groups
on the surface of the Ti-NBs in the solutions with a pH above 2 [1].

4.2 Ca-doped titanate nanotubes (Ca/Ti-NTs) and nanostructured
CaTiOs; (CT)

One-dimensional nanostructures are of particular interest since they offer possibilities for
fundamental scientific investigations and expand the application-oriented opportunities
resulting from their size- and dimensionality-influenced properties. On the other hand
inorganic hollow and/or porous nanomaterials have gain great attention as promising bio-
active and biocompatible materials for drug-delivery carriers, specific targeting and
controlled release systems, implants inducing enhanced regeneration, etc. [85, 86, 87]. In
order to realize novel applications, the development is oriented toward the assembly of
novel materials and functionalised nanostructures of various morphologies into ordered
nanostructures and composites exhibiting novel enhanced properties.

For the designing of functionalised titanate-based nanostructured materials with novel
properties a wide range of synthetic approaches has been introduced. Among them
template-assisted approach was extensively adopted for the functionalisation of
nanoporous, hollow elongated titanate nanostructures [87] and nanosized perovskites [59,
61, 90, 91]. The layered structure of 1D titanate template renders intercalation of various
species (alkali metal cations, alkaline earth cations, transition metal cations,
nanoparticles, etc.) into interlayer galleries feasible. This enables modification of tubular
nanostructured titanates for different applications, among which the photo-catalytic and
biomedical applications are of great interest. Intercalation of calcium in the structure of
1D titanate-based nanostructures result in formation of bio-active and bio-compatible Ca-
doped Ti-NTs and CaTiOs. In particular utilization of Ca-doped Ti-NTs and CaTiOs for
enhanced apatite formation resulting in faster bone regeneration, minimization of
inflammatory response to implants and promoted osteointegration is of great interest. [87,
88, 89]

The hydrothermally synthesized titanate-based nanotubes were wused as a
precursor/template in hydrothermal ion-exchange reaction. Due to a high mobility of
interlayer ions ensured by the layered structure of the titanate precursor the ion-exchange
of interlayer sodium cations with Ca*" cations was obtained. The extent of intercalation of
calcium into the structure of the Ti-TNs precursor depends on temperature and duration of
performed hydrothermal reaction. The topochemical reaction, in which by the ion-
exchange reaction the formed products inherited the morphology/shape from a template,
while the chemical composition and the crystal structure are changed, was introduced as a
synthetic approach for the preparation of calcium doped Ti-NTs and nanostructured
perovskites CaTiO3 (CT).

The morphology and the dimensions of template in the form of Ti-NTs are preserved
and inherited by the products after the hydrothermal ion-exchange reaction of the
interlayer ions by the calcium cations (Ca®") performed at temperatures up to 130°C and
are independent of the reaction duration (Figure 25). The Ca-exchanged nanotubes were
from 100 nm up to several pm long, the outer and the inner diameters were about 10 nm
and 5 nm, respectively, while the interlayer distance measured directly from the TEM
images was approximately 0.9 nm. The EDS analysis revealed the presence of calcium
and a small amount of sodium, which is present due to the incomplete ion-exchange
reactions or insufficient washing after the reactions. With the prolonged duration of the
reaction at 100°C the Ca/Ti ratio after 12 h and after 5 days of reaction was 0.4 and 0.5,
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respectively. With the increase of reaction temperature up to 130°C and reaction time the
morphology of the applied template is successfully preserved, whereas the maximum
amount of about 11 at% of intercalated calcium was achieved.

Figure 25: Bright-field TEM images of Ca/Ti-NTs after hydrothermal reaction performed at (a)
100°C for 12 hours, (b) 100°C for 5 days and (c) at 130°C for 12 hours.

The increase of the temperature of the hydrothermal reaction resulted in the formation
of anisotropic crystals. In Figure 26 clusters composed of nanostructured crystals formed
during hydrothermal treatment of Ti-NTs in presence of Ca(OH); at 150°C and 200°C are
shown. From the bright-field TEM images the estimated length and width of the crystals
were 500 nm to 800 nm and 100 nm to 300 nm, respectively. The Ca/Ti ratio of the as-
formed crystals, determined by the EDS, was approximately 1. A typical SAED pattern
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shown in the inset of Figure 26(b) indicates formation of single crystalline CaTiO3
nanocrystals with orthorhombic crystal structure. The crystals joined in an individual
cluster are oriented in the same direction, while the crystal growth proceeds in the [010]
direction with respect to the orthorhombic perovskite unit cell.

Figure 26: Bright-field TEM image of anisotropic crystals with curled edges formed by the
hydrothermal treatment of a nanotubular titanate precursor at (a) 150°C for 12 hours and (b) at
200°C for 12 hours (inset: SAED pattern of a single-crystalline orthorhombic CaTiOs, z = [-
101]).

The XRD patterns shown in Figure 27 indicate the formation of highly crystalline
crystals of CaTiO3 as the temperature is increased to the 150°C, while the degree of
crystallinity and the dimensions of crystals are not significantly influenced by further
increase of the reaction temperature (200°C). Since the hydrothermal reaction is
performed in highly alkaline environment maintained by the addition of the excess
quantities of Ca(OH),, after reaction some amount of the residual Ca(OH), may react
with the CO; from the ambient air and/or water forming CaCOs as indicated by the
additional peaks in the XRD patterns shown in Figure 27.
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Figure 27: XRD pattern of CaTiOs hydrothermally synthesized at 150°C, 12 hours (black pattern)
and (b) 200°C, 12 hours (red pattern).
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The morphology, the inner and the outer diameters, the length and the width, and the
Ca/Ti ratio of the nanostructures formed during the hydrothermal treatment of the
nanotubular titanate-based template performed at different synthesis conditions are
summarized in Table 1.

Table 1: Morphology, dimensions and Ca/Ti ratio of nanostructures formed by the topochemical
reaction of nanotubular template.

Hydrothermal Morphology  Inner diameter or  Outer diameter or  Ca/Ti
conditions Width (nm) Length (nm) ratio
100°C, 12 h Nanotubes 4-5 100-several 100 0.4

100°C, 5 days Nanotubes 4-5 100-several 100 0.5
130°C, 12 h Nanotubes 4-5 100-several 100 0.4
150°C, 12 h Nanosized 100-300 500-800 1

crystals
200°C, 12h Nanosized 100-300 500-800 1
crystals

Furthermore, the TEM analysis (Figure 26) revealed formation of CaTiOs3 crystals with
irregular edges, curled perpendicular to the growth direction of the crystals. Although for
other perovskites such as BaTiO3; and SrTiO; any potential template effect, even at lower
temperatures, has been questioned,[90,91] for the CaTiOs is assumed that the evolution of
the perovskite structure during the hydrothermal treatment of the titanate-based
nanotubular template and the formation of CaTiO; single crystals with the observed
morphology are template-assisted.

On the other hand single-step reaction i.e. the hydrothermal treatment of commercially
available anatase TiO2 powder in presence of Ca(OH). at 200°C resulted in the formation
of flat crystals with regular edges, as shown in Figure 28. After the single-step reaction
solely flat rectangular crystals with regular edges were obtained. From the TEM images
directly evaluated the width and the length of as-formed nanocrystals were 80-200 nm
and 150-350 nm, respectively. EDS elemental analysis of the crystalline nanocrystals
showed stoichiometric ratio of calcium and titanium that corresponds to CaTiOs. Typical
SAED pattern shown in the inset of Figure 28 indicates formation of single crystalline
orthorhombic CaTiOs crystals that are slightly elongated in [010] direction.

