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new facts as to discover new ways of thinking about them.
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Chapter

General introduction and aims of the thesis

Chapter 1 is mainly focused in explaining the reasons of our interest in the research topic of
this thesis. First, we will explain the motivations that made us to study the solar spectrum
modification by using down-shifting materials. Then, we will expose the aims of this thesis.
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CHAPTER 1 M. Méndez

Motivation of this thesis

The fast increasing energy demand in the World together with the higher global climate
change consciousness has made researchers attention to focus on renewable and clean energy
sources. Since the Sun provides Earth with as much energy per hour as human civilization
uses every year, the photovoltaic energy plays a very promising challenge. If a small fraction
of sunlight could be captured by photovoltaic (PV) cells that turn it straight into electricity,
there would be no need to emit any greenhouse gases from any power plant [1].

The major issue in the PV cells lies in their efficiencies. A conventional PV cell effectively
converts only photons of energy close to the semiconductor band gap (E,) as a result of the
mismatch between the incident solar spectrum and the spectral absorption properties of the
material that constitutes the solar cell [2]. Thus, one of the major problems in the PV devices
is related to the spectral mismatch. Figure 1.1 shows the standard air mass 1.5 global (AM
1.5G) terrestrial solar spectrum [3]. The AM 1.5G simulates the terrestrial solar spectrum on
the ground when the Sun is at 48.2° zenith angle [4].
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Figure 1.1. The standard AM 1.5G terrestrial solar spectrum together with the regions absorbed by the
silicon and the semiconducting polymers in general.

In general terms, there are three different types of PV devices: the inorganic (Si-based) ones,
the organic (normally conjugated polymers) ones and the organic-inorganic hybrids
(combination of the conjugated polymer and inorganic nanoparticles). As none of these kind
of PV cells completely matches the solar spectrum (see Fig. 1.1), the solar spectrum
modification is one of the Third Generation concepts suggested to overcome the classical
efficiency limit of the existing solar cells [5]. This concept is also an important research topic
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in physics and chemistry and has been applied in other fields, for example to infrared
guantum counters [6] or efficient lamp phosphors [7].

Therefore, an approach that can be used to increase the efficiencies of PV devices can be the
use of materials able to extend the overlap of the semiconductor material with which the PV
cell is made of, with the solar spectrum to gain a broader coverage. Here is where the
lanthanide (Ln**) ions play an important role. The motivation for using Ln*" ions is that this
family of elements absorb and emit light over a wide spectral range, from the near-infrared
(NIR), through the visible (vis) to the ultraviolet (UV). They are able to absorb in a region of
the electromagnetic spectrum and emit in another different region very efficiently. Thus, they
are considered excellent materials for down-shifting (DS), down-conversion (DC) and up-
conversion (UC) processes [8]. Figure 1.2 shows a representation of the mechanisms
involving these three different processes. By using DS and DC materials, one can take
advantage of the high energy part of the solar spectrum more efficiently (UV-vis). DS and
DC involve similar mechanisms, but in DS only one photon is emitted and part of the energy
is lost due to non-radiative relaxation while in DC two photons of longer wavelengths are
emitted after only one photon of shorter wavelength is absorbed. However, DS mechanisms
avoid thermalization of solar cells due to the absorption of high energy photons that produce
hot electron-hole pairs that relax to the band edges, allowing also enhancing the efficiency of
solar cells and extending the lifetimes of these devices. By using UC, photons with lower
energies than that of the band gap can be harvest.
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Figure 1.2. A representation of (a) down-shifting, (b) down-conversion and (c) up-conversion
mechanisms [19].

Another motivation of using materials containing Ln®" ions is that their optical transitions
involve electrons in 4f orbitals, which are well shielded from their local environment by the
outer completely-filled 5s* and 5p° shells [8]. This leads them to be largely insensitive to the
environment in which they are placed.

The first application of spectrum modification for PV cell applications involving Ln’*
materials was reported by Gibart et al. in 1995 [9]. They applied an UC layer on the back of a
solar cell formed by an ultra thin (3 pum) GaAs cell placed on a 100 pum thick vitroceramic co-
doped with trivalent erbium (Er’") and trivalent ytterbium (Yb*"). It showed 2.5% efficiency
upon excitation of 256 kW-m™ monochromatic sub-band-gap (1.391) laser light (1 W on
0.039 cm” cell area). The first application of an up-converter in a Si-based cell was reported
by Shalav et al. in 2003 [10]. They used an up-converter consisting of NaYF, doped with 20
3
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mol% Er’" and demonstrated a 2.5% increase of external quantum efficiency. Finally, for the
case of organic solar cells, Wang et al. [11] employed Yb*:Er’" co-doped yttrium fluoride
phosphors as a UC material for the P3HT:PCBM (poly(3-hexylthiophene):[6,6]-phenyl-C61-
butyricacidmethylester) system. Though no efficiencies were reported for this system, they
observed, under laser illumination, that the photocurrent density measured for the sample
with UC phosphor was 16.5 pum.cm™ (roughly 14 times the power density yielded by the AM
1.5G solar spectrum between 960 and 1000 nm). They concluded that the UC mechanism
might also work for organic solar cells.

For Si-based solar cells, an approach that “squeezes” the wide solar spectrum (300-2500 nm)
to a single band spectrum without too many losses would greatly enhance the efficiency over
80% [12]. The efficiency of the organic solar cells, made for instance of P3HT, which is one
of the polymers most used in organic cells, is calculated to be able to absorb about 46% of the
available solar photons [13] but only in the wavelength range between 350 and 650 nm. In
the case of developing a polymer that could capture all of the solar photons down to 1.1 eV
would allow an absorption of almost 77% of all the solar photons [14].

In this thesis, we focus our attention on the use of down-shifting Ln** doped lanthanide
compounds nanoparticles. We want to test them in polymer-based solar cells with the aim to
increase the polymer absorption power of the sunlight.

Down-Shifting using Ln*>" ions

Down-shifting by using Ln*" activators can convert one higher energy photon into a lower
energy one that is more efficiently absorbed by the solar cells avoiding the thermalization
effects that direct absorption of UV photons can have in conventional PV devices. DS
materials containing Ln’" ions have been developed by doping and co-doping nanoparticle
hosts, which act as broadband sensitizers, with these ions, forming Dy’ :LaVO, [15],
Bi*":Ln’":YVO, (Ln= Dy, Er, Ho, Eu, Sm, and Yb) [16] and Eu’":TiO, [17] among others.
These materials have been found to be well suited for applications in Si-based cells [18] and
dye-sensitized solar cells [15]. However, the literature regarding the use of DS Ln" doped
lanthanide compounds nanoparticles in polymer-based solar cells is rather scarce [11]. With
this we face to a new way to improve the efficiencies of organic photovoltaic (OPV) devices
by using DS Ln’** doped lanthanide compounds nanoparticles.

In most of the systems having DS properties, the absorption takes place either via the host-
material (band-to-band absorption, broad band in the absorption spectrum) or within the
active ions (sharp lines in the absorption spectrum) [19]. The broad absorption band via host-
material is located usually at the UV part of the electromagnetic spectrum, e.g. the Eu’"
doped Gd,O; and Y,0; show this band at around 260 nm [20,21]. Thus, using DS one can
take benefit from the highest energy photons arriving on Earth from the Sun.
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The basis of Organic Photovoltaic (OPV) devices

The devices made from semiconducting polymers have shown promise for future
commercialization due to their low cost, easy fabrication from a simple solution, and small
environmental impact relative to silicon and heavy metal based semiconductor solar cells [22-
24].
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Figure 1.3. General mechanism for energy conversion in polymer-fullerene solar cells [29].

With the effort to increase the power conversion efficiency of the organic photovoltaic (OPV)
cells, which is very low in comparison with the silicon counterparts, many different organic
solar cell structures are currently being studied worldwide [25]. Among the different parts of
a typical OPV device, the active layer is one of the most studied because is considered as the
most promising approach to increase the efficiencies of such devices [26,27]. The active layer
is formed by both p- and n-type semiconductors (also known as donor and acceptor,
respectively), and is where the mechanism by which light is converted to electric power takes
place (see Figure 1.3). The energy conversion has four fundamental steps in the most
commonly accepted mechanism [28]: 1) a photon is absorbed by the active material which
promotes the electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of the p-type semiconductor. The excited electron-

5
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hole pair is still bound by Coulomb attraction forces forming an exciton, 2) the exciton
diffuses to the interface between the donor and the acceptor, 3) the exciton is dissociated into
free carriers at the interface of the donor and the acceptor, and 4) the free carriers are
transported and collected at the opposite electrodes.

In this thesis we based our studies in solar cells where the p-type semiconductor is a polymer
and the n-type semiconductor is a fullerene. At present, one of the most studied OPVs is
formed by P3HT acting as the donor material and PCBM acting as the acceptor [29]. This is
because P3HT presents an absorption edge at ~ 650 nm matching well with the strongest
solar spectrum and it has the best charge transport properties among the conjugated polymers
[30]. Regarding the acceptor, fullerenes are in general currently considered to be the ideal
acceptors because they have an energetically deep-lying LUMO [31]. Since the active layer is
very important, it has been developed in three different ways: single layer, double layer, and
bulk heterojunction [25]. However, since the best charges separation has been observed to be
more efficient in bulk heterojunction (BHJ) cells, they have been the most studied. Figure 1.4
depicts a scheme of a typical BHJ organic solar cell. In this figure ITO stands for indium tin
oxide and acts as anode in the final device. PEDOT:PSS stand for poly(3,4-
ethylenedioxythiophene)-polystyrene sulfonate and it acts as the intermediate layer.
PEDOT:PSS provides a well-defined work function which is higher than that of ITO, it
smoothes the rough ITO surface and so avoids short-circuits, and it protects the active layer
from entrance of indium or oxygen, leading to longer device lifetimes [32-34].

Metallic contacts

Active layer
PEDOT-PSS —>|

Donor Phase

Donor-Acceptor Interface

Acceptor Phase

Figure 1.4. Schematic structure of a typical bulk heterojunction organic solar cell.

As we mentioned previously, the major issue in PV in general lies in their low efficiencies.
Since the OPV can only harvest the photons of the visible region, a large fraction of sunlight
is not being absorbed. We suggest embedding DS Ln’" doped lanthanide compounds
nanoparticles in the active layer in order to take benefit of the higher energy of the
electromagnetic spectrum region. The DS Ln’" ions can absorb light in the UV part and emit
that light in the visible very efficiently, where most of the polymers used in PV can absorb
light and consequently with that we would be able to transform the UV light in electricity.
Howver, it is important to remark that most of the light absorbed by these Ln*" ions, covers a

6
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large fraction of the solar spectrum that, although being already absorbed by the materials
used to fabricate the existing solar cells we can avoid the thermalization processes they
generate allowing for higher efficiencies and longer lifetimes.

1.1. Aims of this thesis

The main objective of this thesis was to improve the efficiency of bulk heterojuntion solar
cells by using Ln*" doped lanthanum compound nanoparticles for spectrum modification. The
spectrum modification using these nanoparticles consists of taking benefit from the higher
energy part of the solar spectrum by absorbing in the UV and emitting in the visible region.
To take advantage of this mechanism we propose to focus our research on the charge-transfer
(CT) energy mechanism with the ligand of the host, instead of focusing our attention on the
lanthanide f-f absorption bands, which are several order of magnitude lower, and their
spectral positions can not be tailored. Therefore, using different synthesis methods, different
hosts, or co-doping with other sensitizer ions, we propose to tailor the position of the CT
band in order to match as better as possible with the AM 1.5G solar spectrum and harvest
more efficiently the sunlight that arrives to the earth.

Other objectives related to this thesis are exposed as follows:

e Synthesis of the Eu®** and Pr** doped and co-doped lanthanum compound
nanoparticles by using different methods.

e Characterization of the synthesized nanoparticles by using different techniques in
order to find the most suitable method (minimum reaction time and temperature,
homogeneity, dispersion, etc.) which provides us the best nanoparticles to use them
in photovoltaic applications.

o Study of the spectroscopic properties in order to shift and expand the charge transfer
absorption bands (Eu®**-O% and Eu®'-5%) towards the red part of the electromagnetic
spectrum.

e Study of the chemical stability of several lanthanum compound hosts.

e Use of mechanical and chemical techniques to de-agglomerate luminescent
nanoparticles.

e Synthesis of semiconductor polymer-based films by using the spin-coating technique
and their characterization by different techniques.

e Fabrication and characterization of composites formed by Ln®*" doped and co-doped
lanthanum compound nanoparticles embedded in polymeric matrices.

e Study of the application of these organic-inorganic composites in a real device by
fabricating a bulk heterojunction organic/hybrid solar cell.
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Chapter

Characterization techniques

In this chapter we present the fundamentals of the characterization techniques used in this
thesis. Furthermore, we give the features of the instruments used for each technique, the
sample preparation process (if necessary), and the measurement conditions. The instruments
were available at the research groups of the EMaS (FiCMA-FiCNA, GreenCat and Nephos)
and at the Servei de Recursos Cientifico-Técnics, at University Rovira i Virgili of Tarragona
(Spain). Some other equipment were available in collaboration with the Institute of Chemical
Research of Catalonia (ICIQ) and the Polytechnic University of Catalunya (UPC), in Spain,
and also through foreign collaborations with the Department of Electrical and Computer
Engineering at the University of Sherbrooke (Canada), the Institute of Organic Chemistry
(Nanocarbon group) at the University of Wirzburg (Germany), and the Laboratory of Solid
State Chemistry at the University of Verona (ltaly).
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2.1. X-Ray Powder Diffraction (XRD)

X-rays were discovered by W.C. Roétgen’s in 1895 at the University of Wirzburg. The
fundaments of this technique consist in the interaction between an incident beam and a
crystalline material. X-rays are electromagnetic radiation of the same nature that light but as
it has much shorter wavelength (typically ranging 0.7-2 A) are energetic enough to penetrate
solid materials and inform us about their internal crystalline structure.

In this thesis, we used the X-ray powder diffraction technique because the materials that we
synthesized are not single crystals but are composed of multitude of tiny crystallites. This
type of material is referred to as a powder or a polycrystalline aggregate [35]. When a beam
of X-rays interacts with a material, it is diffracted by the crystalline phases of the material
according to the Bragg’s law:

A=2dsind (Eq.2.1)

where dpy is the spacing between atomic planes in the crystalline phase and A is the X-ray
wavelength. The basic geometry of diffraction is shown in Figure 2.1. The waves incoming
under an angle @ against the surface are “reflected” at the same angle. Between two
consecutive lattice planes, the “reflected” waves have a phase difference of 26. In general
terms, the intensity of the diffracted rays provides information about atomic positions and
consequently, about the structure of a crystal.

Incidentbeam Diffraction beam

e —©
dhm

e *—-0

¢ *—o

Figure 2.1. Schematic description of the diffraction of two consecutive lattice planes.

When the peak width is caused by homogeneous or uniform elastic strain and that it is not
contributed in part by the crystallite size and inhomogeneous strain, the crystallite size, D
(nm), can be estimated from the peak width using the Scherrer’s equation [36]:

K
B cosbp

(Eq. 2.2)

where A is the X-ray wavelength used, g is the full width at half maximum (FWHM) of a
diffraction peak, 6y is the Bragg angle, and K is a constant value equal to 0.9 for D taken as

10
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the volume-averaged crystallite dimension perpendicular to the hkl diffraction plane. The
validity of this formula has been widely discussed in the literature and it might be considered
valid only for small particles <500 nm. As in this work, the particle sizes obtained were
below this value we used the Scherrer’s equation to estimate the crystallite size. It is also
worth to distinguish between grain size, crystal size and crystallite size. Fig 2.2 shows
schematic images representing with a dotted line what is considered when one refers to these
different sizes. The grain size, is the size of a group of crystals, the crystal size is the size of
one crystal and the crystallite size, measured by the Scherrer’s equation, is the size of a
coherent scattering domain (perfect arrangement of unit cells or perfect crystals).

GRAIN SIZE CRYSTAL SIZE CRYSTALLITE SIZE

Figure 2.2. Schematic representations of the grain size, crystal size and crystallite size.

X-ray powder diffraction is a non-destructive technique so that is widely used to characterize
crystalline materials. The patterns obtained act like a digital prints and are characteristic of
every material. These patterns are analysed by the files of the Joint Committee for Powder
Diffraction Standards (JCPDS) which identify what phases are present in the sample. Most of
the XRD patterns reported in this thesis were collected at the Serveis de Recursos Cientifico-
Técnics of University Rovira i Virgili, using a Bruker-AXS D8-Discover diffractometer with
parallel incident beam (Goble mirror) and vertical goniometer, a 0.02° receiving slit and a
scintillation counter as detector. Cu Ka radiation was obtained from a copper X-ray tube
operated at 40 kV and 40 mA. The angular 20 diffraction range was set between 5 to 70°.
Data were collected with an angular step of 0.05° at 3 s per step and at slower conditions in
the case of the patterns recorded for the cell-parameters calculation, with an angular step of
0.02° at 16 s per step. For the thermal evolution and re-hydroxylation studies, the XRD
patterns were carried out using a Siemens D5000 diffractometer and Ni-filtered Cu Ka
radiation (30 mA, 40 kV), with a Braun position sensitive detector PSD. The angular 26
diffraction range was from 10 to 70° for thermal evolution, and the measuring time was 10 s
per degree in the heating and cooling cycles. The angular 26 diffraction range was from 25 to
35° for re-hydroxylation studies.

By this technique, we will analyse the crystalline structures of several samples in order to
identify the phase or phases that constitute such nanoparticles, to determine the crystallite
size by using the Scherrer’s equation (Eq. 2.2) and to determine the unit cell parameters by
refining the XRD patterns by using the Fullprof software based on Rietveld method [37-39].

11
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2.2. X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) allows us to identify and quantify the atoms located
at surface levels in a sample. In XPS, relatively low-energy X-rays are used to eject the
electrons from an atom via a photoelectric effect. The energy of the ejected electron, Eg, is
determined by both the energy of the incident photon, hv, and the bound electron state, Eg:

Ee=hv-Ep (Eq 2.3)

Since values of the binding energy are element-specific, atomic identification is possible
through measurement of photoelectron energies [40]. The range of detection is 0.2-1.5 keV of
Ec. XPS provides information of value for many industrial applications such as polymer
surface modification, catalysis, corrosion, adhesion, thin film coatings, etc. XP spectra were
obtained by a SPECS system available in the Polytechnic University of Catalunya (UPC)
laboratories. This system is equipped with an Al XR50 anodic source working at 150 W, and
with a Phoibos 150 MCD-9 detector. The energy used was between 25-0.1 eV with a pressure
below 6-10°° mbars.

In this thesis, XPS technique was used to obtain information about the concentration of
europium at the surface of the synthesized sample and evaluate the surface Eu/La ratio in
several samples.

2.3. Nitrogen physical adsorption

Nitrogen physical adsorption is a powerful technique and is particularly useful in the
determination of specific surface area and pore volume in mesopores (~2 - 50 nm) or
micropores (< 2 nm) materials. Basically, when nitrogen comes in contact with a solid
surface, under 77 K and suitable pressure, nitrogen molecules will adsorb onto the surface so
as to reduce the imbalanced attractive force on surface atoms, and thus to reduce the surface
energy. Then, the amount of gas needed to form a monolayer or to fill pores in various sizes
can be measured as a function of the gas pressure.

12
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Figure 2.3. Illustrations of different types of (a) gas adsorption isotherms (I-VI) and
(b) hysteresis (A-E).

An isotherm is considered as the curve obtained from the amount of gas adsorbed as a
function of pressure at constant temperature. Figure 2.3(a) shows different types of
isotherms:

- Isotherm | is typical of microporous solids with very low external surface (molecular
sieves and activated carbons).

- Isotherm 1l represents multilayer physisorption on a flat surface (nonporous or
macroporous solids).

- Isotherm Il is characteristic of weak gas solid interactions.

- Isotherm 1V is characteristic of multilayer adsorption accompanied by capillary
condensation in mesopores.

- Isotherm V is similar to that of isotherm IIl but it reflects the existence of
mesoporous in the sample.

- Isotherm VI occurs when the surface of a nonporous adsorbent is energetically
uniform and the isotherm may have a step-like shape.

For isotherms 1V and V the hysteresis phenomena between adsorption and desorption is very
common. There are five different types of hysteresis and it depends on the pore shape (see
Figure 2.3(b)):

13
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- Hysteresis A is related to, open on both sides, tubular pores.

- Hysteresis B is related to pores formed by parallel crystalline layers separated by
small particles or by crystalline defects.

- Hysteresis C and D come from type A and B, respectively. Type C is related to conic
pores and type D is related to pores formed by non-parallel layers. Both are quite
difficult to be found.

- Hysteresis E indicated the presence the neck bottle shaped pores. This means that
pores are wide but with a narrow neck.

The Brunauer-Emmett-Teller (BET) is the main method used to determine the surface area in
porous materials. BET value is calculated by the following equation:
Vm'L-A
A (BET) = % (Eq. 2.4)
where L is the Avogadro number, V,, is the volume of nitrogen adsorbed on the monolayer,
A, is the occupied area per each adsorbed nitrogen molecule (0.162 nm? at 77 K) and M is the
mass of adsorbed gas.

The measurements were performed in GreenCat (EMaS) laboratories by using a Quadrasorb
surface analyser apparatus of Quantrachrome. The BET specific surface areas were calculated
using adsorption data in the relative pressure range 0<P/P<0.3. All samples were outgassed
in vacuum at 393 K for 20 h and the amount of sample analysed was enough to obtain an
absolute area >10 m®,

The nitrogen adsorption technique gave us information about the porosity and the surface
area of several samples. This information was useful to compare the surface area of the
nanoparticles synthesized by the different synthesis methods.

2.4. Thermal analysis

The definition of thermal analysis by IUPAC is “a group of techniques in which a physical
property of a substance, or its reaction products, is measured as a function of temperature
whilst the substance is subjected to a controlled temperature program”. Among the different
techniques involved in this definition, we used thermogravimetric analysis (TGA) and the
combination of differential thermal and thermogravimetric analysis (DTA-TGA).

2.4.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis is used to determine the thermal stability of a sample. The mass
of the sample is monitored while it is subjected to a thermal treatment in a particular

14
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environment (air, O,, N,). TGA determines the weight gain or loss of a phase due to gas
absorption or release as a function of temperature under a controlled atmosphere. The
decomposition steps of the sample can be observed throughout the graphic representation of
weight variation vs. temperature. The first derivative of this curve permits to better
differentiate these steps [41].

TGA measurements were carried out in a Perkin EImer TGA 7 microbalance at the GreenCat
group and in a Perkin Elmer STA 6000 instrument at the Institute of Organic Chemistry at
the University of Wiirzburg. The thermograms were carried out heating at 10 K-min™, in a
synthetic air flow with a rate of 80 cm*® min™. All measurements were recorded from room
temperature to 1273 K.

In general, these tests helped to analyse dehydration processes as well as the decomposition
of every sample according to their weight loss. Additionally, by the TGA technique it was
possible to study the sample surface loading. This parameter indicates the capability of the
organic compound, which is used to functionalize the nanoparticles [42], to react with their
surface. This value is calculated from the weight loss of the organic compound.

2.4.2. Differential thermal analysis (DTA)

Differential thermal analysis consists in following the temperature of a substance as a
function of time and comparing its evolution with that of an inert reference material. This
methodology presents several advantages because both, the sample and the reference material
react similarly cancelling the potential effect and leaving the baseline unperturbed. The
temperatures changes due to transformations occurred, such as glass transitions,
crystallization, melting and sublimation, are shown as exothermic peaks (positive AT) or
endothermic peaks (negative AT) on DTA curves. ldeally, the area under the DTA peak
should be proportional to the enthalpy of the process that gave rise to the peak.

In this thesis, the combination of DTA-TGA analysis was employed to simultaneously
measure thermal behaviour and mass changes using a SDT 2960 analysis system from TA
Instruments at FICMA-FICNA group. The experiments were carried out in Pt crucibles using
calcined Al,O; as reference material (provided by TA Instruments). The sample was heated at
10 K-min™ in the 300-1273 K range. Synthetic air was used as the purge gas at a flow rate of
90 cm®-min™. The storage rate of data was 0.5 s per data point.

These measurements make possible to differentiate between endothermic/exothermic
transitions with (e.g. degradation) and without weight change (e.g. fusion or crystallization).
Therefore, the DTA-TGA measurements give an approximation of the minimum temperature
of calcination necessary to obtain the oxide phase.
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2.5. Electron microscopy

Electron microscopy is the best-suited technique in order to study the shape, size and
structure of nanoparticles. What mainly distinguished an electron microscope from an optical
one is the length of the applied waves that interact with the sample to be imaged, and
according to Abbe [43], it is impossible resolving structural details smaller than half of the
wavelength due to the diffraction barrier. The diffraction barrier restricts the ability of optical
instruments to distinguish between two objects separated by a lateral distance less than
approximately half of the wavelength of light used to image the specimen.

The electron microscopy techniques that we used in this thesis were the scanning electron
microscopy (SEM), environmental scanning electron microscopy (ESEM) and transmission
electron microscopy (TEM).

2.5.1. Scanning electron microscopy (SEM)

The scanning electron microscope is the most widely used technique of electron microscopy
in the field of materials sciences. In a typical SEM, a source of electrons is focused into a
beam, with a very fine spot size of ~5 nm and having energy ranging from a few hundred eV
to 50 keV. This spot size determines the resolution of the image, which is obtained by
scanning. Several types of signals are produced when the focussed electron beam impinges
on the specimen surface, and they can be used to form an SEM image. Some of the quanta are
secondary electrons, backscattered electrons, X-rays, and cathodoluminescence generated by
the impinging electrons (see Fig. 2.4).

Because the SEM beam can be focused on samples which are rough or irregularly shaped, the
preparation of the samples for SEM examination is relatively easy. However, if the sample is
not a good electrical conductor then it is often desirable to provide some conductivity by
evaporating a thin metal layer (typically 3 to 10 nm of gold) on the surface of the sample. We
used a SEM JEOL JSM 6400 microscope to record images of the samples, which were coated
with gold using a Bal-Tec SCD004. This equipment is available at the Servei de Recursos
Cientifico-Técnics of the University Rovira i Virgili. The SEM was operated at an
accelerating voltage of 20 kV, using a work distance of 8 mm, and magnifications in the
range 5000-50000x.
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Figure 2.4. The different interactions occurred when a beam of electrons collide and penetrate the
surface of a sample.

The SEM images were obtained for several nanopowder samples in order to study their
morphology and agglomeration degree.

2.5.2. Environmental scanning electron microscopy (ESEM)

The environmental scanning electron is based on the same principle than SEM. However,
because it removes the high vacuum constraint on the sample environment, samples can be
examined in their natural state without preparation. An ESEM contains gas at low pressure in
the sample chamber, where the primary electrons travel across the gas phase and interact with
the surface of the sample, which releases secondary electrons that interact with the phase gas
to produce additional secondary electrons. The primary electrons interact with the gas
molecules to produce ions and additional electrons. Thus, the phase gas functions as an
amplifier of the electron signal from the sample. Therefore, wet, oily, dirty and non-
conductive samples can be examined without having to coat them with a conductor media
such as gold and their original characteristics can be observed for further manipulation.

A FEI QUANTA 600 environmental scanning electron microscope at low vacuum was used
to acquire the images. This microscope is also available at the Servei de Recursos Cientifico-
Técnics of the University Rovira i Virgili.

By observing ESEM images, we studied the morphology of several nanopowder samples, the
distribution of the nanoparticles in several polymer-based nanocomposites, and the porous
sizes of the porous silicon templates.

2.5.3. Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) is an electronic analogue to the conventional
optical light microscope but the electrons are accelerated to 100 keV or higher voltages (up to
a MeV). The greatest advantages that TEM offers are the high magnification ranging from 50
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to 10°x and its ability to provide both image and diffraction information from a single
sample.

We used a TEM JEOL JEM-1011 located at the Servei de Recursos Cientifico-Técnics of the
University Rovira i Virgili. The preparation of the samples consist in placing a drop of the
nanopowder, previously mixed in a volatile solvent such as ethanol or acetone, on a cooper
grid covered by a holey carbon film (HD200 Cooper Form-var/carbon). Since, the key
requirement for using TEM is that the sample must be very thin, a special previous
preparation was necessary to observe the structured P3HT-based nanocomposite sample.
First, a mixture of the nanocomposite in a low viscosity resin was introduced into a silicone
template. After an annealing treatment at 333 K for 48 h in a furnace, the sample was
separated from the template and cut with an ultramicrotome that allowed preparing thin
sample layers of around 60 nm in thickness. TEM was used operating at an accelerating
voltage of 80-100 kV and magnification in the range 25000-150000x.

From TEM images, we obtained information of the size and morphology of the nanoparticles.
In addition, structured polymer-based nanocomposites were also observed under TEM in
order to study the distribution of the particles into the polymeric matrix.

Electron diffraction

By transmission electron microscopy and by adjusting the electron lenses, one also can obtain
the diffraction pattern of the same region of the sample observed in the electron microscope
images. This is observed on a fluorescence screen and recorded on photographic film. For
crystalline materials, electron diffraction only occurs at specific angles, which are
characteristic of the crystal structure of the sample. In the case of polycrystalline materials,
the electron diffraction produces a pattern of concentric rings from many spots very close
together whereas in amorphous materials, that do not consist of atoms arranged in ordered
lattices, the electron beam is diffracted in multiple directions and consist of fuzzy rings of
light on the fluorescent screen.

When comparing X-ray diffraction and electron diffraction, there is one essential difference.
X-rays applied for structural analyses usually are in the wavelength range between 0.05 and
0.22 nm (the most common is the Cu Ka radiation with a wavelength of 0.154 nm). In the
case of electron diffraction, the energy of the electrons is selected to be in a range from 100
to 200 keV which is equivalent to a wavelength range from 2.5x107 to 3.7x10°° nm.

By using this technique we observed the crystalline and non-crystalline behaviour of different
nanopowder samples.
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2.6. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was developed in 1986 by Binnig, Quate, and Gerber, for
dielectric materials as a modification of scanning tunnelling microscopy (STM) since this last
technique was limited to electrical conductive surfaces [40]. AFM is a scanned-proximity
probe microscopy, which measures the local attractive/repulsive forces with a tip (or in a
more general way, with a probe) placed very close to the sample. Figure 2.5 shows how the
AFM works. The equipment consists of a cantilever with a nanoscale tip, a laser pointing at
the end of the cantilever, a mirror and a photodiode collecting the reflected laser beam.

laser diode

mirror/__ ___________________ _
\
A

v

\ photodiode

1

A J

feedback loop

image «——— : le——
PZT scanner

Figure 2.5. Simplified diagram showing how the AFM works and the different parts of the equipment.

There are two different ways to acquire the AFM images: in contact mode and in tapping
mode. In the contact mode (or repulsive mode), the piezoelectric scanners maintain the tip at
a constant force and the microscope measures the vertical deflection of the cantilever that
indicates the local height of the sample. In the tapping mode (or attractive mode), the tip is
kept at a fixed height from the sample surface and the microscope derives topographic images
from measurements of attractive forces.

As the sample does not need to be coated, AFM provides extraordinary topographic contrast
and direct height measurements. The AFM images were collected in tapping mode from 4 to
7 V of peak amplitude, depending on the roughness of the sample, at a speed of 1 line/s.
These images were acquired in air under ambient conditions using a Molecular Imaging
model Pico SPM Il (Pico +) available at the Serveis de Recursos Cientifico-Técnics of the
University Rovira i Virgili.
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We used this technique mainly to study the roughness of the polymeric films and the
polymer-based nanocomposite films. Additionally, by scrapping off part of the sample we
determined the thickness of several films.

2.6.1. Current sensing atomic force microscopy (CS-AFM)

Current sensing AFM (CS-AFM) is a powerful technique for electrical characterization of
conductivity variations in resistive samples. It allows a direct and simultaneous visualization
of the topography and current distribution on a sample. The CS-AFM technique needs a
cantilever coated with a conducting film (see Figure 2.6). Applying a voltage bias between
the substrate and the conducting cantilever generates a current flow. Thus, current-voltage (I-
V) characteristics can be measured by using this technique.

17 pm

A4

Platinum (25 nm)
I Chromium (5 nm)

Figure 2.6. Some of the features of the electrical tip used to record current measurements.

The CS-AFM studies were performed in contact mode in dark conditions in air under
ambient conditions. For CS-AFM measurements, electrically conductive platinum-chromium
coated cantilevers (Multi75E-G with a resonant frequency of 75 kHz and a force constant of
3N/m from Budgetsensors) were used to scan the samples while the current was measured
between the tip and the ITO substrate. CS-AFM measurements were carried out using a
Molecular Imaging model Pico SPM Il (Pico +) available at the Serveis de Recursos
Cientifico-Técnics of the University Rovira i Virgili.

We used current sensing mode to study the I-V curves of the polymeric and nanocomposites
samples.
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2.7. Dynamic Light Scattering (DLYS)

The Dynamic Light Scattering (DLS) technique, also known as photon correlation
spectroscopy, is one of the most popular methods used to determine the size of the particles.
Shining a monochromatic light beam, such as a laser, onto a solution with spherical particles
in Brownian motion causes a Doppler shift when the light hits the moving particle, changing
the wavelength of the incoming light. This change in the wavelength is related to the size of
the particle.

Figure 2.7 shows a schematic diagram of a conventional, 90° dynamic light scattering
instrument. Light is scattered by the particles at all angles. However, a dynamic light
scattering instrument with one detector only detects the scattered light at one angle and this,
historically has usually been at 90° [44]. The intensity fluctuations of the scattered light are
converted into electrical pulses, which are fed into a digital correlator.

Focusing
lens Particle

Laser dispersion

O

L]
<

=
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Coherence optics — '

Photon
detector
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Figure 2.7. Simplified scheme of the dynamic light scattering set-up.

In this thesis, DLS technique had an important role on the determination of the particle sizes.
The measurements were carried out in a Malvern Zetasizer (Nano-ZS) instrument in the
laboratories of the Institute of Organic Chemistry of the University of Wirzburg. The
experiment duration is short and a previous preparation is not needed, thus it makes possible
to measure the size of the samples immediately after every test.
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2.7.1. Capillary Viscometer Analysis

Since the viscosity is considered an important data to determine the particle size by the DLS
technique, the viscosity of all the solvents where the particles were dispersed has to be
analysed. The viscosity of Newtonian fluids can be determined using capillary viscometers.
This method measures the time taken for a known quantity of fluid to flow through a
capillary with a known diameter and length.

These analyses were carried out by using a AVS 20, made by SCHOTT Instruments and
using two different capillaries with different diameters (see Table 2.1 and Figure 2.8). This
system was available at the laboratories of the Institute of Organic Chemistry of the
University of Wirzburg. These viscometers were designed with a suspended ball, according
to the principle of the Ubbelohde viscometer for determination of the limit viscosity number
of polymers [45].

Thus, by capillary viscometer analysis, we determined the viscosity of the (3-acryl-
oxypropyl)trimethoxysilane (APTMS) compound which was used to functionalize the
nanoparticles and also as a medium to disperse them.

Table 2.1. Specifications about the different types of capillary visometer used to determine the
viscosity parameter.

Measuring range
(mm?s™) (approx.)
531.03 0.47 0.003 0.5-2
531.13 0.84 0.03 3-20

Type Capillary viscometer @ (mm) Constant k (approx.)

Figure 2.8. Image of the AVS 20 viscometer used in this thesis.
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2.8. Spectroscopic Techniques

Spectroscopic characterization has been widely used for the characterization of
nanomaterials, and the techniques can be generally categorized into two groups:

e Vibrational spectroscopy (infrared and Raman spectroscopy).
e Absorption and emission spectroscopy (absorption and transmission,
photoluminescence and cathodoluminescence).

The vibrational techniques include those techniques involving the interactions of photons
with species in a sample that results in energy transfer to or from the sample via vibrational
excitation or de-excitation. The vibrational frequencies provide the information of chemical
bonds in the samples characterized.

The second group of techniques, determine the electronic structures of atoms, ions, molecules
or crystals through exciting electrons from the ground to excited states (absorption) and
relaxing them from the excited to ground states (emission).

2.8.1. Fourier Transformed Infrared spectroscopy (FT-IR)

Infrared spectroscopy was measured by a Fourier transformed infrared spectroscopy (FT-IR)
technique. Infrared spectra wavelengths range from 10 to 14000 cm™. However FTIR
spectroscopy has been mainly used in the middle infrared region (MIR) where the main
vibrational models appear and corresponds to wavelengths between 400 and 4000 cm™. This
technique may be used to identify the type of bond between two or more atoms and
consequently identify functional groups.

A sample preparation process was required to use the FT-IR technique, and consisted in
mixing a small amount of nanopowder with potassium bromide (KBr has no infrared
absorption in this region) and subsequently preparing a pellet. It is important to dry properly
both sample and KBr to avoid broad bands signals in the spectrum coming from water. The
transmission infrared spectra of all these samples were recorded on a Bruker-Equinox-55
FTIR spectrometer by accumulating 32 scan with a resolution of 4 cm™ in the range of 400-
4000 cm™. The FT-IR equipment was available at the GreenCat laboratories.

Within this thesis, FT-IR was used in order to observe phase transformations versus
temperature, to confirm the presence of europium in the samples and also to analyse the
functionalized samples.
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2.8.2. Raman spectroscopy

Raman spectroscopy is also a vibrational technique but differs from the IR spectroscopy, by
an indirect coupling of high-frequency radiation, such as visible light, with vibration of
chemical bonds. Thus, when the incident photon interacts with the chemical bond, the
chemical bond is excited to a higher energy state. Most of the energy would be reradiated at
the same frequency as that of the incident exciting light, which is known as the Rayleigh
scattering (elastically scattered). However, Raman scattering relies on inelastic scattering of
monochromatic light resulting in the energy of the scattered photons being shifted down or
up for the Stokes or anti-Stokes lines, respectively. The shift in energy gives information
about the photon modes in the system because it is related to the vibrational energy spacing at
the ground level. A Raman spectrum is very sensitive to the lengths, strengths, and
arrangements of chemical bonds in the material. Thus it is more a structural technique than a
chemical analysis technique.

The experimental set-up comprised a Renishaw confocal InVia Reflex spectrometer, a
confocal Leica 2500 adapted microscope and an argon laser with excitation in the visible
region (A = 514 nm and 25 mW). The Raman spectroscopy technique was available at the
Serveis de Recursos Cientifico-Técnics of the University Rovira i Virgili.

Raman scattering was used to characterize the dispersion of nanocrystals into polymeric
films.

2.8.3. Absorption and transmission spectroscopy

Absorption is the fraction of incident electromagnetic radiation absorbed by electron, ions or
molecules in the material over spectral ranges of light. It results from the transformation of
the incident wave energy into other types of energy (mostly heat). Particular wavelengths
usually excite electrons of the outer shells of an atom (optical electrons) and as a result the
absorbing material appears coloured and the intensity of the incident beam is weakened. The
Beer-Lambert law relates the absorption of light with the properties of the material through
which the light is travelling:

[ = Ioe—O(d (Eq 25)

where [ is the intensity of the emerging radiation, I, is the incident light intensity, « is the
absorption coefficient and d is the thickness of the sample.

The absorption was measured using a PerkinElmer-Lambda 950 (UV/Vis/IR)
spectrophotometer available at the Nephos laboratories. The experimental spectra were
recorded with a slit width of 2 nm, using a tungsten lamp. The spectral range was between
350 and 800 nm and the signal was recorded every 1nm with an integration time of 0.20 s.
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This technique was used in this thesis to obtain information about the absorption range of
several polymers, small molecules such as fullerenes, and the corresponding blends of these
materials.

2.8.4. Luminescence techniques

Luminescence refers to the emission of light by a material through any process other than
blackbody radiation. The emission of that light can be the result of a variety of stimulations.
When it results from photon stimulation it is referred to as photoluminescence (PL), and
when it results from electron stimulations it is referred to as cathodoluminescence (CL). Both
techniques have been used in this work.

2.8.4.1. Photoluminescence (PL)

In photoluminescence, physical and chemical properties of materials are measured by using
photons toexcite electrons towards excited electronics states in the material and analysing the
optical emission as these electrons relax. Typically, light is directed onto the sample for
excitation, and the emitted luminescence is collected by a lens and passed through an optical
spectrometer onto a photodetector. The time between the start of the emission and the time
when its intensity decreases to 1/e of its initial value is called the radiative lifetime (t). This is
an important parameter which characterizes not only the depopulation of an electronic level
but also the thermal excitation mechanism of these processes.