According to the observations based on TEM analyses of crystals synthesized by both
approaches it is assumed that unconventional morphology of CaTiOs crystals formed by
the hydrothermal treatment of the nanotubular template may result from the tubular
morphology of the template entering the hydrothermal reaction.
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Figure 28 Bright-field TEM image of nanosized rectangular crystal synthesized by hydrothermal
treatment of anatase powder at 200°C for 12 hours. Inset shows SAED pattern indicating
formation of single crystalline orthorhombic CaTiOs, [z =-101].

4.3 Metallic nanoparticles/Ti-NBs composites

In the field of environmental chemistry the photocatalysis has become an area of vast
research interest. In this regard nanostructured titania (TiO2) as multifunctional material
with remarkable chemical, electronic and optical properties is frequently utilized as a
photo-active material for fabrication of efficient photocatalysts that are employed in
processes of photo-degradation of various pollutants triggered by the mechanism of
charge generation, photon induced charge separation and electron transfer related to the
titania bandgap (~3.2 eV) which makes it photoactive in UV portion of the solar
spectrum. Due to the limited activity of titania to the UV region of light, for the
sensitization into visible region and improvement of charge separation the 1D titanate
nanostructures are of particular interest. It was established that they exhibit enhanced
photo-activity, in comparison to other TiO»-based low dimensional materials, associated
to their elongated morphology that slows down the exciton recombination dynamics,
which is favourable for the photo-catalytic process. However, in spite of the increased
photo-sensitivity of titanate-based nanostructures, the photo-response of these materials is
still dominated in UV region. This limits their wide spread use and commercialization.
To extend their photo-sensitivity into visible range, a variety of methods that modify the
electronic band structure of titanate-based nanostructures and improve charge separation
by decreasing the recombination have been introduced.

Since the enhanced photocatalytic activity in UV and visible regime was observed in
various noble metal — semiconductor nanocomposites, recently, high-aspect-ratio titanate-
based one-dimensional nanostructures, synthesized by the alkaline hydrothermal
treatment of TiO», and characterized by high specific surface area and semiconducting
properties have been utilized as templates or catalyst supports for one-dimensional
assemblies of functional noble metal nanoparticles with high surface-to-volume ratio,
such as Au, Ag and Cu. A high surface-to-volume ratio and strong optical absorption
arising from the surface plasmon resonance of metal nanoparticles and large metal-
semiconductor contact area are unique features that make such composites suitable for
performance of photo-catalytic processes in wide region of wavelengths of the light.

Due to the higher work function of the noble metal compared to the electron affinity of
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the semiconductor an interfacial charge transfer from semiconductor to metallic
nanostructures occurs, which results in equilibration of the Fermi levels of the two
systems. [92] Photoexcited nanostructured semiconductor in contact with metal
nanoparticles undergoes charge equilibration. Such composites exhibit shift of the Fermi
level toward more negative potentials, which enhances efficiency of charge transfer,
yielding an enhanced catalytic response for the composite system. Additionally, visible
photocatalytic activity assisted by the near-field amplitudes of the localized surface
plasmon resonance (LSPR) of the metallic nanoparticles was observed in various noble
metal-titanates nanocomposites [93, 94]. The characteristics of the LSPR and thus the
plasmonic effect in the photocatalyst are dependent on the metal’s particle size and shape
and can potentially influence electronic properties of nanocomposite[95]. For this reason,
an effective synthesis approach for fabrication of a nanocomposite with the ability to
obtain control over the metallic nanoparticle size and concentration is required.

4.3.1 Ag/Ti-NBs composites

Among the noble metals, silver (Ag) exhibits the lowest Fermi level and is therefore the
one most often chosen for the preparation of metal/semiconductor photocatalytic
nanocomposites. Previously, the composite Ag/Ti-nanostructures were fabricated by ion-
exchange/precipitation method. With this method first Ag>O nanoparticles precipitated on
the surface of titanate-based nanostructures usually from an aqueous solution of AgNOs.
[96, 97, 98]. After annealing above 400°C, chemical reduction with NBH4 or UV
treatment Ag ions were completely reduced to metallic Ag nanoparticles. Certain control
over the size and density of the primary formed AgzO nanoparticles on the surface of Ti-
nanostructures can be obtained by varying the pH and concentration of the metal ion
solution. High surface coverage with small sized nanoparticles is limited by the extended
aggregation of primarily formed particles. Furthermore, subsequent heat treatment
resulted in increased Ag particle size and large size distribution of the as formed Ag
nanoparticles on the surface of Ti-nanostructures (the size range between 10-40 nm was
observed). By this method, with very low Ag ion concentrations Ag particle size above 10
nm were obtained. [96, 97] Due to the broad size distribution the precise evaluation is not
possible. The lack of the ability of obtaining control over the size and size distribution of
the Ag nanoparticles formed by ion exchange/precipitation procedure hinders control over
the final photocatalytic properties of the as formed composite nanostructures. While on
the contrary, the utilization of organic templates has proven to be an effective route to
obtaining control over the size and the concentration of the metallic component [95, 99].
In particular, weak polyelectrolyte multilayer (PEM) templates formed by the Layer-by-
Layer (LbL) self-assembly of appositively charged polyions have been shown to be
promising as nanoreactors for the synthesis of in-situ silver nanoparticles. In this synthetic
approach, by changing the pH value of the polyelectrolyte assembly and/or by repeating
the ion-loading/precipitation reaction cycles the control over the size and particle
concentration on the surface of elongated titanate nanostructures is obtained. [99, 100].

4.3.1.1 Fabrication, and structural and morphological characterization of
Ag/Ti-NBs composites

A PEM template composed of polyallylamine (PAH) and polyacrylic acid (PAA) were
first assembled on hydrophilic surface of titanate-nanobelts with the Layer-by-Layer self-
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assembly technique. At an assembly pH value of 5.0 a 10.5 bilayered multilayer with an
average thickness of 25 nm was obtained on the surface of Ti-NBs, as can be seen from
Figure 29.

Figure 29: Bright-field TEM image of Ti-NBs-PEM composite.

At the assembly pH of 5 a certain content of unionized carboxylic acid groups exists
within the PEM [101]. As the PEM-coated Ti-NBs are exposed to the Ag" ion solution at
pH values higher than those during the polyelectrolyte assembly, Ag" ions infiltrate
within the PEM, where they bind to the carboxylate groups [95]. With the in-situ
nanoparticle synthesis approach in polyelectrolyte multilayer (PEM) the primary particles
are formed within the nanopores of the multilayer assembly. The surrounding polymer
chains prevent nanoparticle agglomeration and thus enable the precise control over the
nanoparticle size with narrow size distribution. After a six-hour exposure of PEM-coated
Ti-NBs to the aqueous solution of Ag" ions the Ag>O nanoparticles were formed within
the PEM. Formation of the Ag>O nanoparticles within PEM voids was indicated by the
XRD pattern shown in Figure 30.
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Figure 30: XRD pattern of Ag:0/Ti-NBs-PEM composite (black) and pure Ti-NBs (red).

The primary Ag>O nanoparticles are formed within PEM template by subsequent
chemical reaction of the silver cations proposed by Equation 26. With the in-situ
nanoparticle synthesis approach in PEM the incorporated Ag ions react with the hydroxyl
groups detached from the surface of Ti-NBs. These hydroxyl groups may penetrate into
the PEM, where they react with incorporated Ag cations resulting in the formation of the
intermediate Ag>O particles. It is assumed that the high concentration of the surface
hydroxyl groups on the Ti-NBs induces the precipitation of the Ag>O nanoparticles [97,
102] within the PEM by the direct reaction of the Ag” and OH ions. The control over the
concentration and the size of the particles within the polymer film was obtained by
cycling the synthesis process.