The photoluminescence measurements were carried out by using a fluorescence
spectrophotometer from Photon Technology International Inc. with a 150 W Xenon lamp
used as the excitation light source at room temperature. Both the excitation and emission
spectra were recorded from 220 to 550 nm and from 550 to 725 nm, respectively, in a 90°
geometry and taking measurements every 1 nm at a scanning rate of 1 nm-s™. The excitation
spectrum is the measurement of the fluorescence intensity at a fixed wavelength (for instance
at the wavelength of maximum emission fluorescence) as a function of the excitation
wavelength. This spectrum is useful to measure how fluorescence intensity depends on the
excitation wavelength. In our case, since the excitation spectrum is essentially an absorption
spectrum, we observed the absorption region of the nanoparticles. The emission spectrum
represents the intensity of fluorescence light emitted by the sample as a function of emission
wavelength.

Figure 2.9 shows an scheme of the fluorescence spectrophotometer which is available in the
laboratories of the Nephos group of the University Rovira i Virgili. The lifetime of the
calcined sample was obtained by steady-state fluorescence at room temperature. It was
recorded in an Aminco-Bowman Series 2 fluorimeter equipped with a 7 W pulsed Xenon
lamp, in the laboratories of ICIQ of Tarragona.
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Figure 2.9. Set-up of the fluorescence spectrophotometer equipment from Photon Technology
International Inc.

Emission spectra were also performed by using a OPOTEK Inc. Vibrant (HE) 35511 + UV,
with a pump laser Nd**:YAG (Q-switched). For detection, the emission was collected at a 90°
geometry to minimize the influence of the laser pump on the collected spectra and was
dispersed by a JOBIN YVON-SPEX HR 460 double monochromator with a focal length of
460 mm and a spectral resolution of 0.05 nm. The detector used was a Hamamatsu PMTR928
which was connected to a lock-in amplifier Perkin Elmer DSP-7265. Figure 2.8 shows the
experimental set-up used to measure the luminescence at the FICMA-FICNA group of the
University Rovira i Virgili. The lifetime of the rehydroxilated sample was measured by using
this set-up shown in Fig. 2.10 and with a computer-controlled Tektronik TDS-714 digital

oscilloscope.

Computer

T sample
lens

Figure 2.10. Experimental set-up used to measure the luminescence emission spectra at the FICMA-
FiCNA group.

By using the PL technique we have measured several samples to get information about their
luminescence capabilities, their structural and chemical changes, and their emission life-

times. Furthermore, the polymeric samples and the polymer-based nanocomposites were also
characterized by this technique.
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2.8.4.2. Cathodoluminescence (CL)

The basis of cathodoluminescence (CL) is the same of PL but using electrons instead of
photons to excite the sample. CL is the emission of a photon (light) when excited by an
electron beam. The energy of those emitted photons is typically in the 0.3 to 6 eV covering
the range of wavelengths from the UV to the near-infrared. In the last decades, CL has
developed into a powerful method for a lot of investigations in geosciences, for instance,
because it allows not only a rapid identification and sometime quantification of the different
mineral constituents. An important advantage of this technique is that the multimode imaging
capability of the scanning electron microscope (SEM) enables the correlation of optical
properties (via CL) with surface morphology (secondary electron beam) at the nanometre
scale.

CL measurements were recorded at room and low (6 K) temperatures in a field emission
scanning electron microscope (LEO Supra 55VP) using a Gatan Mono CL 2 system. The
spectra and images were acquired using a Hamamatsu photomultiplier tube (R2228). The
spectra were acquired in the 3-10 keV range using a probe current of 4-7 nA over a scanned
area of 10* um® For this characterization, the nanopowder was dispersed in an ethanol
solution, and several drops of these solutions were deposited on Si substrates. For the case of
polymer-based nanocomposites, the nanopowder and the polymer were dispersed in
tetrahydrofuran solution and several drops were deposited also on Si substrates. The CL
equipment was available at the Department of Electrical and Computer Engineering of the
University of Sherbrooke (Canada).

By this technique we obtained information about the introduction of the active ion into the
lanthanide compound and its homogeneity into the corresponding host. We followed the
phase transition changes in the samples by observing the different signals, coming from the
active ions, in the CL spectra.

2.9. Device Performance techniques

The final devices fabricated in this thesis were characterized by measuring both power
conversion and the incident photon-to-current conversion efficiencies by Solar Simulator
equipment.

2.9.1. Power conversion efficiency (1)

The power conversion efficiency (n) is calculated by the following equation:

— Usc)(Voc) _ Pout
n _-FF Pin N Pin

(Eq. 2.6)
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where Jg. is the short-circuit current density, Vo, is the open circuit voltage and FF is the
filling factor. # is defined also simplistically as the ratio of power out (Po) to power in (P;,).
FF is a more sensitive parameter in comparison to Js. and V,, and depends on the thickness
of the active layer, and on the morphology of the interface between the cathode and the active
layer. It defines the square-shaped part of the curve and can be calculated by using the
following equation:

_ Um)(Vm)

= 00 Moo

(Eq. 2.7)

where J, and V,, are the current and voltage at maximum power. Figure 2.11 shows the
typical current-voltage characteristics for dark and light current in a solar cell and illustrates
the important parameters studied in the above equations.
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Figure 2.11. Typical current-voltage characteristics for dark and light current in solar cells.

The photovoltaic measurements were carried in a 150 W Solar Simulator from ABET®
Technologies with the appropriate set of filters for the correct simulation of the AM 1.5G
(AM: air mass coefficient) solar spectrum. The incident light power was adjusted at 100
mW-cm™ with a calibrated silicon photodiode. On a clear sunny day in Florida the total
power of the Sun is 100 mW-cm™ (~ 1000 W-m™). This has become the standard intensity at
which the efficiencies of solar cells are reported and is often referred to as 1 Sun conditions.
The applied potential and cell current were measured with a Keithley model 2400 digital
source meter at the ICIQ laboratories and with a Keithley model 2420 at the Nephos group.
The current-voltage (I-V) curve was measured automatically with a home built Labview®
program.

28



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

M. Méndez CHAPTER 2

2.9.2. Incident photon-to-current conversion efficiency (IPCE)

The incident photon-to-current conversion efficiency (IPCE (%)) or external quantum
efficiency (EQE (%)) measures the spectral response of the photoelectric conversion device.
Its spectrum is a plot of the ratio between the number of output electrons (current) and the
input photons (irradiance) against wavelengths. IPCE is calculated by the following equation:

IPCE = —— (Eq. 2.8)

where Ji. (MA-cm™) is the short-circuit current density, Plight (mW-cm?) is the number of
incident photons, 4 (nm) is the measured wavelength, and 1240 is a conversion factor. This
measurement includes the losses due to external factors like the substrate absorption and
reflection. The shape of the curve usually follows the absorbance spectrum of the molecules
implied in the photovoltaic process.

The measurements of incident photon-to-current conversion efficiency (IPCE) were carried
out with a homemade system consisting of a 150 W Xenon lamp as the light source, a
motorized monochromator which changes the wavelength to be measured and a Keithley
2400 digital source meter for acquiring the current generated. An integrated sphere was
employed in order to provide homogeneous monochromatic light distribution over the whole
active area of the devices. These measurements were carried out at the ICIQ laboratories.
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Synthesis and characterization of doped and un-
doped lanthanum compound nanoparticles

...precipitation under
ultrasounds

...aging by
microwaves

...combution
reaction 200 nm

Nowadays, there are a lot of methods to synthesize nanocrystals with different sizes and
morphologies, which could affect their properties. In this chapter, first we will do a brief
overview about the strategies reported in the literature for preparing several doped and un-
doped lanthanum compounds. After that, we will present the experimental methods that we
used to synthesize un-doped lanthanum hydroxide and lanthanum oxide nanoparticles, and to
prepare lanthanum oxide and lanthanum oxysulfide samples doped with Eu®’, Pr’" or
Eu’":Bi’" by different procedures. Finally, we will discuss the characterization results of the
synthesized nanoparticles, obtained by different techniques (XRD, DTA-TG, N,
physisorption, ESEM, SEM and TEM, IR, XPS).
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3.1. Overview

Lanthanum compounds are of great research interest because of their prospect as catalytic
materials and for optical, electrical, magnetic and ceramic applications [46-51]. The
morphology and size of the nanostructures of these compounds might be different by
changing their preparation procedures. Thus, using different synthesis methods one can
obtain structures with shapes of nanobelts, nanowires, nanorods, etc., which can be of interest
for different applications [52,53].

Rare earth hydroxides are mainly prepared by precipitation, which is based on an acid-base
reaction, or by hydrothermal treatment of a reagents mixture in an autoclave. These
procedures are simple, highly efficient, and with a low cost. According to the precipitation
method, lanthanum hydroxide (La(OH)s) is usually obtained by increasing the pH of a La**-
containing solution with the addition of a base (NH;, NaOH, KOH) at room temperature
under magnetic stirring [54-56]. In the hydrothermal method, a lanthanum hydroxide gel,
previously synthesized by precipitation or by the direct mixture of a lanthanum salt with base
solutions, is placed in a Teflon autoclave and heated at 453-513 K for 12-48 h without
stirring [57-59]. Recently, Wang et al. [60] reported the synthesis of lanthanum hydroxide by
hydrothermal treatment of a mixture of lanthanum chloride and hexamethylenetetramine
solutions with microwaves at 150 W and 2450 MHz at atmospheric pressure for 15 min.
Microwaves heating has been shown to be an efficient, energy saving and clean synthesis
method [60-63]. Lanthanum hydroxides have been also synthesized by sol-gel [64], gel
combustion [65] and sonochemical [66] methods. In the sol-gel procedure, the starting
solution is prepared by dissolving La,Os; in an aqueous solution of nitric acid and after
stirring at 363 K, a gel is formed by adding polyethylene glycol (PEG). Based on the same
idea, in the gel combustion method the gel formed is continuously heated until it self-ignited.
When lanthanum hydroxide is precipitated with the addition of a base while using a
multiwave ultrasonic generator, the method is called sonochemical.

Lanthanum oxide (La,Os) is often synthesized by thermal decomposition of nitrates,
hydroxides or other thermally degradable lanthanum compounds [67,68]. Dehydration of
lanthanum hydroxide to lanthanum oxide is the most common technique used [69,70].

Dopant materials, better known as activators ions in luminescent materials, can be introduced
in lanthanum compounds, which act as hosts. Lanthanide doped lanthanum oxide
nanocrystals (Ln*":La,05), also called nanophosphors due to their luminescence properties,
have been usually prepared by the combustion as well as the sol-gel Pechini methods. The
combustion method, also known as propellant synthesis, is a highly promising way for
obtaining the desired phase in a very short time, at low cost and using simple equipment. It
consists in the exothermic reaction between metal nitrates and an organic fuel [71]. For
example, in the case of preparing lanthanum oxide nanocrystals by using glycine, the
synthesis reaction could be expressed as:
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6M(NO3); + 10NH,CH,COOH + 180, = 3La,03 + 5N, + 18NO, + 20CO, + 25H,0

where M = La, Eu. Different organic fuels, such as citric acid, urea, glycine, carbohydrazide,
oxalyl dihydrazide, etc. have been used as reducers for combustion synthesis [72] and apart
from Eu**:La,0; nanoparticles [71,73], Yb*:Er**:La,0; and Er*":La,0; [74] nanoparticles
have been also obtained by this method.

Regarding sol-gel methods, first, a mixture of cations is formed in citric acid as an organic
complexing agent and ethylene glycol solution. Second, the cations become a chelate. Third,
the polymeric resin forms, and finally it decomposes at 573 K. Galceran et al. [75], based on
the sol-gel Pechini [76], adapted the sol-gel modified Pechini method by using
ethylenediaminetetraacetic acid (EDTA) as a complexing agent during the synthesis for
preparing KGd(WO,), and KYb(WQO,), nanocrystals. Nowadays, other nanocrystals such as
Eu*":GdOF [77], Ce*":Y3Als0;, [78] and Mn®"**:YAIO, [79] have been prepared by the sol-
gel Pechini method. Pr®* has been also introduced by sol-gel methods in several hosts such as
yttrium aluminium garnet (YAG) [75], LaAlO; [81] and Y,0;3 [82]. In general, sol-gel
methods allow a molecular mixing of constituents, leading to good chemical homogeneity, an
increase in the reaction rate and a decrease of the crystallization temperature [83]. More
recently, Ln**:La,0O; materials have been synthesized by hydrothermal treatment of a mixture
of doping agent (Ln*") and lanthanum salts in basic medium followed by calcination using a
furnace [58,84] or a microwave oven [55].

Lanthanide doped rare earth oxides can be also prepared by co-precipitation and spray
deposition methods. Eu®":Y,0; and Eu®*":Lu,O; nanopowders have been obtained by the co-
precipitation procedure, which consists of adding basic medium to a mixture of doping agent
and lanthanide salts to precipitate the hydroxides, which are transformed to oxides after
calcination [85,86]. Pr®* doped La,O; nanocrystals have been synthesized by the co-
precipitation method [87] or thermal decomposition of co-precipitate oxalates followed by
firing at 1250 °C for 10 h under a N,:H, (3:1) atmosphere [88]. From the best of our
knowledge, the co-precipitation method has not been used for the synthesis of Eu®":La,0;
nanoparticles. The spray deposition method, which is especially useful for preparation of
films with large areas, consists basically in spraying a LaCl; solution through a nozzle onto
the preheated substrates [89].

Finally, another well-established technique to dope materials is the wetness impregnation
method where a doping salt is added drop by drop to a material until filling its pore volume,
followed by drying and calcination processes. This method has been widely used for
preparing catalysts, such as Ir/La,O; [90], or lanthanide-loaded Ag;VO, catalysts (Ln**-
AgsVO,, Ln=Nd, Sm, and Eu) [91]. However, there are not references about the use of the
wetness impregnation method to synthesize lanthanide doped lanthanum oxides for
luminescence purposes.
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Other lanthanum compounds of interest as nanophosphor hosts are lanthanum oxysulfides.
On the whole, the traditional method to prepare lanthanide oxysulfide samples is the solid-
state reaction of the lanthanide oxide with elemental sulphur and by refluxing
Na,CO4/K3P04/Na,S,0;5 at high temperatures [92]. Peng et al. [93] reported that working
with Eu*:La,0,S in the nanoscale size becomes troublesome. This explains the few
references found about the synthesis of these materials. For instance, Dhanaraj et al. [94]
used a two-step solution-gel polymer thermolysis method to prepare Eu®":Y,0,S. The use of
sodium thiosulfate (Na,S,05) as a sulfur source led to the introduction of sodium impurities,
which might influence the luminescent properties of Eu**. Bang et al. [95] reported in 2004
the fabrication of Eu®":La,0,S by the combustion method using dithiooxamide (CSNH,),) as
the sulfur source. Thus, the corresponding nitrates were dissolved in water and the CSNH,
was added, mixed and ground together with the nitrates. After 24 h dehydrating in a
desiccator, the mixture was heated in an air tube furnace at 573-623 K and the decomposition
reaction, forming the precursor, occurs. This method is an efficient route to synthesize
nanocrystals because of its advantage with direct crystallization of nanoscaled particles, low
process temperature, and reduced time consumption. However, (CSNH,), is expensive and
the size of the nanocrystals obtained was large (100-200 nm). Thus, a good approach was the
novel combustion method developed by Luo et al. in 2005 [96] to overcome the shortcoming
of the above solid combustion method. That novel method is called ethanol-assisted solution
combustion (EASC) and uses ethanol as the preignition fuel and inexpensive thioacetamide
as the sulphur-containing organic fuel. These reagents are mixed with the corresponding
nitrates in an ethanol solution and a small amount of distilled water in a crucible. In order to
obtain the precursor powders, the crucible is introduced into a furnace pre-heated at 673 K
for 20 min. Nanoparticles such as Yb*:Pr**:La,0,S [97] and Eu®":Y,0,S [98] have been
prepared by the EASC method.

Recently, the blue emissions originating from the transition in Bi** observed from Bi-
activated oxide phosphors (activated by ions with ns? configuration) have attracted much
attention for phosphor applications [99-102]. However, the usable host materials of Bi-
activated oxide phosphors are severely limited because the Bi** ion radius of 0.102 nm is
relatively large. Bi** is mainly introduced as doping or co-doping agent by deposition or
EASC methods. There are no references about the use of the Pechini method to incorporate
Bi** in La,05 or La,0,S hosts.

3.2. Synthesis of doped and un-doped Ilanthanum
compounds nanoparticles

First of all, we will explain the methods that we used to prepare different un-doped and doped
lanthanum compound nanoparticles: un-doped lanthanum hydroxide, un-doped lanthanum
oxide and doped and co-doped lanthanum compounds (lanthanum oxide and lanthanum
oxysulfide).
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3.2.1. Synthesis of lanthanum hydroxide (La(OH);) and lanthanum
oxide (Lay0Os,)

Synthesis of La(OH); samples

Five samples were prepared by the precipitation method using a 0.04 M La(NOj3)3-6H,0
(Fluka, > 99 %) aqueous solution and ammonia (VWR, 28 %) as the precipitation agent. The
first (sample Pc) was precipitated at constant pH (pH=10 £ 0.1) and room temperature by
adding simultaneously drop by drop, under magnetic stirring, the lanthanum nitrate aqueous
solution and a 2 M ammonia solution to an aqueous solution of NH4NO; (Fluka, > 99 %),
which acted as buffer (see Figure 3.1).

NH,

La(NO),-6H,0

buffer
solution

pH metre

Figure 3.1. Scheme of the process to synthesize nanoparticles by the precipitation method at constant
pH.

Other three samples were precipitated at variable pH by adding a 2 M ammonia solution drop
by drop to the lanthanum nitrate aqueous solution until achieving pH=10 at room temperature
under magnetic stirring (sample Pv), at 348 K under magnetic stirring (sample Pvt) and at
room temperature but using ultrasounds instead of magnetic stirring (sample Pvu). Lastly,
one more sample was precipitated by bubbling NH; gas (Carburos Metélicos, 1% NHj: 99 %
N,) through the lanthanum nitrate aqueous solution until achieving pH= 10 (sample Pvb).
After precipitation, all samples were filtered, washed with deionised water several times, and
dried in an oven overnight.

Another series of samples were prepared by the conventional hydrothermal method as
follows: 1 g of La(NOs);-6H,0 was dissolved into 120 mL of deionised water. After 10 min
under magnetic stirring, 4 g of KOH (Sigma-Aldrich, > 85 %) was added, thus leading to a
white precipitate (sample H-0), which was transferred into a Teflon autoclave in a furnace
(see Fig. 3.2(a)) and heated at 393 K for 1, 3, 6, 12, 24, and 48 h (samples H-1, H-3, H-6, H-
12, H-24 and H-48, respectively). Four more samples were synthesized by the hydrothermal
method but using a laboratory microwave oven (Milestone Ethos-Touch Control) for heating.
The initial white precipitate obtained (sample H-0) was autoclaved inside the microwave
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oven (see Fig. 3.2(b)) at 323 K for 5 min, 15 min and 60 min (samples MwH-323-5, MwH-
323-15 and MwH-323-60, respectively), and at 353 K for 60 min (sample MwH-353-60). All
samples were filtered, washed with deionised water several times, and dried in an oven
overnight.

Table 3.1. Preparation conditions of un-doped lanthanum hydroxide samples synthesized by the
precipitation and hydrothermal methods.

Aging
Precipitating Precipitation
Sample Method agent temperature Heating Temperature/
method time
Precipitation
Pe at constant pH NH; (aq) RT
Precipitation
Pv at variable pH NH; (aq) RT
Precipitation
at variable pH
Pvu with NH; (aqg) RT
ultrasounds
Precipitation
at variable pH
Pvt with NHj; (aq) 348 K
temperature
Precipitation
Pvb at variable pH NH; (9) RT
H-0 Instantaneous . o4 (ag) RT
precipitation
H-1 Hydrothermal KOH (aq) RT Oven 393K/ 1h
H-3 Hydrothermal KOH (aq) RT Oven 393 K/3h
H-6 Hydrothermal KOH (aq) RT Oven 393 K/6h
H-12 Hydrothermal KOH (aq) RT Oven 393K/ 12h
H-24 Hydrothermal KOH (aq) RT Oven 393K/ 24h
H-48 Hydrothermal KOH (aq) RT Oven 393 K/48h
MwH-323-5  Hydrothermal KOH (aq) RT Microwaves 323 K/5 min
MwH-323-15  Hydrothermal KOH (aq) RT Microwaves 323 K/ 15 min
MwH-323-60  Hydrothermal KOH (aq) RT Microwaves 323 K/ 60 min
MwH-353-60  Hydrothermal KOH (aq) RT Microwaves 353 K/ 60 min

RT: room temperature.
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Table 3.1 summarizes the preparation conditions of samples synthesized by the precipitation
and hydrothermal methods.

] 10

J

Figure 3.2. Pictures showing the different hydrothermal methods: (a) conventional and (b)
microwaves.

Synthesis of La,05; samples

Lanthanum oxides were obtained by calcining several representative synthesized La(OH)s
samples (Pv, Pvu, H-0, H-1, H-48 and MwH-323-5) at 1173 K for 2 h. La,O; samples were
named as C followed by the name of the lanthanum hydroxide sample, e.g. CH-1 was the
sample obtained by calcining H-1.

3.2.2. Synthesis of europium doped lanthanum oxide (Eu**:La,05;)

All the Eu**:La,0; samples contained 5 mol% Eu®* because this percentage was that one
shown by Park et al. [103] to be the optimum one to obtain less quenching concentration
effects and consequently better luminescence efficiency.

Wetness impregnation method

First, we prepared La(OH); nanoparticles by the conventional hydrothermal method at 393 K
for 24 h (sample H-24). To dope by the impregnation method, it was necessary to know the
pore volume of this La(OH); sample. To do that, deionised water was added drop by drop
until the sample was not able to absorb more water. The pore volume obtained
experimentally for H-24 was 0.65 ml-g™. The relation coefficient between La(OH); and
Eu(NO;); was 0.118 and was obtained taking into account that the mol % in the final product
must be 0.95 and 0.05 for La®*" and Eu®*, respectively. To calculate the amount in grams of
Eu(NOs);-5H,0 needed to prepare the aqueous solution in the volumetric flask, we used the
following equation:

relation coefficient

flask volume (ml) * - (Eq. 3.1)
pore volume (E)
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0.65 ml of the europium nitrate solution were added drop by drop to 1 g of sample H-24.
After impregnation, the sample was dried in an oven at 353 K for 8 h. This impregnated
sample was named as Eu®"-H-24-IMP. The sample obtained by calcination of Eu®*"-H-24-
IMP at 1173 K for 2 h, was named Eu**-CH-24-IMP.

Co-precipitation and hydrothermal methods

Several 5 mol % of Eu*" doped La(OH); samples were synthesized by the co-precipitation
and hydrothermal methods following the same procedure used to prepare several un-doped
La(OH); samples but starting with a mixture or europium and lanthanum nitrate salts. To
distinguish these doped samples from the un-doped ones, we added the symbol of Eu®* ion in
the identification name. Therefore, whether sample H-24 was un-doped, Eu**-H-24 is the
corresponding doped one.

Table 3.2 summarizes the preparation conditions of the Eu®**:La(OH); samples synthesized by
these two methods.

Table 3.2. Preparation conditions of Eu**-doped lanthanum hydroxide samples synthesized by co-
precipitation and hydrothermal methods.

Aging
Precipitating Precipitation
Sample Method agent temperature Heating Temperature/
method time
3+ Co-precipitation
Eu™-Pv at variable pH NHs (aq) RT
Co-precipitation
Eu*"-Pvu at variable pH NH; (aq) RT
with ultrasounds
EU®-H-0 Instantaneous co- KOH (aq)) RT
precipitation g
Eu**-H-1 Hydrothermal KOH (aq) RT Oven 3913hK/
Eu**-H-24 Hydrothermal KOH (aq) RT Oven 332 :1( /
Eu®*-H-48 Hydrothermal KOH (aq) RT Oven 333 L( /
3+ . 323 K/
Eu’"-MwH-323-5 Hydrothermal KOH (aq) RT Microwaves 5 min
3¢ . 323 K/
Eu’"-MwH-323-15 Hydrothermal KOH (aq) RT Microwaves 15 min

RT: room temperature.
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In order to obtain the oxide phases, all these samples were calcined at 1173 K for 2 h. Thus,
following the same rules, the samples were named with a C when they were calcined (e.g.
Eu**-CH-24).

Sol-gel Pechini method

Other Eu**:La,0; samples were synthesized by the sol-gel Pechini method (see Fig. 3.3).
First, La,0O5; and Eu,03 were dissolved in hot acid. The acids used were either HNO3; (Merck,
65%) or HCI (VWR, 35%). The solution were let, under stirring, to generate the
corresponding nitrate (La(NOjz); and Eu(NO3)3) or chloride (LaCl; and EuCly) reagents. After
the solution was dried at 358 K to remove the excess amount of acid, the salts were dissolved
in deionised water. We added an organic acid (OA) to this solution with a molar ratio
[OA]/[Metal] = 1 where [Metal] is the concentration of lanthanum and europium in the
solution. The OAs used were either ethilenediaminetetracetic (EDTA, Aldrich, 99%) or citric
(CA, Fluka, 99.5%) acids. Then a esterification agent (EA) was added with a molar ratio
[OAJ/[EA] equal to 2 or equal to 1 depending on the OA used, while stirring and heating the
solution. The EAs used were either ethylene glycol (EG, Sigma-Aldrich, 99.8%) or
polyethylene glycol (PEG, Sigma-Aldrich, M.W. 400).

Lay0; Eu, 03

HNO, / HCI

Salts
precipitation

[ Mixed\s'nlution ]

Add OA

[ Metals-EDTA complex ]

Add EA |

A
Precursor resin
{ Calcination at 573K ]——)
A

[ Precursor powder ]

& Calcination

Eu*:La,0;
NANOCRYSTALS

y

Figure 3.3. Flow scheme of the synthesis of Eu**:La,05 nanoparticles by the sol-gel Pechini method.
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In previous works, Galceran et al. [75] found that the use of molar ratios [OA]/[Metal] < 1
affects the homogeneity in the chelation of metals by the OA due to an insufficient number of
molecules to chelate metal cations. For molar ratios [OA]/[Metal] > 1 the amount of organics
to be removed in the final calcination process was excessive. Then, the molar ratio
[OAJ/[EA] was determined according to the esterification reaction: since EDTA has four
carboxylic acids groups and EG has two alcohol groups we need 2 molecules of EG to react
with 1 molecule of EDTA. In the case of using CA as organic acid and PEG as esterification
agent, we worked with a molar ratio [OA]/[EA] equal to 1 because CA has only two
carboxylic acids groups and PEG has also two alcohol groups.

Thus, four different samples were synthesized by the sol-gel Pechini method and were named
depending on the starting reagents and the organic acid and esterification agents used: Eu®'-
Pechl, Eu*-Pech2, Eu**-Pech1B and Eu®*-Pech2B. The preparation conditions of these
precursor powders are summarized in Table 3.3. All these precursor powders were obtained
after calcining the initial precursor resin at 573 K for 3 h.

Table 3.3. Preparation conditions of Eu**doped precursor powders by the sol-gel Pechini method.

Sample hame Method Starting reagents  Organic acid  Esterification agent
Eu**-Pechl Sol-gel Pechini HNO; (aq) EDTA EG
Eu**-Pech2 Sol-gel Pechini HNO; (aq) CA PEG
Eu**-Pechl1B Sol-gel Pechini HCI (aq) EDTA EG
Eu**-Pech2B Sol-gel Pechini HCI (aq) CA PEG

EDTA: ethilenediaminetetracetic; CA: citric acid; EG: ethylene glycol; PEG: polyethylene glycol

Finally, the precursor powders were calcined at different temperatures, between 573 K and
1273 K, in air atmosphere for 2 h to obtain nanoparticles of Eu**:La,05. After calcination,
samples were named by adding C to the name of the precursor powder and by indicating the
temperature of calcination at the end of the nomenclature, e.g. Eu**-CPech1-573 was the
sample obtained by calcining Eu**-Pech1 at 573 K for 2 h.

3.2.3. Synthesis of praseodymium doped lanthanum oxide
(])r3+31432()3)

Lanthanum oxide doped with 0.5, 1, 3, 5 mol % of Pr** samples were synthesized by the sol-
gel Pechini method. Here, lanthanum oxide and praseodymium oxide (Aldrich, 99.9%) were
dissolved in HNO; and the reagents used for preparing these samples were EDTA as organic
acid and EG as esterification agent. The next steps were exactly the same explained above to
synthesize Eu**:La,05 samples.

Pr’* doped La,O5 nanoparticles were named as (x%)Pr**-Pech1 indicating the molar amount
x of Pr’" in each case. The calcined samples were distinguished by adding C to the name of
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the precursor powder, e.g. (x%)Pr**-CPech1 was the sample obtained by calcining (x%,)Pr**-
Pechl at 1273 K for 2 h.

3.2.4. Synthesis of europium doped lanthanum oxysulfide
(Eu**:La,0,5)

La,0,S doped with 5 mol% of Eu®* nanoparticles were obtained by the ethanol-assisted
solution combustion method (EASC). In a small zirconia crucible, 1.2 g of La(NO3)3-6H,0
(Fluka, > 99.9%), 0.062 g of Eu(NO3)3;-5H,0 (Sigma-Aldrich, > 99.9%) and 0.9 g of
thioacetamide (CH3CSNH,, Sigma-Aldrich, > 99.0 %) were added and dissolved using a
small amount of ethanol and distilled water (0.0025 M). The solution was let 1 h stirring
under 353 K. Then, the zirconia crucible was introduced into a tubular furnace pre-heated at
673 K for 20 min and the combustion reaction was immediately carried out as confirmed by
observing the yellow-brown fumes, coming from the by-products. Figure 3.4 shows the
zirconia crucible containing the porous powder after the combustion reaction. The sample
obtained was named as Eu®*:La,0,S.

Figure 3.4. Photograph showing the zirconia crucible containing the final product.

3.2.5. Synthesis of europium and bismuth co-doped lanthanum oxide
and lanthanum oxysulfide (Eu**:Bi*":La,0;, Eu**:Bi*":La,0,S)

Samples Eu*":Bi**:La,0; co-doped with 5% of Eu®" (as for all doped samples) and either 1%
or 3% of Bi*, were prepared following the sol-gel Pechini method explained above but now
adding also the Bi(NO3); (Aldrich, 99.9%) reagent while the other nitrates were already
formed by HNO;. Samples were named as Eu®":(1%)Bi**-Pechl and Eu®*":(3%)Bi**-Pechl
and adding a C in the case of calcined samples, e.g. Eu**:(1%)Bi**-CPech1 was the sample
obtained by calcining Eu**:(1%)Bi**-Pech1 at 1173 K for 2 h.

Eu**:Bi**:La,0,S co-doped with 5% of Eu®" and 1% of Bi** nanoparticles were prepared by
the EASC method explained above and adding also the Bi(NOs); reagent in the starting
mixture with ethanol. This sample was named as Eu®*":Bi**:La,0,S.
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3.3. Characterization of the synthesized nanoparticles

In the next part of this chapter we will expose and discuss the results obtained from the
characterization of the un-doped and doped lanthanum compound samples synthesized by
different methods. The techniques used were: X-Ray diffraction (XRD) mainly to identify the
crystalline phases but also to calculate the crystallite size of the samples, X-ray photoelectron
spectroscopy (XPS) to obtain information about the surface and Eu/La ratio for doped
samples, nitrogen physisorption to obtain the pore size and BET area of the hosts, differential
thermal and thermogravimetric analysis (DTA-TGA) to characterize the thermal evolution of
the precursors, infrared spectroscopy (IR) to study the presence of europium for doped
samples, and microscopy techniques (ESEM, SEM and TEM) to observe the morphology and
the aggregation level of the synthesized nanoparticles.

3.3.1. Characterization of lanthanum hydroxide (La(OH);) and
lanthanum oxide (La,0O5)

Lanthanum hydroxide samples

XRD patterns of the samples obtained by precipitation, conventional hydrothermal aging, and
by microwaves hydrothermal aging (see preparation conditions in Table 3.1) are shown in
Fig. 3.5, 3.6 and 3.7, respectively.
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Figure 3.5. X-ray diffraction patterns of the samples prepared by the precipitation method.
The lanthanum hydroxide phase was observed for all samples with different crystallinity

degree. Additionally, sample Pvu, precipitated at variable pH under ultrasounds, also
presented two additional crystalline phases which were identified as LaNO;(OH),-H,O and
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LaCO;(OH) (Fig 3.5) according to the JCPDS files 37-1190 [104] and 49-0981 [105],
respectively. Cavitation waves movement can favour the solubilisation of atmospheric CO,,
which reacts with lanthanum nitrate resulting in a carbonate/hydroxyl phase while hindering
the complete hydroxylation of lanthanum nitrate.
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Figure 3.6. X-ray diffraction patterns of the samples aged by conventional hydrothermal heating.
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Figure 3.7. X-ray diffraction patterns of the samples aged by microwaves hydrothermal heating.

Crystallite size of the samples was calculated from the (100) and (201) peaks of the XRD
patterns, using the Scherrer’s equation (Table 3.4).

Regarding the crystallite size of the samples obtained by precipitation (Pc, Pv, Pvu, Pvt and
Pvb), the gel precipitated at 348 K showed the lowest crystallite size. This could be related to
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a lower polycondensation of the colloidal particles initially formed in agreement with the less
water loss observed by TGA for this gel compared with the rest of precipitated samples (later
shown in Table 3.5). At higher precipitation temperature, a higher solubilisation of the
hydroxylated species should be expected, and therefore, a higher difficulty for
polycondensating the insoluble colloidal species initially formed can be expected. The
resulting gel contains less water, and consequently, has smaller crystallite sizes. Sample H-0,
obtained by direct precipitation with KOH and used as the starting powders for conventional
and microwaves aging, had a lower crystallite size than the samples obtained by precipitation
with ammonia except for the Pvt sample. This can be explained by the slower precipitation
rate of the samples precipitated with ammonia, which were precipitated drop by drop,
allowing for a higher crystallization degree of the sample than that obtained for the H-0
sample, which was obtained by instantaneous precipitation.

Table 3.4.Crystallite sizes of several samples.
La(OH); crystallite

La(OH); crystallite

Sample size (nm)? Sample size (nm)?
Pc 10.6 H-6 9.6
Pv 135 H-12 9.3
Pvu 13.7 H-24 10.4
Pvt 8.1 H-48 11.7
Pvb 11.6 MwH-323-5 8.0
H-0 8.2 MwH-323-15 8.1
H-1 8.2 MwH-323-60 8.3
H-3 8.7 MwH-353-60 10.0

? Calculated from the (100) and (201) peaks of the XRD patterns.

Aging is the spontaneous evolution of a gel structure, which results from an ordering of its
crystalline state. For the samples aged by the conventional hydrothermal method, the
crystallite size of La(OH); increased with the aging time. For the samples aged by the
hydrothermal method under microwave irradiation, an increase in the temperature of aging
from 323 to 353 K led to the a higher crystallite size (10 nm). Therefore, an increase of aging
temperature and aging time favoured crystallization of lanthanum hydroxide, as expected.

In order to study the thermal decomposition of the lanthanum hydroxides prepared by
different methods, TGA analyses of all samples were performed. Figure 3.8 shows the TGA
curves obtained for several representative lanthanum hydroxide samples whereas Table 3.5
depicts the maximum temperature for each weight loss (WL) for all of them. Thermograms of
the samples obtained by precipitation (Pc, Pv, Pvu, Pvt and Pvb) showed similar profiles (e.g.
Pc and Pvu in Fig. 3.8) with three temperature intervals corresponding to three significant
weight losses (defined as I, Il and 11l in Table 3.5): the first between 573 K and 773 K, the
second between 773 K and 1000 K and the third between 1000 K and 1200 K. The TGA
curve of the H-0 sample, prepared by instantaneous precipitation, also exhibited three main
44




UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS

Maria Méndez Malaga
Diposit Legal: T.186-2013

M. Méndez

CHAPTER 3

weight losses (Fig. 3.8) but the temperature maximum of the second and third weight loss
shifted to lower and higher temperature values, respectively, than those of the precipitated
samples previously commented (Table 3.5).
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Figure 3.8. TGA curves of several La(OH); representative samples.
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Interestingly, samples obtained by aging H-O by conventional heating at 393 K at different
time intervals only showed two weight losses at similar temperature intervals than those of
the weight losses | and IIl of the rest of samples (e.g. H-24 in Fig. 3.8, Table 3.5).
Additionally, the TG curve of the sample obtained by aging the H-0 sample with microwaves
at 323 K for 5 min also had two weight losses (Fig. 3.8, Table 3.5) but when a higher
preparation temperature (353 K) and/or time are used, again three main weight losses were
detected (e.g. MwH-323-15 in Fig. 3.8, Table 3.5).

Table 3.5. Characterization of some La(OH); precursors by TGA technique.

Tg (K)? Total weight

Sample b

WL | WL 11 WL 11 loss (%)
Pc 613 868 1073 21.0
Pv 614 863 1063 22.7
Pvu 658 873 1153 23.0
Pvt 658 798 1133 18.5
Pvb 618 863 1043 22.5
H-0 658 763 1158 22.5
H-1 668 - 1128 18.0
H-3 668 - 1148 20.0
H-6 668 - 1128 18.5
H-12 668 - 1138 19.5
H-24 668 - 1173 19.0
H-48 668 - 1153 17.5
MwH-323-5 658 - 1043/1128 22.5
MwH-323-15 663 848 1088 15.5
MwH-323-60 658 813 1098 15.0
MwH-353-60 673 833 1073 12.0

& Tg is the maximum temperature for each weight loss obtained from TGA curves.
WL: weight loss; ® This value includes the initial loss of adsorbed water of the sample.

In the literature, the thermal decomposition of La(OH); was divided in three stages [106,107].
The first one was related to the dehydration of free and physically adsorbed molecular water
associated with the powder, the second one was attributed to the La(OH); - LaOOH + H,0O
reaction and the third one was owed to the LaOOH - La,05-1/2 H,O = La,O4 reaction.

In order to identify the intermediate phase or phases for our samples, we analysed the thermal
evolution of several representative samples from room temperature to 1073 K by XRD. Fig.
3.9 shows the XRD patterns of several representative samples after calcination at 873 K
(temperature related to the second weight loss). The most significant result is that in any case
we observed the formation of LaOOH but the formation of peaks corresponding to the
lanthanum carbonate phase: La,O,COs. For calcined Pvu, this La,0,CO; phase proceeded
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from the three phases present in the starting gel: La(OH); LaCO;(OH) and
LaNO3(OH),-H,O (see Fig. 3.5). It is well known that the decomposition of
LaNO3(OH),-H,0 in air occurs through the formation of LaONOs;, which transforms to
La,0,CO; at temperatures above 773 K [108]. The presence of these additional phases in the
initial gel could justify the higher temperature maximum of the weight loss Il observed in the
TG of the Pvu sample when compared with the other precipitated samples (see Table 3.5).
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) MwH-323-5-
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Figure 3.9. XRD patterns of several lanthanum hydroxide samples calcined at 873 K for 2h.

For the samples prepared by hydrothermal aging (e.g. H-24, MwH-323-15, Fig. 3.9) several
peaks corresponding to La(OH); were detected in the XRD pattern obtained after calcination
at 873 K. Therefore, the calcination process of lanthanum hydroxide proceeds through two
steps, assuming that the first weight loss is due to the dehydration of free and physically
adsorbed molecular water:

2 La(OH), + CO, ——12K_ 5 | 5,0,C0; + 3H,0 (Weight loss I1)

La,0,CO4 RELE L La,O3 + CO, (Weight loss I11)

The presence of this intermediate carbonate phase was also reported by Zhu et al. [109] who
obtained lanthanum hydroxide nanorods by precipitation with hydrazine and later aging.

Interestingly, the samples aged hydrothermally with microwaves showed a lower maximum
temperature at the WL 111 than those aged by conventional heating (see Table 3.5). This could
be attributed to the higher surface area and lower crystallite size of these samples, which
could favour a faster formation of the lanthanum oxide phase. For the samples aged by
conventional heating, and increased in the aging time led to a slight higher maximum
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temperature for the WL 11l (see Table 3.5). This can be associated to the slight higher
crystallite sizes obtained for longer aging times (see Table 3.5).

N, adsorption-desorption isotherms of all the lanthanum hydroxide samples were identified
as type 1V, corresponding to mesoporous materials (see Fig. 3.10). Longer aging time of the
gel led to a decrease in the slope of the isotherm.
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Figure 3.10. N, adsorption-desorption isotherms of several representative
lanthanum hydroxide samples.

Table 3.6. Surface areas of some La(OH); representative samples.