24g* + OH™ - Ag,0 + H,0 (26)

TEM images (Figure 31) of the PEM-coated Ti-NBs with the in-situ precipitated Ag>O
particles after N = 1, N = 2 and N = 3 reaction cycles indicate that the as-formed Ag>O
nanoparticles within the PEMs are spherical and homogeneously distributed throughout
the multilayer film.
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Figure 31: Bright-field TEM images of (a) Ag:0O(1)/Ti-NBs-PEM, (b) Ag:O(2)/Ti-NBs-PEM and
(c) Ag>0(3)/Ti-NBs-PEM.

As the reaction cycle was repeated from N = 1 to N = 3 an increase in the size of the
Ag>0 nanoparticles from 2.4 nm to 8.3 nm was observed (Table 2).

Table 2: Size and density of Ag:0 nanoparticles in Ag:O(N)/Ti-NBs-PEM nanocomposites

Number of reaction cycles Ag>0 nanoparticle size Ag>0 nanoparticle
(nm) density (*10* um)
n=1 2.4+0.6 8.2
n=2 4.9+1.4 1.4

n=3 8.3+2.3 0.8
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After the first reaction cycle of the AgrO particle formation the carboxylic groups
within the PEM overlayer are regenerated, which enables further Ag-ion loading.
Although the AgrO nanoparticles formed in the PEM are sterically stabilized by the
surrounding polymer matrix, each subsequent binding of Ag" ions into the proximity of
the existing particles after their reaction with hydroxyl groups favours the dissolution-
precipitation growth of larger particles at the expense of smaller ones within the PEM
[100]. Consequently, a decrease in the particle density with the increasing average size of
the Ag>O nanoparticles in the PEM is observed as the reaction cycle is repeated.

In general, the precipitation reaction of the metal ions within the PEM results in the
formation of single-crystal, inorganic, spherical particles [95, 100]. Previously examined
growth characteristics of inorganics in PEM suggest that the initially formed Ag.O
particles within the PEM are single crystals, and with annealing above 280°C the Ag>O
thermally decomposes into metallic silver and oxygen [103, 104]. The thermally induced
release of oxygen from the Ag>O nanoparticles results in the formation of nanoparticulate
Ag within the PEM that may retain the single-crystal structure. Above 400°C [105] the
surrounding polymer matrix gradually decomposes, forming the crystalline Ag(N)/Ti-
NBs nanocomposite.

With the subsequent annealing to 600°C the PEM is removed whereas Ag,O
nanoparticles convert to metallic Ag. The subsequent gradual removal of the
polyelectrolyte above 350°C prevents agglomeration of the as formed Ag nanoparticles.
As a result after annealing no obvious difference in the particle size was observed. After
the annealing of the AgrO(N)/Ti-NBs-PEM at 600°C in air inorganic composites of
Ag(N)/Ti-NBs were formed. After annealing, a uniform distribution of Ag nanoparticles
over the Ti-NBs surfaces was obtained, as shown Figure 32.
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Figure 32: Bright-filed TEM images of the composites (a) Ag(1)/Ti-NBs, (b) Ag(2)/Ti-NBs and (c)
Ag(3)/Ti-NBs after annealing at 600°C.

A typical SAED pattern of such composites shown in Figure 33 indicates the
coexistence of highly crystalline, cubic, Ag nanoparticles and the single-crystalline
titanate phase. Beside the weak reflections of Ag nanoparticles the reflections
corresponding to various Ti-NBs additionally render the SAED analysis of the observed
samples difficult. In order to enhance the intensity of Ag reflections in the SAED pattern
the SAED analysis was performed on several Ti-NBs covered with Ag nanoparticles.
Additional spots of titanate structure in the SAED are assigned to the diffraction of the
neighbouring Ti-NB. In order to minimize additional Ti-NBs reflections in the SAED
pattern the SAED analysis was performed on the composite shown in Figure 32(c). The
spots in the SAED pattern correspond to the reflections of the metallic Ag nanoparticles
and the two nearly parallel Ti-NBs in upper part of Figure 32(c), solely.
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Figure 33: The experimental SAED pattern of the crystalline inorganic composite Ag(3)/Ti-NBs
shown in figure 6(c) and simulated SAED pattern of cubic Ag.

The decrease in BET surface area was obtained in composite Ag(N)/Ti-NBs as
compare to pure Ti-NBs. The BET surfaces of 20.5 m%*/g, 22.3 m?/g and 23.4 m%*/g were
measured for Ag(1)/Ti-NBs, Ag(2)/Ti-NBs and Ag(3)/Ti-NBs, respectively. The size of
the Ag nanoparticles in the composite Ag(N)/Ti-NBs was evaluated based on TEM
images. Average diameters of 4.5+2.1 nm, 7.943.1 nm and 9.64+4.2 nm were measured for
the Ag nanoparticles in the composites Ag(N)/Ti-NBs formed by one, two and three ion-
loading/reduction cycles in the PEM, respectively. Simultaneously, the densities of the
Ag nanoparticles on the surface of the Ti-NBs decrease to 4.7*10%pum?, 0.9*10*/um? and
0.2*10%um? (Table 3). In contrast to the composite Ag/Ti-NBs prepared with a
commonly used ion-exchange/precipitation method where Ag nanoparticles with average
size between 10 and 40 nm were obtained [96, 97], with the in-situ synthesis approach in
PEM, Ag nanoparticles with size below 10 nm were formed on the surface of Ti-NBs.

Table 3: Size and density of Ag nanoparticles in Ag(N)/Ti-NBs nanocomposites.

Number of reaction cycles Agnanoparticle size Agnanoparticle
(nm) density (*10* um?)
n=1 4.542.1 4.7
=2 7.9+3.1 0.9
n=3 9.6+4.2 0.2

The decrease in Ag nanoparticle density after annealing indicates particle growth as
the PEM matrix is removed during the thermal treatment. Ag nanoparticles formed on the
surface of the Ag(N)/Ti-NBs appear to be composed of differently oriented smaller units,
as can be seen from Figure 34. Such a polycrystalline structure of the Ag nanoparticles in
composite Ag(N)/Ti-NBs suggests that after annealing, more primary particles of
different orientations tend to form larger Ag clusters. With the annealing, thermal
decomposition of the Ag,O particles in the PEM may yield single-crystal, metallic Ag
nanoparticles, whereas gradual removal of the surrounding polymer results in the



Results and Discussion 59

aggregation of the adjacent particles. Without steric stabilization of the particle surface,
which is ensured by the PEM, due to their high surface energy, primary particles tend to
form larger clusters on the surface of the Ti-NBs by a random-aggregation mechanism.
The coalescence of primary Ag nanoparticles is more pronounced at a high particle
density, which results in a larger increment of the Ag particle size formed by one ion-
loading/precipitation cycle in the PEM (Table 3). After coalescence, spherical Ag
nanoparticle clusters were obtained (Figure 34). These rounded particles exhibited a
smaller number of surface atoms and thus a lower energy. As the annealing temperature
exceeds 500°C, due to the thermodynamic constraints, irregular-shaped nanoparticles may
convert to rounded particles [106]. Thus, during the annealing to 600°C, due to surface
diffusion, spherical Ag nanoparticles were formed on the surface of the Ti-NBs.

2 nm

Figure 34: HRTEM images of nanosized Ag crystals on the Ti-NBs surface formed by (a) one and
(b) three Ag loading cycles.
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4.3.1.2 Optical properties and photocatalytic activity of Ag/Ti-NBs composites

Within the field of photoelectrochemistry/photocatalysis the figure of merit of the
composite’s performance is its electrical or optical response. The control over optical
response of semiconductor is obtained by its bandgap energy, which represents a
threshold energy for electron to be transferred from the highest occupied state i.e. in
valence band to the lowest unoccupied state in conduction band. The charge separation is
obtained upon irradiation of the semiconductor of the energy equal or greater than the
energy of material’s bandgap. While most of the charge undergoes recombination, a
fraction of photogenerated electrons reaches the surface and participates in the surface
redox reactions. Since the modification of the density of states (DOS) of electrons is
strongly related to the dimensional confinement, the optical and redox properties (and
electrical) of the semiconductor can be efficiently tailored by the variation of its physical
dimensions i.e. size and morphology. In general, charge carriers in semiconductor
experience confinement of motion in one, two or three spatial dimensions as one or more
dimensions of the nanostructure are in the nanoregime. For the 1D nanostructures the
electrons are confined in two dimensions and the transport is possible only in the
direction along the axis of the nanostructure. The transition to 1D nanostructures is
reflected in the divergence of the DOS of each sub-band at the band edge giving rise to
van Hove singularities. Van Hove singularities in the energy DOS of carbon nanotubes
result in modification of their optical properties, while the bandgap energy is increased
with decreasing diameter of the tubes. However, optical absorption and
photoluminescence of titanate-based nanotubes are not influenced by their diameter or
morphology, since very small variations in bandgap energy with decreasing diameter
were obtained. [107, 108] The conduction of semiconductor with a noble metal which
serves as a sink for photo-generated electrons and promotes interfacial charge separation
represents successful route toward suppressing the charge recombination rate and the
maximization of the efficiency of photocatalytic reactions.

The absorption spectra of pure Ti-NBs and the composite Ag(N)/Ti-NBs are shown in
Figure 35. The spectra show an absorption edge in the UV regime at about 250 nm for the
pure Ti-NBs and for the composites. The absorption in the UV region is in all cases
assigned to bandgap transition of the semiconductor. For the composites the absorption
maxima obtained at energy corresponding to the UV region is followed by an absorption
peak in the visible region at 410 nm. While the absorption in the UV regime is assigned to
the band to band transitions of the semiconductive Ti-NBs, the visible-regime absorption
maxima is induced by the local surface plasmon resonance (LSPR) of the Ag
nanoparticles on the surface of the Ti-NBs. With an increase in the Ag nanoparticle
density on the surface of the Ti-NBs a higher intensity of the LSPR absorption band was
obtained. The photons that interact with the metallic nanoparticles induce an oscillation in
the metal’s conduction-electron charge density, which results in a localized, surface
plasmon, resonance absorption (LSPR) band in the visible regime of the electromagnetic
spectrum [109]. For the metallic nanostructure attached to a dielectric, the bandwidth, the
position and the intensity of the LSPR are mostly affected by the density, the shape and
the dielectric properties of the surrounding metallic nanoparticles [93, 110]. The existence
of the single absorption band confirms the observations from the TEM images that the Ag
nanoparticles in Ag(N)/Ti-NBs are essentially spherical. Since based on Mie theory [111],
the LSPR is independent of the particle size for particle diameters that are much smaller
than the incident wavelength, it appears that increase in the LSPR intensity could be
mainly caused by a larger concentration of Ag nanoparticles in the Ag(N)/Ti-NBs
composite as the number of Ag loading cycles is decreased.
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Figure 35: The UV-visible absorption spectra of crystalline pure Ti-NBs, Ag(1)/Ti-NBs, Ag(2)/Ti-
NBs, and Ag(3)/Ti-NBs composites.

According to the differences of the absorption properties of pure Ti-NBs and
Ag(N)/Ti-NBs these nanostructures are expected to exhibit different photocatalytic
activities when exposed to UV- and visible-light irradiation. Since characteristic
absorption peak of the pure Ti-NBs is in UV region it is expected that the photocatalytic
efficiency of the composites in comparison to the pure Ti-NBs will be enhanced due to
the expected change of the electron transport modified by the presence of metallic
component building the composite. It is well established that conduction band electrons
(ecs") and valence band holes (hvg") are generated as the semiconductor is irradiated with
a light of energy greater than its band gap (Equation 26). The electrons from the
semiconductor conduction band are transferred to the metallic Ag as the two particles
undergo charge equilibration (Equation 27).

Ti0, + hu(UV) - Ti0,(ecs + hyp) 3)
Ti0,(e) + Ag - Ti0, - Ag (4)

Relevant reactions induced by UV-light charge separation at the semiconductor-metal
surface causing the degradation of dyes can be expressed by following reactions:

TiO,(hig) + H,044s = TiO, + HY + OH (5)
TiO,(h$g) + OH 4, » TiO, + OH (6)
TiOy(ecp) + Ozqas = TiO, + 05 (7)
TiO, — Ag(e) + O44s = TiO, - Ag + 05 (8)
Dye + OH" — degradation products 9)
Dye + 0, — degradation products (10)

The photocatalytic activities of the Ti-NBs and Ag(N)/Ti-NBs measured under the
UV-light by the degradation of the MB, as a model reaction, are shown in Figure 36. The
Langmuir-Hinshelwood kinetics has been used to describe the reaction rate for
heterogeneous photocatalysis [112, 113] of Ti-NBs where more adsorbents participate in
the reaction. According to this model, the reaction rate for second-order surface
decomposition of MB dye is:
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dalcl _ KoC
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where K. is the equilibrium adsorption constant of MB, £ is the second-order reaction rate
of MB degradation, C is the concentration of MB after time ¢ and Cy is the initial
concentration of the MB solution.

Based on Equation (11) the photocatalytic degradation of MB (low C)) in the presence
of Ti-NBs exhibits pseudo first order with respect to the concentration of dye:

d[c]
—— = Kons[C] (12)

where Ko 1s the pseudo first order reaction constant for the photocatalytic oxidation of
MB dye. The integration of Equation (12) results in:

n () = Kopst (13)

where the slope K.»s1s the apparent reaction rate.
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Figure 36: (I) The concentration profile and (Il) the pseudo-first-order kinetic rate plot for the
photocatalytic degradation of MB for (a) Ag(1)/Ti-NBs, (b) Ag(2)/Ti-NBs, (c) Ag(3)/Ti-NBs and
(d) pure Ti-NBs under UV-light irradiation.

Based on the pseudo-first-order reaction, the UV degradation reaction rates were
calculated to be 0.008/min, 0.011/min, 0.019/min and 0.027/min for the pure Ti-NBs,
Ag(3)/Ti-NBs, Ag(2)/Ti-NBs and Ag(1)/Ti-NBs, respectively (Table 4). Compared to
pure Ti-NBs, 3.4 and 1.4 times larger photo-degradation rates were obtained for 1 and 3
Ag loading cycles. It was shown previously that the photo-catalytic activity of the
nanostructured titanates is strongly influenced by their crystallinity and morphology [8,
114, 115]. Due to their high specific area these nanostructures exhibit photo-catalytic
activity in the UV regime [8, 19, 116]. However with the attachment of Ag nanoparticles
to the surface of the Ti-NBs, enhanced photo-activity is obtained. The highest UV
photocatalytic activity was observed in the composite formed with a single Ag
nanoparticle loading cycle. In the titanate-metal nanocomposites, the electron transfer
from the excited semiconductor to the metallic (Ag) nanoparticle at the interface is
thermodynamically favourable because the Fermi level of the metal is lower than that of
the Ti-NBs resulting in large potential difference between the conduction band of the
semiconductor and the Fermi level of the metal facilitating electron accumulation in the
metal. As a result of electron accumulation, the Fermi level of the Ag shifts towards the
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conduction band of the semiconductor until an equilibrium between the semiconductor
and the metal is attained. Due to the more negative potential of the as-formed composite
Ag(N)/Ti-NBs a greater reductive power of the composite system is achieved [92, 117].
By increasing the Ag nanoparticle loading cycles, reduced photocatalytic activities were
obtained for the as-formed Ag(N)/Ti-NBs. Since after a single Ag nanoparticle loading
cycle the largest density of the smallest Ag nanoparticles on Ti-NBs was obtained, an
increased metal-semiconductor contact area enables better electron transfer from the Ti-
NBs to the Ag nanoparticles. Due to the discrete energy levels of the Ag nanoparticles, in
smaller-sized Ag nanoparticles, a greater negative shift in the Fermi level for each
accumulated electron is expected [117]. This better charge separation may result in an
enhanced photocatalytic efficiency of the composite Ag(N)/Ti-NBs formed with fewer
Ag loading cycles.