Sample BE-ZI_ a_Ee;a Sample BE-ZI_ a_r;ef\
(m"-g~) (m*-g”)
Pc 35 H-6 42
Pv 35 H-12 65
Pvu 28 H-24 100
Pvt 62 H-48 113
Pvb 66 MwH-323-5 146
H-0 134 MwH-323-15 114
H-1 82 MwH-323-60 109
H-3 33 MwH-353-60 94

& Calculated from nitrogen physisorption.

Regarding BET surface areas of the precipitated gels (see Table 3.6), Pvu showed the lowest
surface area probably due to the presence of other crystalline phases in addition to lanthanum
48
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hydroxide, as observed by XRD. In contrast, Pvt and Pvb had higher surface areas than Pv
(also precipitated at variable pH) because of their lower crystallinity. When H-0, which
exhibited the highest surface area of all the precipitated gels, was aged by conventional
heating, we observed an initial lowering of surface areas until 3 h of aging (see Table 3.6). A
similar behaviour was observed for samples aged under microwaves. However, after longer
aging times, the surface area of the samples aged conventionally increased (see Table 3.6).
We believe that some amorphous species formed initially during aging at short times occupy
the pores of the most crystallized phase resulting in a more compact material, which
consequently has a lower surface area. However, at longer aging times, these amorphous
species are incorporated progressively into the crystalline structure, liberating the pores. This
explains the increase in the crystallite size and surface area observed. Samples aged with
microwaves showed higher surface areas than those aged by conventional heating. This can
be related to the lower temperature and time used during aging with microwaves.

Both SEM and TEM techniques were used to monitor the morphology of the La(OH);
samples. Some representative SEM and TEM micrographs are presented in Figures 3.11 and
3.12, respectively.

10 pm

Figure 3.11. SEM images of the lanthanum hydroxide gels synthesized by different methods: (a) Pc,
(b) Pvb, (c) Pvt, (d) H-0, (e) H-48 and (f) MwH-353-60.

SEM images of Pc and Pvb (see Fig. 3.11(a) and (b)), as representative samples of those
obtained by precipitation, exhibited particles with sizes around 5-10 um, formed by much
smaller aggregated particles with sizes around 10 nm. In contrast, two different particle
shapes were clearly distinguished for Pvu (see Fig. 3.11(c)). This could be associated with the
two crystalline phases detected for this sample by XRD. On the other hand, H-0, obtained by
instantaneous precipitation, showed smaller particles with a more homogeneous size
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distribution between 1-3 um (see Fig. 3.11(d)). When this gel was aged in an autoclave by
conventional heating for 48 h (see Fig. 3.11(e)), small homogeneous needle-shape particles
were obtained. Lastly, the gels aged in an autoclave under microwave irradiation appeared
agglomerated forming big particles (see Fig. 3.11(f)).

TEM images allowed us to observe with more definition the shape and size of the particles.
Thus, precipitated gels showed nanorods between 30 x 8 nm and 110 x 8 nm (see Fig.
3.12(a), (b), (c) and (d)). Nanorods were less agglomerated for Pvu, probably due to the use
of ultrasounds during precipitation. The H-0 sample (see Fig. 3.12(e)) and those obtained by
aging in autoclave by conventional heating (see Fig. 3.12(f), (g)) or under microwave
irradiation (see Fig. 3.12(h), (i)) showed a higher homogeneity in size distribution and lower
nanorod sizes (from 20 x 5 to 50 x 15 nm) than the precipitated samples but with a higher
agglomeration degree.

a

Figure 3.12. TEM images of the lanthanum hydroxide gels synthesized by different methods: (a) Pc,
(b) Pvb, (c) Pvt, (d) Pvu, (e) H-0, (f) H-6, (g) H-48, (h) MwH-323-5 and (i) MwH-353-60.

Lanthanum oxide samples

Several representative lanthanum hydroxide samples (Pv, Pvu, H-0, H-1, H-48 and MwH-
323-5) were calcined at 1173 K for 2 h. We chose these calcination conditions to be sure that
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all the lanthanum hydroxylated phases were converted to lanthanum oxide. XRD patterns of
the calcined samples only showed the presence of the La,O; phase with similar crystallite
sizes for all samples ranging from 48 to 61 nm (see Fig. 3.13 and Table 3.7).
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Figure 3.13. XRD patterns of some representative La,0O3 samples prepared by
precipitation and hydrothermal methods.

Table 3.7. Crystalline phases and crystallite sizes of some
calcined samples.

Crystalline La,O5 crystallite

Sample phases (XRD) size (nm)?
CPv La,Os 61.5
CPvu La,Os 60.1
CH-0 La,Os 50.1
CH-1 La,03 65.8
CH-48 La,Os 48.3
CMwH-323-5 La,03 61.4

* Calculated from the (100), (002) and (011) peaks of the XRD patterns.

Nitrogen adsorption-desorption isotherms of calcined samples were identified as Type 1V,
corresponding to mesoporous materials. After calcination, the surface areas significantly
decreased until 3-5 m?.g™ (see Table 3.8), as expected due to the formation of a more
compact oxide phase. Therefore, there are not great differences between the calcined
samples, just some slight lower surface areas were observed for the samples obtained from
the lanthanum hydroxide prepared by direct precipitation (CH-0) and those obtained from the
samples aged at shorter times (CH-1, CMwH-323-5).
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Once the samples were calcined at high temperatures in order to obtain the corresponding
oxide phase, the particles became more agglomerated. Figure 3.14 shows some TEM images
of some calcined gels synthesized by the precipitation method.

Table 3.8. Surface areas of some representative La,O; samples.

Sample BET area (m*-g™)?
CPv 4.6
CPwu 4.9
CH-0 1.8
CH-1 2.9
CH-48 4.6
CMwH-323-5 2.8

& Calculated from nitrogen physisorption.

a

Figure 3.14. TEM images of several La,03 samples: (a) CPv, (b) CH-48 and (c)CMwH-323-5.

While calcined samples did not show significant difference in the surface area values
obtained, there were significant differences with respect to the particle sizes and the
agglomeration degree. Thus, despite of the nanorod morphology of some precipitated gels,
these tend to be more agglomerated. For example, calcined samples obtained from La(OH);
synthesized by precipitation without later aging (e.g. CPv) showed particles with lower
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particle sizes (around 150-200 nm) than calcined samples obtained from aged lanthanum
hydroxides (e.g. CH-48, C-MwH-323-5) which exhibited bigger particles (200-250 and 500-
600 nm, respectively).

3.3.2. Characterization of europium doped lanthanum oxide
(Eu*:La,0;) and praseodymium doped lanthanum oxide
(Pr**:La,05)

3+
Ev’” :La,;0; precursors

Figure 3.15 shows the XRD patterns of several Eu’":La,0; precursor powders representing
the different synthesis methods.
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Figure 3.15. XRD patterns of the Eu**-Pech1, Eu®**-H-1 and Eu®**-H-24-IMP samples.

The XRD pattern of Eu’"-H-I, as a representative sample of europium doped lanthanum
hydroxide synthesized by co-precipitation or hydrothermal methods, only showed the
presence of the lanthanum hydroxide crystalline phase, as for their corresponding un-doped
samples. However, the XRD pattern of Eu’'-H-24-IMP, showed a mixture of lanthanum
hydroxide and lanthanum hydroxyl carbonate (LaCO;OH) due to the fact to dope in
atmospheric conditions, and as was confirmed by the JCPDS pattern 49-0981 [107]. A
decrease of the cell parameters corresponding to the La(OH); phase was observed for all
samples when compared with the same un-doped samples. This can be explained by the
introduction of the Eu’" in the structure, since the ionic radius of La’" is 1.06 A whereas Eu**
has an ionic radius of 0.95 A. On the other hand, the XRD pattern of the sample synthesized
by the sol-gel Pechini method, Eu’*-Pechl, presented an amorphous phase, as expected, due
to the organic template used during its synthesis.
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A thorough study was carried out taking one XRD pattern every 50 degrees under non-
controlled atmosphere for several europium doped lanthanum hydroxide samples prepared by
different methods in order to study the evolution of the crystalline phases with the
temperature. Figure 3.16(a) shows the XRD patterns of the Eu**-H-24 sample from room
temperature to 1073 K. Four different crystalline phases were observed.
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Figure 3.16. XRD patterns at different calcination temperatures of the (a) Eu**-H-24 sample, (b) zoom
of the Eu®*-H-24 sample calcined at 873 K

The crystalline peaks of the precursor at room temperature were identified as La(OH);
according to the JCPDS file 36-1481 [110]. This phase lasted up to 623 K when the
crystalline peaks led to an amorphous phase between 623 and 673 K. This amorphous phase
evolved with temperature to a carbonated crystalline phase La,0,CO5 [111-113], due to the
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absorption of atmospheric CO,, since the sample was heated in air atmosphere. Turcotte et al.
[114] reported the appearance of three different polymorphic forms of La,O0,CO; during its
decomposition process. According to them, the tetragonal 1-La,O,CO; phase (JCPDS file 23-
0320) [111], which can be derived from the tetragonal C-form of lanthana sesquioxides,
formed first. Then, it transformed into an intermediate monoclinic la-La,0,CO; phase
(JCPDS file 48-1113) [112], and finally, the hexagonal 11-La,0,CO; was formed (JCPDS file
37-0804) [113], the structure of which is related to trigonal La,O; (JCPDS file 74-2430)
[115]. In our case, we obtained a mixture of tetragonal and monoclinic phases of La,0,CO4
(see Figure 3.16(b)). We did not detect the hexagonal phase of La,0,COs. The La,O; phase
began to appear at 973 K, coexisting with the La,0,CO; phase, but at 1073 K, La,03; was the
only crystalline phase observed in the diffraction pattern. After cooling at room temperature,
the same crystalline phase was observed: La,0s.

For the Eu**-Pechl and Eu®*-Pech2 samples the thermal evolution was different until
removing utterly the organic molecule (EG or PEG) at around 673 K (see e.g. Fig. 3.17).
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Figure 3.17. XRD patterns at different calcination temperatures of the Eu**-Pech1 sample.

Apart from that, lanthanum carbonate phases were also formed at 773 K due to the
calcination under ambient conditions and finally at 873 K, we observed the lanthanum oxide
as the only phase present. At 973 K and above, only this phase remained and the lanthanum
carbonate phases disappeared completely, as expected. The Pt crystalline peaks observed in
these diffraction patterns were not coming from the sample but from the support used to
record these patterns.

DTA-TG curves of these two precursors (Eu**-H-24 and Eu®**-Pechl) were taken to study
deeply their thermal decomposition (see Figs. 3.18 and 3.19, respectively).
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Figure 3.18. DTA-TG curve of the Eu**-H-24 sample.
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Figure 3.19. DTA-TG of the Eu**-Pech1 sample.

The thermogram of Eu**-Pech1 showed four different regions (A, B, C and D) associated to
different weight losses. The first region, marked as A in Figure 3.19 is associated with the
evaporation of water formed during the esterification reaction between the organic acid (OA)
and the esterification agent (EA). This water evaporation is produced in the temperature
interval from 300 K to 680 K with a weight loss of 3%. The second region, marked as B,
corresponds to the evaporation of the organic molecule, OA, whose boiling point is 573 K
[116,117]. The DTA curve also exhibits an exothermic peak at 614 K in this region. In the
third region, C in the figure, between 700 and 900 K, the DTA curve shows two exothermic
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peaks at 722 K and 866 K that are attributed to the oxidation of the residual organic
compounds, with a weight loss of 22%. Finally, the last region, marked as D in the figure,
between 873 and 1200 K, corresponds to the crystallization of the two crystalline phases that
we observed by X-ray diffraction (see Fig. 3.17): La,0,CO; and La,Os, observed as two
endothermic peaks in the DTA curve at 873 and 916 K, respectively. The weight loss
associated to this interval is around 7%. From these results, we concluded that the minimum
calcination temperature of the precursor powders to obtain Eu®":La,0; nanoparticles must be
higher than 916 K when the sol-gel Pechini is the method used. Interestingly, the
crystallization temperature was lower when compared to the crystallization temperatures of
samples synthesized by co-precipitation and hydrothermal methods (see e.g. Fig. 3.18). These
results were in agreement with those reported in the literature and might be attributed to the
good chemical homogeneity of the samples prepared by this method.

Eu’":La,0; samples

XRD patterns of the samples calcined at 1273 K for 2 h showed the presence of lanthanum
oxide phase for all samples, as expected (see Table 3.9, Fig. 3.20(a-b) and Fig. 3.21).

Table 3.9. Crystalline phases and crystallite size of some doped lanthanum oxide samples.

Sample Cryst?;ii SE) g)hases Lazg.i)zgecz'r)]/rséiallite
Eu**-CH-1 La,0s 52.5
Eu**-CH-24-IMP La,0s 57.4
Eu**-CPechl La,0s 50.0
Eu®*-CPech2 La,0; 52.1
Eu*"-CPech1B La,0; + LaOClI 37.2
Eu**-CPech2B La,0; + LaOClI 51.0

* Calculated from the (100), (002) and (011) peaks of the XRD patterns.

However, calcined samples whose precursors were synthesized by the sol-gel Pechini method
using chlorides as starting materials (Eu’-CPechIB and Eu’*-CPech2B) exhibited,
additionally, an other crystalline phase identified as LaOCl, JCPDS file 73-2063 [118] (see
Fig. 3.20(a-b)). This indicates that the use of chloride reagents favours the formation of
LaOCl, and this phase cannot transform completely to La,O; at the temperature and time of
calcination used.

By comparing the intensity of the most important diffraction peak of both phases, it was
possible to calculate the percentage of each phase. For the Eu®*"-CPechl1B sample, the
proportion of phases was 42% La,O; and 58% LaOCI whereas for the Eu**-Pech2B sample,
the proportion was 62% La,05 and 38% LaOCI.
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Figure 3.20. XRD patterns of the: (a) Eu**-CPech1B and (b) Eu**-CPech2B samples.

Fig. 3.21 shows the XRD patterns of several calcined Eu’" doped lanthanum oxide samples
synthesized by using different methods. All the samples comprised the La,O; phase and only
the Eu’"-CH-24-IMP sample had a few traces of the La(OH); phase. This could be attributed
to the time passed between the preparation and the XRD measurement, as we will further
explain in Chapter 5.
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Figure 3.21. XRD patterns of several Eu**-doped lanthanum oxide samples prepared by the wetness
impregnation method (Eu®*-CH-24-IMP), the hydrothermal method (Eu®*-CH-1) and the co-
precipitation method (Eu**-CPvu).

Table 3.9 also summarizes the crystallite sizes of the La,O; phase for the different samples.
Regarding to the crystallite sizes of calcined samples they were ranging from 37.2 to 65.1
nm. In comparison to the values obtained for the un-doped samples, there were no significant
differences apart from the lowest value, which was obtained for the Eu®**-CPech1B sample.
Curiously, that sample was mainly formed by the LaOCI phase (58%) and this makes
difficult the correct use of Scherrer’s equation. For the case of the Eu**-CPech2B sample,
where there was also the presence of LaOCI (38%) but in less proportion compared to the
La,03 phase, the crystallite size was 51 nm.

The cell parameters, corresponding to the La,Os phase, were also calculated from the XRD
patterns for the Eu®*"-CH-1, Eu**-CPechl and Eu®*"-CPech2 samples. The cell parameters of
these samples were lower than those corresponding to the un-doped samples. This could be
attributed to the incorporation of Eu** in the La,O; structure.

Another technique, very useful to check whether europium is succesfully inside the
lanthanum oxide host matrix or not, is infrared spectroscopy. First of all, we studied where
the absorption bands of our corresponding commercial compounds appear (La,Oz (Aldrich,
99.9%) and Eu,O; (Aldrich, 99.9%)). Eu**-Pech1 was the sample used to study the infrared
spectra of this material. From the data reported in the literature [119], we can identify the
peaks. The theoretical values were confirmed experimentally, by taking the IR spectra of
commercial La,O; and Eu,0; (see Fig. 3.22). As we can see, the v(Eu-O) band appears at
753.25 cm™ [120] and the v(La-O) band appears at 644 cm™ [121].
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When we calcined the precursor powders of our samples to 1073 K or over for 2 h, a similar
band appeared at 649 cm™. Taking into account the different atomic weight of La*" (138.91
a.u.) and Eu® (151.96 a.u.), if Eu®" is substituting La>* in the structure, as we expect, this
characteristic vibration band should shift towards larger energies, as we observed. Although
the shift observed is small and may appear negligible, it constitutes a probe that we
succeeded in the incorporation of Eu** in the structure of La,Os. If we compare the position
of the v(La-O) band in La,O; at 644 cm™ with the position of the v(Eu-O) band in Eu,0j, that
appears at 753 cm™ [115], and if we suppose, making a very rough approximation, that the
position of this band will change linearly with the concentration of Eu®* in La,Os, the shift of
5 cm™ we observed would correspond to a sample of La,O; doped with 5 mol% of Eu**. This
corresponds exactly to the concentration of Eu** we introduced in our synthesis process.

Other peaks corresponding to different O-H and CO5% modes were also observed in all the
samples studied. However, the absorption peaks responsible of the presence of carbonates
(1636-652 cm™) were more intense for the Eu®*-Pechl sample calcined at 973 K in
comparison to the intensity peaks for samples calcined over 973 K. In the thermal evolution
study, the presence of these peaks were analysed in more detail.

973 K
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CO;3% (vy)
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Figure 3.22. Infrared spectra of Eu** doped La,O5 (Eu**-Pechl) nanoparticles at different
temperatures of calcination and un-doped commercial La,0O3 and Eu,03 nanoparticles.

Figure 3.23 shows the thermal evolution of the Eu®*:La(OH); nanoparticles followed by
infrared (IR) spectroscopy. Eu**-H-24 and its corresponding calcined counterparts were the
samples used for this study. The absorption peaks at 3614 cm™ and 3439 cm™ were attributed
to the stretching vibration mode of the O-H bond and the bending vibration of H-O-H,
respectively. Thus, the peak at 3614 cm™ was indicative of the presence of La(OH); whereas
the wide band at 3493 cm™ can be associated with water formed during the handling process
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of the samples to record the spectra. In the same way, the absorption of carbon dioxide from
the atmosphere was confirmed by the appearance of several peaks corresponding to the v
and vy, and v, and v, modes of the CO5> (1636-652 cm™). This corroborates the presence of
La,0,CO;3, detected by XRD (see Figure 3.16). At higher annealing temperatures, the peaks
corresponding to La,0,CO; decreased in intensity, whereas the intensity of the broad
absorption peaks observed at low wavenumbers (434, 498 cm™) increased, as expected, due
to the formation of the La,O5 phase, in agreement with XRD results (see Figure 3.16).

The IR spectra observed for the samples synthesized by the precipitation method showed
similar results than those obtained for the samples synthesized by the sol-gel and the
hydrothermal methods.
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Figure 3.23. Infrared spectra of the thermal evolution of Eu**:La(OH); towards Eu**:La,05
nanoparticles synthesized by the hydrothermal method.

The XPS technique was used to confirm the presence of europium and evaluate the Eu/La
ratio on the surface of several representative samples (Eu**-CH-24-IMP and Eu**-CH-1, Fig.
3.24).

The literature of X-ray photoelectron spectra of Eu and its compounds is rather scarce [122,
123]. The main difficulty on the evaluation of Eu spectra is their complex nature due to the
appearance of shake up and/or shakes down satellites. The presence of satellite lines on the
spectra are due to the final state effect which itself is in connection with the density of states
in the 4f orbital. The Eu 3d5/2 peak corresponding to Eu®" was detected at 1134.89 eV and
1135.19 eV for the Eu**-CH-24-IMP and Eu®**-CH-1 samples, respectively (see Fig. 3.24).
These values are located at slightly higher energies than those published in the literature for
Eu,0; samples (1133.7 eV) but it is well known that different environments of Eu®* can shift
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slightly the position of the maximum of this peak [122]. In our samples, the slight higher
binding energy observed for the sample prepared by the Pechini method could be related to a
higher incorporation of the Eu®* in the lanthanum oxide structure. Therefore, by XPS we
confirmed the presence of europium in our samples prepared by different methods.
Additionally, we calculated the Eu/La ratio for both samples which was of 0.098 and 0.045
for the Eu®**-CH-24-IMP and Eu**-CH-1 samples, respectively. Taking into account that the
theoretical value used during preparation was Eu/La= 0.05 and XPS is a surface
characterization technique, these results allowed us to conclude that at the surface of the
sample obtained by impregnation with europium (I11) nitrate and later calcination, there is
more concentration of Eu®*, whereas for the sample prepared by the Pechini method, the
distribution of Eu** should be more homogeneous. This agrees with the results obtained by
other characterization techniques for both samples.
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Figure 3.24. Euggs, XPS spectra of the a) Eu**-CH-1 and b) Eu**-CH-24-IMP samples.