In Figure 37 the photocatalytic activity of the Ti-NBs and the composite Ag(N)/Ti-
NBs in the visible region is shown.
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Figure 37: (I) The concentration profile and (II) the pseudo-first-order kinetic rate plot for the
photocatalytic degradation of MB in (a) Ag(1)/Ti-NBs, (b) Ag(2)/Ti-NBs, (c) Ag(3)/Ti-NBs, and
(d) pure Ti-NBs under visible-light irradiation.

Compared to the photo-activity in the UV regime, in the visible region, Ti-NBs and
Ag(N)/Ti-NBs exhibit lower degradation reaction rates (Table 4). Since no absorption of
pure Ti-NBs was observed in the visible spectrum, a degradation of MB in the presence
of Ti-NBs can be assigned to the self-photosensitization of MB under visible-light
irradiation. Under visible irradiation, the MB is transferred into its excited state. Then,
due to the suitable energy-level positions between the MB and the Ti-NBs the excited dye
may inject an electron into the conduction band of the Ti-NBs [118]. In this process, the
MB is converted into a cationic radical, while the electron at the semiconductor surface
reacts with adsorbed oxidants to produce oxygen radicals. An efficient charge separation
of the injected electron and the cationic MB radical, which acts as a hole, may yield the
photocatalytic activity of pure Ti-NBs under visible-light irradiation.
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Table 4: UV and visible degradation-rate constants k (min™) for the Ti-NBs and Ag(N)/Ti-NBs
nanocomposites.

Sl k (min") UV k (min™) visible
degradation degradation
Ti-NBs 0.008 0.005
Ag(1)/Ti-NBs 0.027 0.014
Ag(2)/Ti-NBs 0.019 0.011
Ag(3)/Ti-NBs 0.011 0.008

For Ag(N)/Ti-NBs an enhanced photocatalytic activity was observed in comparison to
pure Ti-NBs under visible-light irradiation. As in the UV irradiation, the highest
photocatalytic activity was obtained for the case of the Ag(1)/Ti-NBs. The visible
photoactivity of the Ag(N)/Ti-NBs can be induced by the LSPR of the Ag nanoparticles
[94, 95]. With the Ag nanoparticle-semiconductor contact at their interface, Schottky
barrier banding may occur. Due to the LSPR of the Ag nanoparticles in the near-UV
region, the photo-excitation can induce charge separation by the subsequent transport of
the electrons from the Ag to the conduction band of the Ti-NBs. In the absorption spectra
(Figure 35) the interactions between the Ag and the Ti-NBs are reflected in the red-shift
of the absorption edge of the Ti-NBs. A more pronounced shift was observed with
increasing densities of Ag nanoparticles on the Ti-NBs surface. A more intense LSPR
band and enhanced interactions between the metallic Ag and the Ti-NBs in the composite
with a larger Ag nanoparticle density yield a stronger transfer of the electrons from the
Ag nanoparticles to the conduction band of Ti-NBs, which can explain the enhanced
photo-reactivity of the composite Ag(N)/Ti-NBs under visible-light irradiation as the
number of Ag loading cycles is decreased.

In addition, after a longer irradiation period the photocatalytic activity of the
Ag(N)/Ti-NBs in the visible regime can also be induced by narrowing the band gap of the
semiconductor by introducing impurity states within the band of the Ti-NBs. The
presence of metal-ion dopants in the titanate matrix directly affects its photoreactivity, the
charge-carrier recombination rates and the interfacial charge-transfer rates [119, 120]. In
the metal-semiconductor composite, due to their redox potential level, a hole and/or OH
radical thermodynamically favours the oxidation of metals. The possibility that metal
nanoparticles might undergo a chemical transformation during UV-vis light exposure is
especially pronounced for the nanosized domain and unprotected surface of the metallic
particles [121]. The Ag ions generated at the interface of the Ag nanoparticle and Ti-NBs
may then get intercalated into the titanate-lattice, which increases the photocatalytic
activity of the composite Ag(N)/Ti-NBs in the visible region.

4.3.2 Cu/Ti-NBs composites

With increased demand for preventing the environment burdening with various pollutants,
the biodegradation and other conventional methods, which produce secondary products
and need additional post-treatments, the heterogeneous photocatalysis that in general
includes semiconductor as a photocatalyst is expected to be adopted in such processes.
Besides, TiO> as a most intensively investigated photocatalyst, the one-dimensional
titanate nanostructures (titanate nanotubes-Ti-NTs and nanobelts-Ti-NBs) has been
utilized as semiconductor component of metal-semiconductor nanocomposites that are
expected to improve quantum efficiency of photocatalytic degradation of pollutants. In
particular coupling of wide-bandgap semiconductive 1D titanate-based nanostructures
with noble metal spherical nanoparticles, homogeneously distributed on the surface of
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titanate nanostructures opens new possibilities for development of efficient photo-
catalysts that may enhance photo-induced reactions under UV irradiation and
simultaneously trigger the absorption of visible light. Among noble metals such are Au
and Ag nanosized Cu has been increasingly investigated as it exhibit clear LSPR features
in optical spectra located in visible region of light wavelengths. However, recently,
compared to gold and silver, copper has received more attention due to its good
photocatalytic activity and lower price of the source ions as well, which is of great
importance due to the rising demands for more economic routes to the manufacturing of a
long wavelength visible-light absorption catalysts. The absorption spectra of Cu
nanoparticles dominated by higher order modes and severely damped dipolar surface
plasmon resonance appears very different from those of Au and Ag. Unlike Ag, the
surface plasmon resonance that is enhanced due to the higher order SP modes is a small
feature in extinction spectrum of copper nanoparticles and scattering contribution to the
overall extinction spectra is little. It is assumed that interband transitions dominantly
contribute to the spectra by strong damping of the surface plasmon resonance. For the Cu
nanoparticles mainly broadening of surface plasmon resonance that is related to the close
proximity of the SPR (2.22 eV) energy to the quasi-particle interband continuum i.e.
interband transition (2.17 eV) accompanied by the minor red shift was obtained.

The optical properties of metal particles of nanometer dimensions depend on
concentration, size, crystallinity, morphology and crystal structure of the nanostructures.
Various synthetic approaches for preparation of copper nanoparticles such as thermal and
sonochemical reduction, UV irradiation, micro emulsion technique and chemical
reduction of copper-based salts lack the control over the shape and particle size
distribution and yield particles of the size in submicron and micron regimes. A versatile
methodology for the formation of spherical, non-agglomerated nanosized particles with
narrow size distribution has been achieved by a weak-polyelectrolyte assisted LbL
method which in addition has been proven as an effective strategy toward controlled
fabrication of Cu/Ti-NBs nanocomposites with high intercontact area between metallic
and semiconductor component of as-synthesized composites.

4.3.2.1 Structural and morphological properties of Cu/Ti-NBs composites

First, for the formation of weak polyelectrolyte multilayer-PEM/Ti-NBs composite 6.5
bilayers of appositively charged weak-polyelectrolytes were assembled by LbL method
on the hydrophilic surface of the hydrothermally synthesized crystalline Ti-NBs. In next
step of a fabrication procedure, multilayered matrix comprised of polyelectrolytes
forming a coating on the Ti-NBs (PEM/Ti-NBs composite) was subsequently utilized as a
nanoreactor for the in-situ synthesis of metallic Cu nanoparticles as shown schematically
in Figure 20. Figure 38 shows TEM images of as-formed nanostructures after sequential
procedure steps.
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Figure 38: Bright-field TEM images of precursor (a) PEM/Ti-NBs, (b) PEM/Ti-NBs, (c) Cu
loaded PEM/Ti-NBs and (d) HRTEM of Cu nanoparticle in PEM.

As the PEM/Ti-NBs composite was exposed to the Cu?* ion aqueous solution at pH
value higher than this during the PEM assembly process, Cu?" bind to the free carboxylic
groups of the PAA polyelectrolyte forming PEM. After chemical reduction of Cu?"
cations the surrounding polymeric matrix prevents agglomeration of proximate particles
and constrains their growth, thus subsequently spherical Cu nanoparticles uniformly
distributed within PEM film are obtained (Figure 38(c)). From the TEM images estimated
average particle diameter was 4.8+1.2 nm, while the Cu nanoparticle density of 5.9*10°
pum2 in PEM was obtained. In comparison to the Ag nanoparticle density obtained for the
Ag/Ti-NBs composite after one loading cycle, the Cu particle density is lower, which, in
contrast to the Ag" ion binding, is related to the consumption of two COO" groups per one
Cu?"ion. The highest density of smallest Ag nanoparticles was achieved after one loading
cycle, while the final Cu/Ti-NBs-PEM composite was obtained after single Cu ion-
binding/reduction cycle. From the HRTEM investigation it was conducted that after
reduction within PEM spherical nanoparticles are single crystalline cubic Cu
nanoparticles (Figure 38(d)). In addition, coexistence of highly crystalline cubic Cu and
titanate-based phases was confirmed by XRD analysis. The XRD patterns of PEM coated
pure Ti-NBs and Cu-loaded Ti-NBs, respectively, are shown in Figure 39.
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Figure 39: XRD pattern of PEM/Ti-NBs (black pattern) and Cu-loaded PEM/Ti-NBs (red pattern)
composite structures.

For the fabrication of inorganic Cu/Ti-NBs one dimensional composite, the Cu/Ti-
NBs-PEM composite was first annealed in air at 500°C to remove polymeric matrix and
then subsequently exposed to the hydrogen atmosphere at ramping heating to 300°C.
During annealing in air the decomposition of organic matrix is accompanied by the
oxidation of metallic Cu nanoparticles. A typical SAED pattern (Figure 40(c)) of as-
treated composites indicates formation of crystalline, monoclinic CuO nanoparticles on
the surface of Ti-NBs. After annealing in air the CuO particles retain spherical
morphology accompanied with a slight increment of the particle size, whereas the particle
density and uniform distribution of nanoparticles attached to the surface of titanate
nanobelts are preserved (Figure 40(a)).
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Figure 40: Bright-field TEM images of (a) CuO/Ti-NBs, (b Cu/Ti-NBs), (c) the simulated SAED
pattern of monoclinic CuO and the experimental SAED pattern of the crystalline CuO/Ti-NBs, (d)
the simulated and experimental SAED pattern of cubic Cu and Cu/Ti-NBs, respectively, (e)
HRTEM of CuO nanoparticles attached to the Ti-NBs and (f) HRTEM of Cu nanoparticles of

Cu/Ti-NBs composite.

With the subsequent annealing of the CuO/Ti-NBs composites in the presence of
hydrogen atmosphere CuO nanoparticles were transformed to metallic Cu nanoparticles.
The SAED pattern in Figure 40(d) confirms coexistence of cubic Cu nanoparticles and
single crystalline Ti-NBs. The morphology, size and crystal structure of Ti-NBs are not
affected by the exposure of these nanostructures to the hydrogen environment at elevated
temperatures below 500°C. [122] Spherical Cu nanoparticles remain uniformly
distributed through the surface of Ti-NBs. The average particle size is comprisable to the
particle size of initially formed Cu nanoparticles within PEM in the third step of Cu/Ti-
NBs composite fabrication procedure shown in Figure 20. In addition to the SAED



Results and Discussion 69

analyses of CuO- and Cu-loaded Ti-NBs composites the XRD patterns in Figure 41
indicate the formation of monoclinic CuO and cubic Cu particles on the surface of Ti-
NBs formed during annealing in air and hydrogen atmosphere, respectively. In
comparison to the specific surface area of pure Ti-NBs the attachment of Cu nanoparticles
onto the surface of Ti-NBs yields a decrease in BET surface of the composite Cu/Ti-NBs.
By the BET method measured specific surface area of the Cu/Ti-NBs composite was 23.7
m?/g.
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Figure 41: XRD pattern of Cu/Ti-NBs (red) and CuO/Ti-NBs (green) composite.

For the determination of valence states of Ti in the Cu/Ti-NBs composite the XPS
analysis was employed. Figure 42 shows titanium 2ps/2 and 2p12 peaks building the XPS
spectra of the pure Ti-NBs and Cu/Ti-NBs composite. The oxygen O Is spectrum is
decomposed to the two contributions, namely the main peak is followed by the shoulder
shifted to higher energies. The main peak located at the binding energy of 530.6 eV is
assigned to the Ti-O bond in the titania-based oxide Ti-NBs, while the second feature
resolved at 531.8 eV corresponds to the existence of Ti-OH at the surface indicating
hydrophilic nature of nanostructures’ surface. The Ti 2pi2 and Ti 2ps2 spin-orbital
splitting photoelectrons giving rise to the peaks in the XPS spectrum at binding energies
of 464.5 eV and 459 eV, assigned to the titanium in its 4+ valence state.
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Figure 42: The XPS spectra of (a) Ti 2p and (b) O Is of the nanostructured composite.

4.3.2.2 Optical properties and photocatalytic activity of Cu/Ti-NBs composites

Figure 43 shows the absorption characteristics of pure Ti-NBs and Cu/Ti-NBs
nanocomposite.
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Figure 43: The absorption spectra of (a) pure Ti-NBs and (b) Cu/Ti-NBs nanocomposite.

The Ti-NBs absorption spectrum is characterized by a single absorption band in UV
region of wavelengths located at about 250 nm, which is assigned to the band-gap
transitions of the Ti-NBs. For the Cu/Ti-NBs composite spectrum absorption edge of the
Ti-NBs located in the UV regime is followed by an additional band located at higher
(visible) wavelengths. This visible absorption maximum at 573 nm is induced by the local
surface plasmon resonance (LSPR) of the Cu nanoparticles attached to the surface of Ti-
NBs. As the average size of the metallic Cu nanoparticles attached to the semiconducting
Ti-NBs is much smaller than the wavelength of the exciting light, the bandwidth, the
position and the intensity of the LSPR is highly affected by the shape and size of metallic
nanoparticles. The rise of a single absorption band related to the LSPR of the Cu
nanoparticles is in agreement with the TEM observations that the Cu nanoparticles
attached to the surface of Ti-NBs are essentially spherical. However, for the nanoparticles
much smaller than the wavelength of incident light the LSPR is independent of the
particle size, thus the increase in the LSPR intensity may be manipulated by increased
dielectric constant of the composite induced by a larger concentration of Cu



Results and Discussion 71

nanoparticles.

As the Ti-NBs and Cu/Ti-NBs nanocomposite are introduced as photo-catalysts into
the degradation process of organic dye Methylene Blue (MB) based on absorption
characteristics of both materials, the composite is expected to exhibit different photo-
response in the UV-vis regime of interest as compared to the Ti-NBs. Figure 44 shows the
photocatalytic properties of pure Ti-NBs and Cu/Ti-NB multilayered films under UV and
visible irradiation.
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Figure 44: (a) The concentration profiles for the photocatalytic degradation of MB for (I)Ti-NBs
and (1l) Cu/Ti-NBs under UV irradiation and (b) the concentration profiles for the degradation of
dye under visible irradiation for (1) Ti-NBs and (II) Cu/Ti-NBs.