For Eu** doped La,O; samples synthesized by co-precipitation and hydrothermal methods, no
differences, in terms of shape of the nanoparticles obtained, were observed by electron
microscopy (see Figs. 3.25 and 3.26) with respect to the un-doped samples (see Fig. 3.12).
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Figure 3.25. TEM images of some representative Eu**-doped La,O5 nanoparticles synthesized by the
co-precipitation and hydrothermal methods: (a) Eu**-CPvu (b) Eu**-CH-48 and (c) Eu**-CMwH-353-
60.

100 nm ‘ ¢ o 50 nm

Figure 3.26. TEM images of the Eu®**-CH-24-IMP sample obtained by wetness impregnation method.

However, samples synthesized by the sol-gel Pechini method showed significant differences.
Thus, Figure 3.27 (a), (b) and (c) shows the ESEM micrographs of the Eu®**-Pechl sample
calcined at 973, 1073 and 1273 K for 2 h, respectively.

Figure 3.27. ESEM images of the Eu**-Pech1 sample at different temperature of calcination: (a) 973
K, (b) 1073 K and (c) 1273 K.

In Figure 3.27(a) we can see still a porous matrix due to the resin precursor but after
calcining at 1073 K, the sample appearance changed significantly. It is important to remind
that the last peak observed in the DTA-TG thermogram for this sample, corresponds to the
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crystallization temperature at 916 K (see Fig. 3.19). Thus, according to the thermogram
results, we should observe some powders of lanthanum oxide at 973 K instead of a matrix.
However, since measurements were taken at different calcination conditions, there is a
discrepancy between the crystallization temperature obtained by themogravimetry and the
morphology observed in ESEM images. By DTA-TG the measurements were taken at the
same time the samples were calcined at a rate of 10 K-min™, whereas in the ESEM images,
the samples were calcined at 973 K for 2 h and studied later. Some differences were also
observed when increasing the calcination temperature since nanoparticles became more and
more round-shaped and forming bigger aggregates (see Fig. 3.27(c)). This sample was
observed at higher magnification by SEM (see Figure 3.28(a), (b) and (c)). The images of the
nanoparticles obtained after calcination at 1073, 1173 and 1273 K for 2 h indicated that the
size of the nanoparticles were larger as the calcination temperature increased, as expected.

Figure 3.28. In the left, SEM images of the Eu**-Pech1 sample at different calcination temperatures:
(a) 1073 K, (b) 1173 K and (c) 1273 K. In the right: (d) TEM image of the Eu®**-Pech1 sample at 1273
K and (e) image of the electron diffraction of the Eu**-CPech1 sample.

Figure 3.28(d) shows a TEM image of the Eu**-Pechl sample calcined at 1273 K for 2 h.
The nanoparticles appeared agglomerated with sizes between 50 and 200 nm. By electron
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diffraction we were able to confirm that each of these nanoparticles were a single crystal and
corroborated that the structure of these nanoparticles was trigonal, as can be observed in
Figure 3.28(e).

Regarding to other samples synthesized by the sol-gel Pechini method, we can say that,
nanoparticles had sizes around 50 and 200 nm, with irregular shapes and with a high
agglomeration degree (see Fig. 3.29).

@ (b) (c)

200 nm

100 nm

Figure 3.29. TEM images of the (a) Eu**-CPech2, (b) Eu**-CPech1B and (c) Eu**-CPech2B samples.

Pr’*:La,0; samples

The XRD pattern of the (5%)Pr**-Pechl sample shows an amorphous phase, as expected.
After calcining at 1273 K during 2 h, the XRD pattern exhibits crystalline peaks
corresponding to the La,Os, which was the only present crystalline phase (see Fig. 3.30). The
La,0; crystallite size, calculated from the (100), (002) and (011) peaks of the XRD pattern
for this sample, was 65.1 nm.

(5%)Pr*-CPech1

Intensity (a.u.)

La, O 3
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Figure 3.30. XRD pattern of the (5%)Pr3*-CPech1 sample.
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TEM images of this sample shown in Fig. 3.31 give information about the distribution and
morphology of the ((5%)Pr**-CPech1 sample at different magnifications. The particles were
quite agglomerated with a non-defined shape and with a high variety of sizes ranging from
250 to 500 nm (see Fig. 3.31(a) and (b)). In Figure 3.31(c) and (d), it was possible to observe
the smaller particles, which were forming those big aggregates, with sizes between 100-200

nm.
!I l (b)
500 nm
(d)
100 nm 100 nm

Figure 3.31. (a-d) TEM images of the (5%)Pr**-CPech1 sample.

3.3.3. Characterization of europium doped lanthanum oxysulfide
(Eu*":La,0,S) and europium and bismuth co-doped lanthanum oxide
and lanthanum oxysulfide (Eu**:Bi**:La,0;, Eu**:Bi**:La,0,S)

Euw’*:La;0,S sample

The crystalline peaks observed in the XRD pattern of the Eu**:La,0,S sample, which was
obtained by the EASC method, were identified as La,0,S according to the JCPDS file 71-
2098 [124]. However, traces of La,0,S0O, [125] and La,Oz [115] were also detected (see
Figure 3.32). Both La,O3 and La,0,S crystallize in the trigonal system structure with space
group P3m1. The formation of La,0,S0, and La,O; can be attributed to some oxidative
processes occurred during the combustion reaction. Thus, the reaction for the formation of
Eu**:La,0,S nanoparticles using thioacetamide as sulfur-containing fuel can be represented
as:
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La(NOs);-H,0 + Eu(NO3)3-5H,0 + CH;CSNH, > Eu**:La,0,S (major) + Eu**:La,0,S0,
(minor) + Eu**:La,05 (minor) + by-products (gases) 1
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Figure 3.32. XRD pattern of the Eu®**:La,0,S sample.

The crystallite size of the Eu3+:La2028 sample was 30.0 nm and was calculated from the
(101) and (012) peaks of the XRD pattern, using Scherrer’s equation.

Figure 3.33(a), (b) and (c) shows the TEM images of the Eu**:La,0,S sample. Figure 3.33(a)
shows aggregates with different sizes, which were formed by nanoparticles with rod shapes.
Figure 3.33(b) exhibits an image at higher magnification where it was easier to distinguish
each nanocrystal and a zoom of a smaller part was taken to show that nanocrystal sizes were
ranging 20-50 nm.
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Figure 3.33. TEM images of the Eu®**:La,0,S sample.

67



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

CHAPTER 3 M. Méndez

Eu’": Bi’":La,Q; samples

The XRD pattern of the Eu’':(1%)Bi’*-CPechl sample showed the presence of the
lanthanum oxide as the only crystalline phase (see Fig 3.34), as expected. The crystallite size
obtained from the (100), (002) and (011) peaks for this sample was 67.9 nm.

Eu’*:(1%Bi**)-CPech1
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Figure 3.34. XRD pattern of the Eu*":(1%)Bi**-CPech1 sample.

Figure 3.35(a-b) shows several TEM images of the Eu**:(1%)Bi**-CPechl1 sample. The size
and shape of the particles were similar to those of the other samples obtained by the sol-gel
Pechini method: large particle sizes and non-defined shapes.

(a) '. (b)
500 nm i

Figure 3.35. (a-b) TEM images of sample Eu*:(1%)Bi**-CPechl.

100 nm

Euw’": Bi**:La;0,S samples

Regarding to the Eu®":(1%)Bi*":La,0,S sample, the XRD pattern showed similar results as
those obtained for the Eu**:La,0,S sample (see Fig. 3.32), and the morphology of the
nanoparticles was also very similar (see Fig. 3.33).
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Chapter

Spectroscopic characterization of doped lanthanum
compound nanoparticles
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Chapter 4 is focused in the spectroscopic characterization of the lanthanide doped lanthanum
compounds synthesized by the different methods exposed in Chapter 3. Photoluminescence
and cathodoluminescence were the techniques used to analyse the luminescence properties of
the active ions in the different hosts. Additionally, by these techniques we have studied if the
incorporation of the active ions into their respective hosts was successfully achieved. We
have also analysed how the different methods and techniques used to synthesize these
nanoparticles influence on their spectroscopic properties.
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4.1. Overview

Lanthanide (Ln**) doped lanthanum compounds have been extensively investigated due to
their luminescence properties [55,58,103,126,127]. Understanding the spectroscopic
properties of these materials is important for optimizing their emission capability for
technological applications such as solid-state lasers [128], luminescent lamps[129], flat
displays [89], optical fiber communication systems [130], and other photonic devices [131].
Moreover, when the size of the luminescence compounds decreases to the nanoscale, the
materials exhibit a series of novel structural, electronic, and optical properties which are not
present in the corresponding bulk materials [126]. Some important size effects regarding the
luminescence properties are the emission lifetime, the luminescence quantum efficiency, and
the concentration quenching [132].

Photoluminescence materials generally require a host crystal structure, which is doped with a
small amount of an active ion and sometimes, a second type of ion is added to act as a
sensitizer [133]. All these kind of materials used in this work are presented below.

La,0; host for Ln*"active ions

Rare earth (RE) sesquioxides (La,O3, Y,0s, Lu,Os, etc) are known as excellent optical host
materials for Ln®" active ions [134]. They hold the properties a good matrix must have for the
applications we explore: they are transparent for visible and infrared light; they do not have
effect on the spectroscopic properties of the lanthanide ions shifting significantly the position
of their emission bands because they are due to optical transitions within the f-manifold (well
shielded electrons), and the Ln®*" luminescence can be efficiently sensitized by means of
optical pumping [135,136]. Even though the optical host does not have a significant effect on
the position of the Ln** ions emission bands, host determines the position of their charge
transfer band by host sensitized luminescence. Charge transfer (CT) is a significant type of
excitation for Ln** doped phosphors. In CT excitation, an electron is transferred from the
ligand of the optical centre to the central ion (e.g. 0> = Ln*") [137]. When lanthanum oxide
is doped with Eu®" active ion, it presents the most red-shifted position of the CT band among
other rare earth sesquioxides [138]. This feature makes the La,0O; a good host in photovoltaic
applications since the solar energy that arrives at the Earth comprises only a small part of the
UV region of the electromagnetic spectrum. Another advantage that La,O3 presents as a host
for Ln*" ions is that compared with other RE host materials (Y,0s, Gd,0Os, etc.), inorganic
compounds containing lanthanum are relatively low-cost host materials [139].

La,03 is a semiconductor material [89] with a band bap of 4.3 eV [140]. It has the lowest

lattice energy and the La®*" has the largest ionic radius among Ln®*" in sesquioxides [141].

La,0; crystallizes in the trigonal system and belongs to the P3m1 space group [142]. La**

ions in the La,Os structure can be easily substituted by any other trivalent lanthanide ion in its

symmetry site, Cs, [143]. Another important issue regarding the La,O; host is that it can react

relatively fast with carbon dioxide and water in the atmosphere to form new stable
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carbonated and hydroxylated phases [144]. This feature is related to the large ionic radius of
La** in La,Os. This issue will be further discussed in Chapter 5.

Several Ln*" active ions (Eu**, Nd*, Er**, Yb*, etc.) have been introduced in the La,O; host
[74]. In particular, La,05 is an excellent sesquioxide for the active ions studied in this thesis
because La** has a similar ionic radius (1.10 A) than that for Eu®* (1.01 A) and Pr** (1.08 A)
[145] in a seven-fold coordination structure like that corresponding to La,Os.

Eu®* active ion

Trivalent europium (Eu®") ion has been extensively investigated due to its applications as a
red phosphor [146-149]. In general, this interest has increased recently because lanthanide
ions bear unique electronic and optical characteristics arising from their 4f electrons. The
electronic configuration of europium is [Xe] 6s® 4f" and for trivalent europium is [Xe] 4f°.
This means that the optical transitions of Eu®" ion, involve electrons in 4f orbitals, which are
well shielded from their local environment by the outer completely-filled 5s? and 5p® shells.
Therefore, emissions of Eu®* in any matrix are almost similar to those of the free ion and
consequently the f-f emission spectrum consists of sharp lines. Apart from that, Eu®*" doped
phosphors can be efficiently excited by CT excitation, increasing greatly its luminescence
efficiency. For this reason, Eu®" is very popular and extensively applied in fluorescent
lighting and displays [103]. Furthermore, Eu®" is often used as a structural probe [150],
because of the relative simplicity of its energy-level structure. It possesses ground 'F; (J = 0-
6) and excited °D,- (J* = 0-3) states well separated and as these states are non-degenerated,
the °D, > 'F, transition usually appears as a single peak in the photoluminescence spectra
when the Eu®" ions occupy identical site symmetries [151]. Figure 4.1 shows the energy level
diagram for Eu®* [152]. The °D, = 'F, transition is usually taken as a reference since it is
allowed by magnetic dipole and its intensity is not considerably altered by the perturbing
crystal field [153,154]. For instance, Szuszkiewicz et al. [155] analysed the structure of an
alkali metal lanthanide double phosphate of the type Ms;Ln(PO,), which crystallizes mainly in
three phases: hexagonal, orthorhombic and monoclinic. By doping this material with Eu®,
they observed absorption and emission spectra with a different number of peaks and with
different relative intensities among them. That indicated higher or lower symmetry Eu®* sites
and consequently they could elucidate the structure in which the Ms;Ln(PO,), crystallized.

Eu®* has been previously introduced in several hosts, including sesquioxides such as La,0Os,
Lu,Os3, Y04, etc. [103,132,156] but also into other host materials such as vanadates (YVO,)
[157], tungstates (MWO,, M=Ca**, Ba®*) [158] and all kind of optical glasses [159,160].
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Figure 4.1. Simplified energy level diagram for the trivalent europium ion doped into LaF3 [152].

Eu®* doped La,05 nanoparticles

The optical and spectroscopic characterization of Eu**:La,0O; nanoparticles has been already
studied in detail by other authors [103,126,161]. The typical excitation spectrum shows a
broad band at low wavelengths (~290 nm) which is attributed to the charge transfer (CT)
band between Eu**-O% ions [103]. This band usually has a weak shoulder at lower
wavelengths (~230 nm) related to the La,O; excitation and attributed to electronic transitions
from the O 2p valence band to the La (5d6s) conduction band [71]. The position of the
maximum of the CT band on Eu** doped La,O; [126,161], but also that of other Eu*" doped
materials such as Gd,05[162], Lu,05[163], Y,0,S [164] or LaOCI [165] among others,
depends mainly on the Eu-O distance. The shorter the Eu-O distance, the larger the energy
difference between the 4f and O 2p electrons and consequently the CT band is found at
shorter and more energetic wavelengths [166]. Due to that, since La>" has the highest ionic
radius in comparison with other Ln** in RE,Os structures [141], when Eu®" is replacing the
La* in Eu**:La,05 nanoparticles, the Eu-O distance is also the largest among this family of
materials. This explains why this material presents the most red-shifted position of the CT
band among other rare earth sesquioxides [167]. Apart from that, characteristic Eu®" f-f
transitions: 'Fo > °D; (J = 1-4), 'Fy = °G; and 'Fy = °Lg are also observed in the excitation
spectrum of Eu**:La,0; nanoparticles in the 350-500 nm region.

The typical emission spectrum of Eu®" in La,O; corresponds to °D; (3 =0, 1, 2) > 'F,. (’=0,
1, 2, 3) transitions [103]. Some authors observed that the photoluminescence behaviour of
Eu®**:La,0; phosphors depends on the Eu** concentration [76]. For example, Park et al. [103]
observed that the spectra of samples doped with 1 mol% Eu** were dominated by the Dy, >
’F, transition, while the spectra of samples doped with a larger concentration of Eu®* were
dominated by the D, = F, transition. Since the maximum emission intensity of this last
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transition was observed for samples doped with 5 mol% Eu** we used this doping
concentration for all the Eu**:La,0; samples synthesized in Chapter 3. Very recently, other
authors have also studied the emission intensity as a function of the Eu** concentration and
have confirmed a decrease for concentrations of Eu®* higher than 5 mol% [168]. Hoefdraad et
al. [166] attributed this effect to an increase of the degree of covalency (nephelauxetic effect
or “cloud-expanding”) when the concentration of Eu®* ions increased, and to the interaction
between Eu®" ions at long distances in this structure. When the covalency increases, the
interaction between the electrons is reduced, so that they spread out over wider orbitals.
Consequently, electronic transitions between energy levels with an energy difference, which
is determined by electron interaction, shift to lower energies for increasing covalency.
Loitongbam et al. [168] mentioned that when the Eu®" concentration increases above 1 mol%
the intensities of the transitions arising from the °D; or °D, levels decrease significantly,
whereas the intensity of the transitions arising from the °D, level increases. Then, cross-
relaxation among excited states of Eu®* (i.e. °D;-1.3) is higher and thus excited electrons relax
to the °Dy level causing high emission intensity from that level. Another parameter that leads
to observe changes in the emission spectrum is the local symmetry of the Eu®* site. Eu** ions
substitute La®* at the C,, symmetry site [143] of this structure and the emission spectrum of
the Eu®" ions near the centre of the nanoparticles is similar to that of the bulk [126]. However,
Chang et al [73] observed that the emission spectrum of the Eu®* ions showed gradually
changes when the site occupied by Eu®* ions varies from the centre toward the surface of the
nanoparticles.

Pr** active ion

The electronic configuration of praseodymium is [Xe] 6s®> 4f* and for the trivalent
praseodymium is [Xe] 4f'. Among various activators, praseodymium ion is particularly
interesting due to its specific energy level scheme enabling, among others, several optical
transitions in the blue, green and red spectral range originating from excited P, (emitting in
blue, green and red) and 'D, (emitting in red) manifolds [169]. The energy levels diagram of
Pr¥* is shown in Figure 4.2 [170]. As Pr** shows a variety of emissions, Pr** doped active
materials can be used as visible lasing media [171], phosphors [172], scintillators [173] and
even 3-D displays [174]. In particular, it has been shown that in several sesquioxides, Pr®*
ions exhibit efficient red luminescence arising from the ‘D, level, while the P, emission is
totally quenched (e.g. in Y,0s, Gd,0O3) [175]. The opposite behaviour has also been reported
about the excellent blue-green luminescence arising from the *P; manifold with partial or total
quenching of the 'D, emission (e.g. in La,05) [176].

Pr** jon has been previously introduced in several sesquioxides such as La,0s, Gd,O3, Y,0s,
etc. [81], in LaOF [88], in tungstates [177], in yttrium aluminum garnet (YAG) [80], and in
many other hosts.
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Figure 4.2. Simplified energy level diagram for the trivalent praseodymium ion doped into LaF; [170].

Pr** doped La,05 nanoparticles

Several authors have characterized the luminescent properties of Pr** doped La,O;
nanoparticles [88,178]. The excitation spectrum of Pr’*:La,0; consist of several lines in the
440-550 nm region, corresponding to transitions within the 4f* configuration (*H, = *Pg1»
and 'lg), and two broad bands with maxima at ~294 nm and ~240 nm. These bands are
ascribed to the CT band and to the excitation via host lattice absorption, respectively [88]. It
has been studied that the CT band shifts to lower energies as the Pr** concentration increases
in the La,03 host and an unchanging CT band position seems to be reached at about 5 mol%
Pré* [88].

In the emission spectrum of Pr®*:La,05 nanoparticles, the typical emission peaks from the *P,
levels are observed when the emission is recorded at room temperature (*Py = *Hyse, “F23.4)
[84]. However, other works [178] showed the ‘D, > *H, transition in the emission spectrum
recorded at low temperature (4.2 K), but only observed for concentrations of Pr®* below 1
mol% due to concentration quenching effects. This quenching effect has also been observed
for the *P, emission for concentrations equal to or higher than 2 mol% Pr®. Although
multipole-multipole interactions in Pr®:La,0; cannot be excluded, Donega et al. [88]
ascribed this intense quenching effect to cross relaxation via super exchange interaction
between Pr** ions.