Based on the linear relationship of ln?0 vs. time, photocatalytic degradation reaction

follows the pseudo-first-order kinetics. Pseudo first order reaction rates in the UV regime
were calculated for this experiment to be 0.012/min for the Ti-NBs, and 0.037/min for the
Cu/Ti-NBs hybrid material, respectively. The elongated morphology of 1D Ti-NBs
hinders the ability of exciton recombination which resulted in enhanced photo-activity of
1D Ti-NBs under UV radiation. The additional increase in the photo-catalytic activity was
obtained for Cu nanoparticles attached to the surface of Ti-NBs. Based on the UV
absorption characteristics, Cu/Ti-NBs composite exhibited highest photocatalytic activity
compared to Ti-NBs as they were exposed to the UV radiation. With a high inter-contact
of Cu nanoparticles and Ti-NBs in the Cu/Ti-NB composite, the transfer of the photo-
generated electrons from the excited Ti-NB to the metallic Cu nanoparticle at the
interface is thermo-dynamically favourable due to lower position of the copper Fermi
level in comparison to that of the Ti-NBs. Due to the subsequent electron accumulation in
Cu nanoparticles the Fermi level of the Cu shifts closer to the conduction band of the
semiconductor Ti-NBs until the two systems attain equilibrium, resulting in a more
negative potential of the Fermi level of the composite Cu/Ti-NB nanostructures, which
result in enhanced reductive power. [117] Scheme of corresponding interactions of Cu/Ti-
NBs composite with UV and visible irradiation is shown in Figure 45. A favourable more
positive potential of the metallic Cu Fermi level may increase the efficiency of electron
transfer from the Ti-NBs to the Cu nanoparticles. In addition, increased concentration of
superoxide anion radicals O* on the surface of Cu/Ti-NBs induced by the hydrogen
treatment enables stabilization of hydroxyl radicals, hence preventing mediated exciton
recombination as follows: [123]
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Figure 45: Stepwise electron transfer from Ti-NBs to metallic Cu nanoparticle following
excitation of the Ti-NBs with the corresponding Fermi-level equilibration in a metal -
semiconductor nanocomposite system.

In comparison to the photo-degradation in UV, under visible light irradiation the pure
Ti-NBs and Ti-NBs-based nanocomposite exhibit lower degradation reaction rates. As
conducted from the Figure 44(b). Pseudo-first order reaction rates in the visible regime
were calculated to be 0.0012/min and 0.015/min for the Ti-NBs and Cu/Ti-NBs
composite, respectively.

Although the Ti-NBs showed negligible absorption in the visible regime, they exhibit
some photo-catalytic activity for the degradation of MB in the visible region (Figure
44(b) (I)) which may be assigned to the self-photosensitization of MB under visible-light
irradiation. Due to the suitable energy level positions between the MB and the
semiconductor, upon visible light irradiation, the excitation of MB may be agitated
enabling the injection of an electron to the conduction band of the Ti-NBs. [118] As a
result an efficient charge separation of the injected electron and the cationic MB, induce
the photocatalytic activity of the pure Ti-NBs under the visible-light irradiation. The
increase in the photocatalytic activity observed for the Cu/Ti-NBs composite under
visible-light irradiation as compared to Ti-NBs is a result of the metallic nanoparticle
LSPR mediated photoexcitation of the neighbouring semiconducting nanostructure as it
was shown for Ag/Ti-NBs composite also[124]. Under visible light excitation, the LSPR
induces a near electromagnetic field in the vicinity of the Cu nanoparticle. A high inter-
contact area and increased concentration of Cu nanoparticles on the surface of Ti-NBs
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induces more intense LSPR, thus the near field yields in photo-excitation of the
semiconductor resulting in enhanced photocatalytic efficiency of the Cu/Ti-NBs
composite under visible light irradiation.

4.4 Thin films

Recently, many investigations are focused on the issue of recovery and separation of
photo-catalysts after the photo-induced processes from the treated waste waters. In
particular, their utilization in large scale or industrial processes is strongly hindered since
the removal of photo-catalytically active materials is closely related to the costs of
separation processes. One of the proposed strategies for resolving these problems is
fabrication of magnetic hybrid nanostructured photo-catalysts which may be removed
after the reaction by applying external magnetic field. [125] However, pretentious
synthesis, photo-dissolution of the magnetic component, formation of undesirable
components, etc. hinder successful utilization of this approach. On the other hand
deposition of photo-sensitive material on the substrates that are compatible with photo-
catalytic material and are transparent to the light offers an effective strategy for
fabrication of photo-active materials in form that is not difficult to handle.

In order to develop novel and efficient nanostructured photo-catalysts the layer by
layer film assembly approach and the recent achievements of weak polyelectrolyte-
assisted nanoparticle loading onto the surface of titanate nanobelts were combined and
utilized for the fabrication of photo-active nanostructures in 3D configuration, which
would enable low photocatalyst’s separation and recycling costs after photo-induced
treatment of polluted systems, and will be easy to handle.

Recently, electrostatic layer by layer (LbL) assembly technique has been utilized for
the fabrication of multilayered films where various inorganic nanostructures such as
multiwall nanotubes (MWNT), TiO2 and SiO> nanoparticles, have been assembled with
polymers for the thin film fabrication with thickness control in the nanometer scale. [126,
127, 128, 129] Assembling of dispersed nanostructures onto various substrates using LbL
assembly approach, which consist of the repeated, sequential deposition of
complementary functionalized species is schematically shown in Figure 46.
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Figure 46: Scheme of thin film fabrication on a wafer by Layer-by-Layer assembly of PEM
functionalized 1D nanostructures and appositively charged polyelectrolyte.

Polyelectrolyte assisted LbL synthesis was used for the construction of 3D network
structures composed of Ti-NBs. By this synthetic procedure the thickness of fabricated
films is tuneable by varying the number of repeated, sequential deposition steps. In Figure
48 (a), (b) SEM top view images of the multilayer films formed of 10 and 20 layers of Ti-
NBs show random arrangement of individual Ti-NBs in the network structures. The film
thicknesses determined from the cross-sectional FE-SEM images in Figure 48 (c), (d) of
the multilayered nanostructured films reveal increment of the film thickness as the
number of deposited layers increases. Figure 47 shows linear increment of thickness of
the multilayered films as the number of layers increases from 5 to 20. During electrostatic
assembly of 10 and 20 bilayered films of PEM/Ti-NBs at pH value of 9 an average
thicknesses of 1.8 um and 3.9 pm were measured. This yield for as-assembled multilayer
films an average thickness increment of about 180 nm per one PEM/Ti-NBs-PSS bilayer
forming the multilayer assembly. With the layer-by-layer methodology the thickness of
the formed multilayers film primarily depends on the charge density of the assembled
species and is further controlled by the number of assembled layers. [130]
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Figure 47: The thickness of the multilayered assembly vs. number of assembled layers of PEM/Ti-
NBs fabricated by the layer by layer approach.

The cross-sectional FE-SEM images of 10 and 20 layered Ti-NBs films revealed that
multilayered films formed by the layer by layer assembly yield orientation of Ti-NBs in
the film, which is not parallel with the substrate (Figure 48 (c),(d)). This induces
nanoscale porosity and yields high specific area of the as formed nanostructured films.

Figure 48: Comparison of the surface morphology and cross sections of nanostructured Ti-NB
films formed of (a, c) 10 layers of Ti-NBs and (b, d) 20 layers of Ti-NBs.

After annealing in air at 500°C 10 and 20 layered Ti-NBs thin films possess
interconnected network morphologies composed of separated individual Ti-NBs.
According to the AFM measurements (Figure 49) the root-mean-square roughness
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increased from 40 nm to 50 nm for the films assembled of 10 and 20 layers of Ti-NBs.
The higher roughness may be explained by the higher thickness of the films and looser
adsorption of the assembled Ti-NBs as number of layers is increased. [131]

0 nm

Figure 49: Atomic force microscopy images of nanostructured films formed of 10 layers of Ti-NBs
after annealing in air at 500°C.

Nanoporosity of the multilayer films induced by the laterally random arrangement of
individual Ti-NBs in the 3D structures yielding high specific area and hence enhanced
adsorption capacity of the organic dye combined with the simultaneous increase in
thickness and roughness of the films induced by the higher number of layers render these
multilayered Ti-NBs films an efficient 3D building blocks for enhanced photocatalytic
degradation of organic contaminants in water and air.

In addition, assembly of the multilayer nanoreactor onto the surface of 1D Ti-NBs
provides the ability to control the size and density of the metallic (Ag, Cu) or
semiconductive (CuO) component in a form of nanoparticles on the Ti-NBs surface
resulting in greater inter-contact area between the two components in the as synthesized
composite nanostructures. On the other hand the LbL approach provides a simple and
versatile method to assemble wide range of nanostructures into thin films deposited on
various substrates. By an association of advantages of both approaches a novel route for
production of conformable thin films composed of various functionalized one-
dimensional nanostructures is proposed as an efficient methodology for controlled design
of the 3D multilayered structures as represented schematically in Figure 50.
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(a) (b)

Figure 50: proposed fabrication methodology for (a) CuO-loaded Ti-NBs (step III.)
and Cu-attached Ti-NBs (step IV.) and (b) pure Ti-NBs multilayered films with the LbL
self-assembly of precursor structures.
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5 Conclusions

This thesis has shown that 1D hydrothermally synthesized titanate based nanostructures
present unique system for fabrication of multifunctional materials that exhibit enhanced
properties rendering these nanostructures as active materials in various processes. With
respect to their ion-exchange properties, highly hydrophilic surface, high specific surface
area and semiconducting properties, titanate-based nanobelts and nanotubes have been
studied in the field of heterogeneous catalytic processes, dye sensitized solar cells,
rechargeable lithium batteries, and as materials for the photocatalytic degradation of
organic compounds.

The tubular morphology and the dimensions of the Ti-NTs precursor were preserved
and inherited by the calcium doped nanotubes (Ca/Ti-NTs) as the temperature of the
hydrothermal reaction was increased up to 130°C. In the temperature range from 100°C to
130°C the maximum amount of incorporated calcium that corresponds to a Ca/Ti ratio of
approximately 0.5 was achieved. Temperatures higher than 130°C led to the formation of
nanosized single crystalline, well crystalline CaTiO3z crystals. Irregular rectangular
crystals with partially scrolled edges are joined in clusters. Individual CaTiOs crystals
forming cluster grow in the [010] direction. Formation of nanocrystals with the edges
curled perpendicular to the crystal growth direction indicates that the morphology of as-
formed CaTiOs is partially affected by the precursor’s tubular morphology. By the
exploitation of their high ion-exchange ability, morphology and dimensionality, high
specific surface area and semiconducting nature the one-dimensional titanate
nanostructures were demonstrated as an affective system for fabrication of nanostructured
perovskites and functionalised one-dimensional nanostructures as promising
bioactive/biocompatible materials for implementation in biomedical applications.

For the fabrication of hybrid materials based on 1D titanate nanostructures a weak-
polyelectrolyte multilayer assembled on a surface of Ti-NBs was successfully utilized as
a nanoreactor for in situ Ag and Cu nanoparticles synthesis in the fabrication of Ag- or
Cu-loaded Ti-NBs nanocomposites. With the in-sifu synthesis approach in PEM, after
annealing, aggregation growth has been observed between the neighbouring particles
within the PEM. Nevertheless, the average particle size, controlled by the number of the
reaction cycles, below 10 nm was observed. In addition with this approach uniform
particle size and control of the Ag (Cu) nanoparticle density on the Ti-NBs surface was
obtained by repeating the ion-loading/reduction cycle. Therefore, a small particle size
results in large metal-semiconductor contact area and narrow particle size distribution that
are important parameters for the envisioned applications of such metal-semiconductor
composite nanostructures.

The metallic silver nanoparticles on a Ti-NBs surface can be obtained by the thermal
reduction of Ag>O nanoparticles formed by a reaction with hydroxyl groups detached
from the surface of Ti-NBs. The density and size of Ag nanoparticles in the Ag/Ti-NBs
composite was controlled by repeating the ion-loading/precipitation cycles. By realizing
the ability to manipulate the size and density of the Ag nanoparticles on the Ti-NBs
surface the metal-semiconductor interfacial area can be controlled.

The fusion of Ag or Cu nanoparticles and Ti-NBs resulted in an enhanced UV photo-
efficiency as compared to photo response characteristic for pure, pristine hydrothermally
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synthesized Ti-NBs. 3.4 times higher photo-induced degradation rate was obtained for the
Ag/Ti-NBs nanocomposite of highest density of smallest Ag nanoparticles on the surface
of Ti-NBs, while in the case of Cu/Ti-NBs composite 3.1 times higher degradation rate
was determined. The as formed Ag/Ti-NBs and Cu/Ti-NBs composites also exhibited
visible photoactivity assisted by the near-field amplitudes of the localized surface
plasmon resonance (LSPR) of Ag and Cu nanoparticles in the 1D nanocomposite.

The synthesis route for the fabrication of 3D architectures formed of Ti-NBs was
demonstrated. The PEM/Ti-NBs organic/inorganic composite was fabricated by layer-by-
layer self-assembly of weak polyelectrolytes on the surface of Ti-NBs. As-functionalised
titanate nanobelts (PEM-Ti-NBs) were assembled in sequential steps with strongly
negatively charged polyelectrolyte Poly(styrenesulfonic acid) (PSS) to build film
assemblies of various thicknesses on the substrate. The positive charge of PEM assembled
on the negatively charged surface of Ti-NBs enables strong electrostatic coupling with
negatively charged PSS yielding multilayered organic-inorganic film with linear film
thickness increment as the number of layers in the multilayered film is increased. After
annealing in air at 450°C the organic compounds are removed and inorganic film
composed of individual randomly oriented Ti-NBs is obtained. The orientation of Ti-NBs
in the film, which is not parallel to the substrate, induces nanoscale porosity resulting in
higher specific area rendering these 3D architectures potentially efficient in photo-
catalytic degradation of organic contaminants. Additionally by increasing the number of
layers in Ti-NBs-based films higher adsorption capacity for the organic compounds was
achieved, facilitating enhanced photo-catalytic efficiency.

This thesis has shown that with the in-situ precipitation and subsequent formation of
metallic (Ag or Cu) nanoparticles in PEM nanoreactor assembled on the surface of Ti-
NBs the control over the density, size and uniform distribution of inorganic nanoparticles
in the hybrid structures is possible. Besides the surface reactions induced by the
hydrophilic nature of Ti-NBs, intense electronic interactions between metallic
nanoparticles and Ti-NBs control the exciton transfer and recombination dynamics
resulting in enhanced photo-catalytic efficiency of Ti-NBs-based composites as compared
to the pure Ti-NBs. For that reason the utilization of polyelectrolytes for the fabrication of
films of various Ti-NBs-based composites is expected to be implemented as a promising
procedure toward the development of highly efficient metal or semiconductive
nanoparticles/Ti-NBs composite photocatalysts.

Finally, by combining fabrication unique properties of one-dimensional titanate-based
nanostructures such as intercalation ability, surface area, porosity, morphology,
dimensionality and semiconductive properties, the possibilities ensured by the use of
PEM matrixes as nanoreactors for controlled synthesis of nanosized entities and
achievements of the LbL method in the field of thin films, the synthesis of various
multifunctional nanostructures and construction of 3D structures based on these
functionalized nanostructures is expected.
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