La,0,S host for Ln**active ions

RE oxysulfide compounds (RE,O,S) have also been known as good host materials for a long
time and possess favourable physical properties such as excellent chemical and thermal
stability, insolubility in water and high luminescence efficiency [97]. All the elements of the
lanthanide series, along with yttrium, can form compounds with the composition RE,O,S.
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The name usually used is oxysulfide but alternative names are thio-oxide, sulfoxide, or oxide
sulfide. The oxysulfides can be considered as intermediates between the oxides and the
sulfides. However, optically speaking, compared to rare earth oxides, rare earth oxysulfides
are more efficient phosphors with a wider excitation band [179]. RE oxysulfides are known
as wide-gap (4.6-4.8 eV) materials suitable for doping with Ln*" active ions [180]. Thus,
these features make them very useful as catalysts, laser crystals, and luminescent host
materials of several commercially available phosphors, such as red emitting phosphors for
colour television picture tubes, up-conversion phosphors, etc.

Lanthanum oxysulfide (La,O,S) crystallizes in the trigonal system with the P3m1 space
group [93]. Its structure is closely related to the A-type rare-earth oxide structure, with the
difference that in La,0,S one of the three oxygen sites is occupied by a sulfur atom. La**,
which is found in Cs, symmetry sites in La,O,S, can be easily replaced by any active
lanthanide ion. Thus, several Ln** such as Eu®* [93], Tb*" [95], or Tm*" [95], have been
introduced in La,0,S phosphors. It has been assumed that Ln** ions occupy the lanthanum
site because of the slight difference of ionic radius between the cations. Ln** ions in La,0,S
are coordinated to three sulfur and four oxygen ions.

Eu** doped La,0,S nanoparticles

Eu®* activated lanthanum oxysulfide has been extensively investigated because it is a very
efficient red phosphor used in television picture tubes [181].

The excitation spectrum of Eu** doped La,0,S nanoparticles presents a broad excitation band
corresponding to two different CT bands. The first one, located at around 250 nm is attributed
to the O > Eu** transition whereas the other, located at around 320 nm, is attributed to the
S* > Eu* transition [93]. Moreover, it is suggested that the quenching effect produced by
the Eu®* concentration is greater for the Eu-O CT band than for the Eu-S CTS band [179].
Therefore, the relative intensity of these two bands is affected by the Eu®* doping
concentration. At lower Eu®" concentrations, the Eu-O band is dominant whereas above 2
mol% Eu®* the excitation spectrum is dominated by the Eu-S band. In addition, the sharp
lines due to f-f Eu®* transitions, in some cases semi-overlapped by the Eu-S band, are also
observed [179].

In the emission spectra, the typical transitions from the excited Dy state to 'F; (J = 1-4) states
are observed. The °Dy = F, band is the most intense and is peaking at 625 nm.

Eu*" and Bi** energy transfer

Activation of luminescent materials by various lanthanide ions has drawn much attention in
the last few decades. The basis of co-doping or double activation of luminescent materials is
to create an energy transfer mechanism between both ions, where one acts as a sensitizer
(Bi**, Sb*, Ce*, etc.) and the other is the activator ion (Eu®", Sm*, Tb*, etc) [182]. This
process is successfully achieved after strong interactions and movement of charge carriers
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[183]. The physical process is schematically presented in Figure 4.3 [183], where nx indicates
the occurrence of multiple Bi**-Bi** interactions.

conduction band
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Figure 4.3. Schematic energy level model of Bi** sensitization of Eu** in Eu**:Bi*":La,05 phosphors.

Although most of the Ln*" ions are efficiently excited under cathode ray and short UV
wavelength (210-250 nm) conditions, these phosphors have very poor response when excited
at long UV wavelength (330-400 nm) radiation. On the other hand, Bi** has strong absorption
ability in the UV and Vis region [184]. So that, by the energy transfer from Bi** to Ln** ions,
the near UV efficiency can be greatly enhanced [185]. Moreover, the f-f typical transitions of
Ln** also enhance their intensities through this energy transfer [186].

Other authors have already introduced Bi** and Eu®" ions into different RE sesquioxides such
as Y,03 [183] and Gd,03 [185], but also in tungstates, vanadates and into other materials
[186,187]. From the best of our knowledge, no works about Eu** and Bi** co-doped RE
oxysulfides have been found in the literature. Furthermore, only few were related with Eu®*
and Bi** co-doped La,O5 phosphors [188].

The relation with this thesis:

Since the spectral mismatch between the incident solar photon spectrum and the band gap of
semiconductor based on which the photovoltaic device is fabricated is one of the major issues
concerning the solar cells efficiency, Ln** ions has attracted much interest. The search for
suitable and efficient Ln®* doped materials for modifying the solar spectrum has been
continuously intensified [19]. The Eu** doped compound nanoparticles have the ability to
absorb in the ultraviolet-visible region of the electromagnetic spectrum and emit in the
visible. However, since the absorption cross section of f-f transitions are very small,
additional excitation mechanisms have to be explored to achieve efficient solar spectrum
modification using Eu®" or other lanthanide ions doped compounds. Tailoring the Eu-O CT
band by following different strategies can be one of the solutions to increase the efficiency of
solar spectrum modification, and then increase the efficiency of the existing solar cells.
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4.2. Photoluminescence of doped lanthanum compounds

In the next part of this chapter we will show and discuss the luminescence properties of all
the samples prepared, first by showing the luminescence properties of a representative sample
and then, we will compare the luminescence results obtained as a function of the different
synthesis methods used. The main reason for the preparation of those samples exposed in
Chapter 3 was to tailor the position of the CT state band towards longer wavelengths. Thus,
an important emphasis about the characterization of the CT band is developped in this
section.

4.2.1. Excitation spectrum of europium doped lanthanum oxide
(Eu**:La,0;) nanoparticles

Figure 4.4 shows the excitation spectrum of Eu**:La,0; nanoparticles (Eu®**-CPechl). In
general, the excitation spectra were obtained by monitoring the emission at 626 nm
corresponding to the °Dy > 'F, transition that shows the most intense peak in the emission
spectra [103]. That spectrum was recorded from 220 to 550 nm in a 90° geometry and taking
the measurements every 1 nm at a scanning rate of 1 nm-s™.

Intensity (a.u.)
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Figure 4.4. Excitation spectrum of Eu®":La,03 nanoparticles monitored at Aemi = 626 nm.

The band peaking at around 290 nm in the UV region spectra was attributed to the CT band.
In the charge transfer excitation, oxygen 2p electrons are excited into 4f levels, and the
position of the charge transfer excitation band is determined by the energy difference
between the O 2p valence band and the 4f levels of Eu®* [166]. According to Liu et al. [71],
together with the CT band we also observed a weak shoulder at about 230 nm which was
attributed to the band related to the host excitation, i.e., electronic transitions from the O 2p
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valence band to the La (5d6s) conduction band (La,Oz; host lattice absorption) [189].
Furthermore, the excitation spectrum also showed the typical Eu* f-f transitions: 'F; 2 °D; (J
= 1-4), 'Fo > °G; and "Fy > °L with low intensity compared to the CT band of the Eu®*"-0%
transition. Such Eu®* f-f transitions were also observed for this material by other authors
[103,139,190]. Depending on the method used to synthesize the Eu**:La,0; nanoparticles, the
f-f transitions can show different relative intensities. For instance, Liu et al. [139] obtained
much stronger excitation properties of Eu®* f-f transitions when using CA and PEG in the sol-
gel method. The CT band position at about 290 nm was also in agreement with the ones
reported in the literature by other authors [72,103,139,190]. However, the position of the CT
band is further discussed throughout this chapter.

4.2.2. Emission spectrum of europium doped lanthanum oxide
(Eu®":La,0;) nanoparticles

The emission spectrum of Eu**:La,0; nanoparticles (Eu®**-CPech1) was recorded from 550 to
720 nm at room temperature, after pumping into the CT band at 290 nm (see Figure 4.5). The
measurements were taken every 1 nm at a scanning rate of 1 nm-s™. By pumping into the CT
band, O 2p electrons are excited into 4f levels and consequently the CT relaxes to the 4f
levels of Eu®*.
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Figure 4.5. Emission spectrum of Eu®*:La,0,4 nanoparticles monitored at dey. = 290 nm.

In this figure, the typical emission spectrum of Eu®" due to the °Dy > F; (J = 0-4) transitions
was observed. This indicates that Eu®* can be efficiently excited in La,O; nanoparticles
through the energy transfer between oxygen and europium ions. The spectrum is dominated
by the °D, = 'F, transition which consists of two peaks at 613 and 626 nm, respectively. The
fact that the spectrum is dominated by this transition confirms the results obtained by Park et
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al. [103] for a sample doped with 5 mol% Eu®". It also indicated that europium is located in a
structural site without an inversion centre [143], such as the crystallographic site occupied by
La®* in this structure (Ca,).

The °Dy — F; transition was seen as two peaks located at 587 and 595 nm, respectively. It is
well known that the electric dipolar °Dy — ’F, transition (hypersensitive) is very sensitive to
the ligand field, and it is sensitive to small changes in the chemical environment around Eu**
ions and the coupling strength of the host. Instead, due to the magnetic dipole transition, the
°D, — 'F, transition is independent of the local environment of europium, it does not depend
strongly on coordination, and it hardly varies with the crystal field strength introduced by the
matrix around the Eu®" ion. So, it can be taken as a reference for different materials.
Therefore, because of their different mechanism, the intensity ratio between the intensity of
the °Dy — F, transition at 626 nm and the intensity of the °D, — 'F transition at 595 nm,
can be used as a spectroscopic probe for evaluating the asymmetry of the coordination
polyhedron of the Eu® ions, and gives a measure of the degree of distortion from the
inversion symmetry of the local environment of the Eu®" ion in the matrix [103]. This
parameter is known as the I, ratio or asymmetry ratio. A large value of this ratio, means that
the electric dipole interaction is enhanced, associated to a stronger crystal field in the short
range, that can be related to an increase of the covalency of the structure or to a distortion of
the bonds surrounding the active ion. This ratio was 6.7 for the Eu**-CPech1 sample. In order
to compare this ratio with other ratios, we calculated by ourselves other I, ratios from
emission spectra of the Eu*":La,05 nanoparticles reported by other authors [72,103,139]. The
emission spectra we use to calculate these 1, ratios are shown in Figure 4.6. We can say that
the I, we obtained was within the maximum values reported indicating that europium in the
host lattice is located in a low symmetry site, as was expected after observing the high
intensity of the peak corresponding to the °Dy — 'F, transition.
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Figure 4.6. Emission spectra of Eu**:La,0; nanoparticles reported in the literature and used to
calculate the I, ratios (a) [72], (b) [103] and (c) [139].
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Another parameter less studied by the authors, but also giving valuable information in the
luminescence spectra analysis, is the I, or fluorescence intensity ratio. It is calculated from
the relative intensities of the two peaks of the D, > 'F, transition and located at around 626
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nm and 615 nm. Liu et al. [71] have used this parameter to observe differences as a function
of the annealing temperature used during the calcination process but also as a function of the
Eu®* doping concentration. On one hand, Liu et al. [71] observed that the 1, ratio decreases
when increasing the Eu** concentration from 1 mol% to 3 mol% but when the concentration
of Eu®* increases up to 10 mol%, the I, increases gradually. On the other hand, the I, ratio
decreases gradually when increasing the calcination temperature from 1073 to 1373 K. That
fact might be attributed to strong agglomeration effects [71]. The I; ratio obtained for the
Eu**-CPechl sample was 3.2. In comparison with other values reported [71] and calculated
by ourselves from the emission spectra reported by other authors [72,84], this I, ratio would
correspond to a Eu®* concentration between 5-10 mol% in the La,O; sample. The emission
spectra reported by other authors for Eu®*:La,0; and that we used to calculate the I, ratio, are
shown in Fig. 4.7.
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Figure 4.7. Emission spectra of Eu**:La,05 nanoparticles reported in the literature to compare the I,
and I, values reported by other authors (a) [71], and used to calculate the I, and I, from the spectra
(b) [84].

The °Dy — 'F, transition, that should have been completely forbidden since the transition
probability between J =0 and J’ = 0 is zero at first order, was seen as a small peak at 580 nm.
Nieupoort and Blasse [154] reported that the 0-0 transition might be partially allowed due to
the presence of a linear crystal field term in some lattice site symmetries such as C, or C,,.
So, the observation of the 0-0 transition agrees with the substitution of Eu** in the regular
La®* site in the structure of these nanoparticles with symmetry Cs,.

In conclusion, we can say that the PL spectrum shown in Figure 4.5 was in agreement with
the PL spectra of Eu*":La,05 phosphors synthesized by other techniques [66-68,129]. In this
case, however, the intensity ratios (I, and I,) changed slightly. As I, and I, depend on many
factors, usually these ratios change for the same compund ((5 mol%)Eu®*":La,0s) if it is
prepared by different synthesis methods. Finally, we were also able to identify the bands
corresponding to the °D, — 'F; and °D, — 'F, transitions that appeared at longer
wavelengths. The apparent broadness of the emission bands of Eu** in our sample is due to
the large spectral bandwidth (1 nm) used to record this spectrum.
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4.2.3. Fluorescence lifetime of nanoparticles

The fluorescence lifetime of Eu®":La,0O; nanoparticles was measured. Figure 4.8 shows the
fluorescence lifetime at room temperature of the Eu®*"-CPechl sample. Decay curves
monitored at 626 nm were measured and the lifetime derived from single exponential fitting
was 1.05 ms. This lifetime was in concordance with other Eu®":La,0; samples found in the
literature [126], which were formed by particles with sizes around 9 nm (1.02 ms) while
samples formed by larger particles (20-90 nm) showed higher lifetimes (1.25-1.96 ms).
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Figure 4.8. Lifetime decay of the Eu**-CPech1 sample recorded at room temperature.

4.2.4. Excitation and emission spectra of europium doped lanthanum
oxide (Eu*‘:La,O;) nanoparticles as a function of the synthesis
method used

The excitation and emission spectra were studied also for the rest of the doped samples
prepared by the different synthesis methods. The spectra were normalized in intensity at
around 290 nm and 626 nm for the excitation and emission spectra, respectively, to avoid
differences in terms of quantity of sample and power of the pumping lamp. Figure 4.9(a)
shows the excitation spectra with the characteristic CT bands and the f-f Eu®" transitions. The
position corresponding to the maximum intensity of the CT bands was found within the range
288-293 nm, as observed in more detail in Figure 4.9(b). Table 4.1 lists the position of the
maximum intensity of the CT band for each of these samples.
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Figure 4.9. (a) Excitation spectra of Eu**:La,05 samples synthesized by different methods. (b)
Detailed view of the position of the CT band.
This slight difference in the position of the maximum of the CT band might be attributed to
the different synthesis methods used because it is well known from other authors [66], that
the CT band shifts with dopant concentration changes. In theory, all samples must contain 5
mol% Eu’*, but at the same time, they were prepared by different methods. Consequently,
different preparation conditions might affect the real Eu®* concentration in La,O3 and it could
be a factor important enough to be responsible for the shift on the position of the CT band. A
good technique and widely used by other authors [191] for determining the concentration of
doping ions into the matrix host is the Electron probe microanalysis (EPMA) technique.
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However, for Eu**:La,05; samples, it was not possible to measure the concentration of Eu®*
by this technique due to the fast re-hydroxylation of this material. Basically, the EPMA
technique is based on the X-rays detected at particular wavelength associated at one element.
However, this technique requires having a flat surface to conduct quantitative analysis. The
re-hydroxylation of this material induced a roughness in the samples that did not allow using
the EPMA technique. The shift observed in the CT band might also be associated to the
appearance of Eu**-Eu*" pairs in the system associated to a decrease in the average distance
between Eu®* ions. Nevertheless, from these results we could only say that synthesizing
Eu**:La,0; nanoparticles by different synthesis methods, using the experimental conditions
we used did not lead to significant differences in the position of the CT band.

Figure 4.10 shows the emission spectra for all the samples recorded from 550 to 725 nm
under different excitation wavelengths, since the CT had different maximum position. So
that, the excitation wavelengths were 289, 289, 292, 293 and 288 nm for the Eu**-CPwu,
Eu**-CH-1, Eu**-CMwH-323-5, Eu**-CH-24-IMP and Eu®*'-CPechl samples, respectively
(see Table 4.1). The typical peaks corresponding to transitions from different °D,; (J = 0, 1, 2)
states to the 'F,- (J° = 0, 1, 2, 3, 4) fundamental state were identified in all cases and the most
intense peak was centred at 626 nm for all the samples and corresponded to the °Dy 2> F,
transition. Apparently the results did not show differences depending on the method used to
prepare the sample. However, by analysing the values obtained for the asymmetry ratio (I,)
some differences were observed. I, were calculated by comparing the intensities of the °D, >
’F, transition, located at 626 nm, and the °Dy = F; transition, located at 595 nm.
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—O0— Eu”*-CMwH-323-5

— « — Eu”*-CH-24-IMP
«— Eu”*-CPech1
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Figure 4.10. Emission spectra of Eu®*:La,0, samples synthesized by different methods.

Table 4.1 also shows the I, values obtained for the samples synthesized by the different
methods. The I, values were found ranging 3.7-6.7. The lower values 3.7 and 4.9 were

83




UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

CHAPTER 4 M. Méndez

observed for the Eu**-CPvu and Eu®*-CH-24-IMP samples, respectively, whereas the higher
values, 6.2, 6.6 and 6.7, were observed for the Eu**-CMwH-323-5, Eu®**-CH-1 and Eu**-
CPechl samples, respectively. These differences observed for I, values could be attributed to
the different synthesis methods used to prepare the samples. As commented above in the
studies of the CT band shift, the use of different synthesis methods can cause differences in
the active ion concentration, but also differences in the morphology of the nanoparticles. For
instance, the lower 1, value, observed for the Eu®*"-CPwu sample, was obtained for
nanoparticles with a nanorod-shape, which was quite different to respect to the other samples.
In agreement to this, other authors that prepared ultra-long Eu**:La,0; nanowires obtained
spectra from which we calculated I, values of 3.5 [84] and others that prepared round-shaped
particles obtained spectra from which we calculated I, values of 6.5 [72] (see Figs. 4.7(b) and
4.6(a), respectively). In the nanowire/nanorod particles, the number of surface defects should
increase due to the large surface-to-volume ratio. Consequently there are larger amount of
atoms located at the surface causing higher disorder than the inside atoms and producing a lot
of quenching centres [127]. It is attributed to the stronger non-radiative relaxation for the °D
- °D; and °D; > °Dy levels which causes the decrease of the I, intensity ratio. The same
reason can be used to explain also the low I, ratio observed for the Eu**-CH-24-IMP sample
(Table 4.1), since as it was doped by the wetness impregnation method, the amount of Eu®*
ions in the surface was supposed to be higher than that one would expect for the rest of the
samples.

Table 4.1. CT band position, asymmetry ratio (I,) and fluorescence ratio (l,) values obtained from the
emission spectra of the Eu®*:La,04 samples synthesized by different methods.

CT band I, (asymmetry I; (fluorescence

Sample R . .
position (nm) ratio) ratio)

Eu’ -CPvu 289 3.7 2.7
Eu’-CH-1 289 6.6 3.9
Eu’*-CMwH-323-5 292 6.2 3.3
Eu’*-CH-24-IMP 293 4.9 2.7
Eu’*-CPechl 288 6.7 3.2

From the emission of the °D, = 'F, transition which consists of two bands, at 614 and 626
nm, one can obtain the fluorescence intensity ratio I;. Although all the samples were calcined
under the same conditions (at 1273 K for 2 h) and doped with 5 mol% Eu®*, but using
different synthesis methods, consequently the amount of Eu®" in the samples can be different.
Since it was not possible to measure the exact amount of Eu®* in the samples due to their
hygroscopic nature, this is an approach that we can use to know if there exist significant
differences on the concentration of Eu®" depending on the synthesis method used. In previous
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studies, Liu et al. [71] prepared La,O; nanoparticles with 1, 3, 5 and 10 mol% Eu** by the
combustion synthesis method and the I, parameter was 6.6, 1.45, 2.5 and 3.5, respectively.
The 1, parameter for our samples was 2.73, 3.85, 3.30, 2.70, and 3.15 for Eu**-CPvu, Eu®*-
CH-1, Eu**-CMwH-323-5, Eu**-CH-24-IMP and Eu**-CPechl samples, respectively (see
Table 4.1). We could say that the difference obtained for the I, values was significant because
the minimum (2.70) and the maximum (3.85) values differed from more than one unit, which
would correspond to samples doped with Eu®* concentrations between 5 mol% and 10 mol%
[71]. Thus, we can conclude that it seems that our samples contain different concentrations of
Eu** ranging from 5 mol% to above 10 mol%.

Once we observed no significant differences in the CT band position among the La,Os;
nanoparticles produced by different synthesis methods used, we tried to optimize one of the
routes of synthesis we explored, the sol-gel Pechini method, by changing the initial reagents
used. This was the reason for synthesizing the rest of samples through this method: Eu®*-
CPech2, Eu**-CPech1B, and Eu**-CPech2B.

The Eu®*"-CPech2 sample, which was the one synthesized by using citric acid and
polyethylene glycol, substituting EDTA and EG, respectively, presented significant
differences in its spectroscopic characterization when compared to the rest of the samples
presented up to now. Figures 4.11(a) and 4.11(b) show the comparison of the excitation and
emission spectra of Eu**-CPech2 and Eu®*-CPechl samples. The excitation spectra were
recorded by monitoring the emission at 626 nm. Figure 4.11(a) shows that the position of the
CT band of the Eu**-CPech2 sample was shifted by 9 nm towards higher wavelengths in
comparison to the position of the CT band of the Eu**-CPech1 sample, with the maximum
intensity located at 297 nm. This could be attributed to a certain distortion of the Eu-O
coordination polyhedron which affects the Eu-O bond distance and thus, the position of the
CT band, or to a different Eu** concentration in the samples. However, despite the shift
obtained, both bands still comprised the same range of the electromagnetic spectrum (within
the range of 240-330 nm). Therefore, we can say that by changing the reagents used to
prepare the polymeric network in the sol-gel method, we only changed the position of the CT
band maximum and did not extended the absorption capacity towards the red part of the
electromagnetic spectrum.

Regarding the emission spectrum of the Eu**-CPech2 sample (Fig. 4.11(b)), it exactly
coincides with that recorded previously for the Eu**-CPech1 sample. The I, and I, values for
the Eu**-CPech2 sample were 6.6 and 3.8, respectively. These ratios obtained were within
the range found in the samples studied up to now (see Table 4.2). The I, value is similar to
that obtained for the Eu®*-CPech1 sample. The higher 1, value observed for the Eu®**-CPech?
sample (3.8) compared to the one observed for the Eu**-CPechl sample (3.2) might be
attributed to the fact that PEG allows obtaining samples with higher Eu®* concentration [139].
Liu et al. [139] observed that, by using PEG, the networks of the polymeric chain were
formed steadily. Moreover, it increases the potentials heat of combustion which is favourable
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for crystal growth, reducing the number of defects on the surface of the particle. From the
emission spectrum that Liu et al. [139] showed (see Fig. 4.6(c)) we calculated the I, and I,
with 7.2 and 4.5 values, respectively, for a sample of La,O; containing 8 mol% Eu** and
which had been synthesized using the same methodology we used to synthesize the Eu**-
CPech2 sample.
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Figure 4.11. (a) Excitation and (b) emission spectra of the Eu**-CPech2 sample compared to that of
the Eu**-CPech1 sample.
Figures 4.12(a) and 4.12(b) show the excitation and emission spectra of two samples
prepared by the sol-gel method but using chlorides as starting reagents (Eu**-CPech1B and
Eu**-CPech2B). In order to easily compare the changes with the samples synthesized with
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the nitrate reagents, the excitation and emission spectra of the Eu**-CPech1 sample are also

shown in these two graphs.
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Figure 4.12. (a) Excitation and (b) emission spectra of Eu**:La,05 samples synthesized using
chlorides reagents in the sol-gel modified Pechini method.
As usually, the excitation spectra were recorded by monitoring the emission at 626 nm and
the results were normalized to the maximum intensity of the CT band. The Eu**-CPech1B
sample shows a CT band with a maximum located at 284 nm, while the Eu**-CPech2B
sample shows the maximum of this band at 292 nm, both at similar positions than the CT
band observed for the Eu®*‘-CPechl sample. However, when we recorded the emission
spectra of the Eu**-CPech1B and Eu®**-CPech2B samples (see Fig. 4.12(b)), new emission
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peaks appeared with their maxima located at 617 and 615 nm, respectively, due to the
presence of the LaOCI phase [192], as identified from their XRD patterns in Chapter 3 (Fig.
3.20(a-bh)).

Thus, the PL spectra corroborated the presence of both phases containing Eu’*, La,05 and
LaOCl. Oxychlorides crystallize in the tetragonal system with the space group P4/nmm. In
this structure, La>" ions are coordinated to four oxygen ions and four chloride ions in a Cy,
symmetry site. That means that when La’" are replaced by Eu’", Eu’" is located in two
different symmetry sites, Cs, and Cg4,, with different environment surrounding it. Therefore,
differences in the number of peaks and in the relative intensity between the peaks were
expected in the emission spectrum. When we used the 617 and 615 emission wavelengths to
monitor the excitation spectra of the Eu**-CPechlB and Eu**-CPech2B samples,
respectively, the results obtained were significantly different (see Fig. 4.9(a)). The position of
the maximum of the CT band was now shifted towards longer wavelengths and a weak
shoulder at lower wavelengths was formed. We attributed this fact to the coexistence of the
two phases, La,O; and LaOClI, and so that each phase could be the responsible for one CT
band. The weak shoulder at ~ 275 nm would correspond to the Eu-O CT band and the intense
band at longer wavelengths would correspond to the Eu-Cl CT band [165]. Similar to the
La,O; structure, in the LaOX (X = F, Cl, Br) the charge transfer band is also determined by
the interaction between the ligand halogen anions and the 4f levels of Eu®’.

As a preliminar conclusion, it is clear that the samples prepared using the chloride reagents
showed the reddest-shift CT band position up to now, although it is due to the presence of a
new compound.

Since the Eu®**-CPech1B and Eu®**-CPech2B samples showed distinguished emission peaks
coming from the two different phases we used the peaks corresponding to the La,O3; phase to
calculate the I, and I, ratios (see Table 4.2). Then those ratios could be compared with the
ratios studied up to now for the samples synthesized by using different methods. The I ratio
obtained for the Eu*"-CPech2B sample, synthesized using PEG, was slightly higher than that
obtained for the Eu**-CPech1B sample. Since we observed a similar tendency when we
compared the 1, ratio for the Eu**-CPechl and Eu**-CPech2 samples (see Table 4.2), we
believe that this would confirm that by using PEG, the Eu** concentration in the resulting
La,03; nanoparticles was higher than when using EG in the synthesis process. However, it is
worth to notice that the Eu®**-CPechl1B sample was formed of 42 % of La,O; and 58% of
LaOCI whereas the Eu**-CPech2B sample was formed of 62 % of La,03; and 38% of LaOCI.
In other words, for the Eu**-CPech2B sample, the number of Eu®* ions localized in the Cs,
position (the one responsible of the emission peaks used to calculate these I, ratios) was
higher the number of Eu** ions localized in the same position for the Eu**-CPech1B sample.
The fact of having a lower amount of La,O; than in the samples prepared from nitrates,
which presented the La,O; as the only crystalline phase, is also responsible for the low I,
values obtained for these samples. Regarding the asymmetry ratio, the one calculated for the
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Eu**-CPech2B sample was considerably higher than that for the Eu®**-CPech1B sample (see
Table 4.2). Here, the fact of having different percentage of La,O; and LaOCI in the two
samples seemed to be the best reason to explain these differences between the 1, ratios
obtained.
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Figure 4.13. Excitation spectra of Eu*":LaOCI nanoparticles reported in the literature taken to
calculate the 1, and I, values from the spectra reported by other authors (a) [192] (b) [165].

Table 4.2. CT band position, asymmetry ratio (I,) and fluorescence ratio (1,) values obtained from the
emission spectra of the Eu**:La,0; samples synthesized by using different reagents in the Pechini

method.
oty e
Eu’*-CPechl 288 6.7 32
Eu’*-CPech2 297 6.6 3.8
Eu’"-CPechlB (La,0;) 284 3.3 1.4
Eu’*-CPech2B (La,0;) 292 5.8 1.8
Eu’*-CPechlB (LaOCl) 301 5.2 1.1
Eu’*-CPech2B (LaOCI) 310 3.3 0.8

Furthermore, the different wavelengths of La,O; and LaOCI phases corresponding to each
transition are listed in Table 4.3 and the I, and I, ratios were also calculated by using the
emission peaks from the LaOCI phase (see Table 4.2) for the Eu**-CPech1B and Eu®*-
CPech2B samples. The values obtained had the opposite behaviour than the ratios calculated
from the emission peaks of the La,O; phase. In other words, the Eu**-CPech1B sample
showed now higher 1, and I, ratios than those obtained for the Eu*"-CPech2B sample, as
expected since the Eu®**-CPech1B sample was constituted by a larger concentration of the
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LaOCI phase (58 %) than the Eu**-CPech2B sample (38%). The I, and I, ratios obtained for
the LaOCI phase were in good agreement with those calculated by ourselves from the
emission spectra reported by other authors [165,192] and which are shown in Figure 4.13.

Table 4.3. Wavelength values of the photoluminescence peaks of Eu®* in La,0; and LaOCI phases.

Transition Eu®":La,0; peak position (nm) Eu®":LaOCI peak position (nm)
Dy > 'Fy 580 579

Dy > 'Fy 587, 596 585, 595

Dy > 'F, 613, 625 615, 617

Dy > 'Fq 652 650

Dy > 'Fy 685, 695, 708 679, 702

4.2.5. Excitation and emission spectra of europium and bismuth co-
doped lanthanum oxide (Eu®**:Bi**:La,05) nanoparticles

The excitation and emission spectra of the Euw’ " :(1%)Bi’*-CPechl, Eu’*:(3%)Bi’ -CPechl
and Eu’'-CPechl samples are shown in Figures 4.14(a) and 4.14(b), respectively. The
excitation spectrum of Euw’":(1%)Bi**-CPechl and Euw’*:(3%)Bi’ -CPechl samples showed a
CT band with a maximum centred at 313 nm. The shift of the CT band corresponding to the
Euw’*-CPechl sample to that corresponding to the Eu’":(1%)Bi’*-CPechl and Eu’*:(3%)Bi’*-
CPechl samples was about 25 nm. The Eu’" f-f transitions were, however, seen at the same
position (within the range 360-550 nm) as in the other samples studied previously. However,
the intensity of the 4f-4f transitions of Eu®" also increased when co-doping with Bi** ions,
which was more noticeable when the Bi*" concentration was increased from 1 mol% to 3
mol% in Eu’":La,0; nanoparticles. The shift of the CT bands to higher wavelengths can be
attributed to an efficient energy-transfer process from Bi’" to Eu’" as other authors have
already observed between both ions in other matrices (Bi’":Eu’":Gd,0O; and Bi*":Eu’*:Y,0;)
[185,193]. Bi’" ions have a 6s” electronic configuration with the 'S, level as the ground state
and a 6s6p configuration with the excited states that split into *Py, °P;, °P,, and 'P, states in
the sequence of increasing energy. As no other configurations are taken into account, the
transitions from the 'Sy level to the *Py and °P, levels are completely spin forbidden. The
other two excited levels °P; and 'P; are mixed by spin-orbit coupling. Thus, the broad
absorption centred at 313 nm might correspond to the overlap of the Eu’"-O* CT band and
the Bi*" transitions from the 'S, level towards the *P; and 'P, levels. No extra peaks from Bi*"
appeared in the excitation spectrum. We attributed this fact to two different causes: one was
due to the overlapping or combination of any possible band from Bi** with the strong band of
Eu*"-0 from 250 to 350 nm. The other reason was that the Bi*" ions play a role not only as a
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luminescence activator but also as a sensitizer for Eu’" ion, which would confirm that a

significant and efficient energy-transfer happened between both ions.
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Figure 4.14. (a) Excitation and (b) emission spectra of Eu®*":(1%)Bi**-CPech1, Eu**:(3%)Bi**-

Figure 4.14(b) shows the emission spectra of the Eu’ :(1%)Bi’-CPechl, Ew’":(3%)Bi’"-
CPechl and Eu’*-CPechl samples which are very similar among them. Thus, as already
described by other authors [193], the introduction of Bi** ions in the La,O; structure does not
alter the sublattice structure around the luminescence centre that constitute the Eu’* ions and
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CPechl and Eu**-CPech1 samples.

confirms the successful energy transfer between these active ions.
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The I, ratios calculated from these emission spectra were 8.2 and 6.3 for the Eu’":(1%)Bi**-
CPechl and Eu’":(3%)Bi’"-CPechl samples, respectively. The Eu’":(1%)Bi’*-CPechl
showed the highest value in comparison with the other samples studied up to now (see Tables
4.1 and 4.2). Since the Bi’" ion has a different ionic radius than Eu’" and La’" and it is
supposed to occupy the same position of these ions, a higher distortion in the coordination
polyhedra is expected when it is introduced in the host. Consequently, the /, ratio increases.
According to this, one would expect to observe a higher distortion, and thus, a higher 7, ratio,
when the Bi’" concentration in the sample increased. However, the sample containing 3
mol% Bi*" showed a lower I, ratio than that for the sample containing 1 mol% Bi**. Park et
al. [187] observed that for substitutions exceeding 3 mol% Bi’" in Eu’":YVO, nanoparticles,
the intensity of the red emission decreased. This was attributed to the formation of Bi,*"
aggregates which can act as trapping centres and dissipate absorbed energy non-radiatively,
instead of transferring it to the Eu’" activator ion. Thus, a similar effect might also happen in
our case.

The 1, ratios obtained were 4.0 and 3.6 for the Eu*":(1%)Bi**-CPechl and Eu**:(3%)Bi*"-
CPechl samples, respectively. These values were among the highest calculated up to now in
comparison to the rest of the samples (see Tables 4.1 and 4.2). This would be in good
agreement with the fact that the |, ratio increases when the sample contains a higher amount
of active ion (within 5-10 mol% Eu*"). The I, ratio was also lower for the sample containing
a higher Bi** concentration which would be in good agreement with the results observed by
Park et al. [187], and would be due to the effects of non-transferred energy from Bi*" to Eu®*
ions.

4.2.6. Experimental lattice parameters and Eu®*-O* distances of
Eu®*:La,0;and Eu**:Bi**:La,0; nanoparticles

In order try to understand the reason for the CT band shifting, the Eu-O bond distances were
calculated for the samples seen up to now. The X-ray diffraction patterns of all samples
studied up to now by the PL technique, were recorded at slow conditions (an angular step of
0.02° at 16 s per step) to calculate their lattice parameters. The experimental lattice
parameters were calculated using the Full-Prof software based on the Rietveld method [38]
(see Fig. 4.15). We refined 10 different parameters (one overall scale factor, six background
parameters, five shape parameters and three cell parameters). The lattice parameters for un-
doped La,0O; were taken as a reference, listed in the 74-2430 reference pattern of the JCPDS
database, that are a=b= 3.9373 A, c= 6.1299 A [115]. We observed smaller lattice parameters
for La,05 doped with Eu®" and co-doped with Eu** and Bi** in comparison with pure La,Os
(see Table 4.4). This decrease in the unit cell parameter could be attributed to the introduction
of europium in the structure of the crystals, since the ionic radius of europium is smaller than
that of lanthanum in a 7-fold coordination [145]. Also, when samples were co-doped with
Bi*, the lattice parameters were also smaller, despite that the ionic radius of Bi** is larger
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than the ionic radius of La*". Since the concentration of Eu®* in the samples is higher than the
concentration of Bi**, the effect of Eu®" in the structure seems to be more important than the
effect of Bi®*. However, if we compare the cell parameters of the Eu*":(1%)Bi**-CPech1 with
those of the Eu**-CPechl sample, we observe a slight increase in the cell parameters, that
might be due to the introduction of Bi® in the structure. The average Eu®"-O distance was
calculated using the ATOMS software [194] which allowed also representing the La,Os
structure (see Fig. 4.16), introducing the experimental lattice information we obtained from
the refined XRD patterns and calculating the average of the La**-O distance. The La,O4
structure was first investigated by Zachariasen in 1926 [195,196], but it was later revised by
Pauling in 1928 [197]. For the La,O3 representation we used the atomic positions predicted
by the Pauling’s model which can be represented in the P3m1 space group. The atomic
coordinates for the La,O; structure are listed in Table 4.5. Figure 4.16 shows three
projections of the structure of La,03 along the three crystallographic axes, showing the linked
sevenfold LnO; polyhedra. The average Eu**-O distance was considered to be the same than
that calculated for La*-O since we consider that they should be in the same structural
position (Cs,) after observing the °D, > F, transition in the emission spectra. Table 4.4
shows the average Eu**-O distance of the calcined samples prepared using different methods.
The average Eu**-O distances were similar for all the samples prepared. From these results, it
is clear that another parameter apart from the Eu-O distance must be taken into account to
explain the shift in the position of the CT band we observed in our samples. This parameter
could be the real concentration of Eu®* in the samples, as we already pointed up before. In
this analysis we did not consider the Eu**-Pech1B and Eu**-Pech2B samples since they were
formed by a mixture of La,O3 and LaOCI.

Table 4.4. Experimental lattice parameters and average Eu**-O distances of the calcined samples
prepared by different synthesis methods.

sample Lattice parameters (A) Average Eu*-0 Maximum of the CT
a=b c distance (A) band (nm)

Ev-CPwu 3.9371(9) 6.1298(1) 2.5342 289
Eu*-CH-1 3.9372(1) 6.1298(2) 2.5342 289
Eu®*-CMwH-323-5 3.9372(1) 6.1297(8) 2.5342 292
Eu®*-CH-24-IMP 3.9372(4) 6.1298(2) 2.5342 293
Eu®*-CPechl 3.9370(8) 6.1296(7) 25341 288
Eu*-CPech2 3.9371(6) 6.1297(5) 2.5342 297
Eu®":(1%)Bi**-CPechl  3.9371(5) 6.1297(2) 2.5342 313
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Figure 4.15. Experimental (black line), calculated (red line), and difference (bottom) results of XRD
refinement for the Eu**-CH-1 sample by the Full-Prof software.
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Figure 4.16. Schematic representations depicting the three projections of the La,O5 structure
crystallizing in the P3m1 space group along the (a) a (b) b and (c) ¢ crystallographic axes.
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Table 4.5. Coordinates of the La and O atoms in the La,O3 structure crystallizing in the trigonal
system with space group P3m1.

X y z
La 173 23 0.25

o(1) 0 0 0

0(2) 1/3 2/3 0.65

4.2.7. Excitation and emission spectra of europium doped lanthanum
oxysulfides

Changing from La,O; as a host to the La,0,S host was carried out in order to shift the
position of the CT band still towards the red region of the electromagnetic spectrum. The
Eu**:La,0,S sample showed a red-shifted CT band with its maximum centered at 340 nm. It
was also the broadest band observed for all these samples analysed extending from 250 to
400 nm, approximately (see Fig 4.17(a)). In order to compare the shifting observed in the
position of the CT band in the Eu’*:La,0,S sample with that of the Eu®":La,0; samples, Fig.
4.17 shows the excitation and emission spectra of the Eu®":La,0,S and Eu**-CPechl
samples. In agreement with other authors, we also observed an additional band at 266 nm in
the excitation spectrum of the Eu*:La,0,S sample. In recent studies, this band has been
attributed to the charge transfer for the Eu®*-O* pairs, which form a band at lower
wavelengths (266 nm). The broad band with the maximum intensity centered at 340 nm has
been attributed to the charge transfer for the Eu**-S* pairs [93,179]. La,0,S is isostructural to
La,0s5, and thus, it also crystallizes in the trigonal system with the P3m1 space group. In
La,0,S, La** is coordinated to three sulphur and four oxygen ions and is located in a Csy
symmetry site, as for the La,Os structure. The interatomic distances are as follows: La-S, 3.07
A; La-0, 2.38 A; La-O’, 2.41 A. According to these bond distances, the probability to
observe the Eu**-O% charge transfer state band should be larger than the probability to
observe the Eu**-S*charge transfer state band. Despite this, we observed that the CT band for
the Eu®*-S% interaction was more intense than that for the Eu**-O% interaction. Other authors
[179] found similar results when preparing nanoparticles with a high Eu** concentration (5-
20 mol%). In that case, more Eu®" ions are expected to be located nearby the defect states,
which can then capture the excitation energy and quench both charge transfer transitions.
However, it is suggested that the quenching probability by defect states on the Eu**-O* CT
band is greater than that on the Eu**-S* one [179]. The fact of observing the maximum of the
Eu**-O% CT band at lower wavelengths in the Eu®":La,0,S sample, where the Eu-O distance
is ~2.39 A, than in the Eu®*":La,0; nanoparticles, where the Eu-O distance is ~2.53 A,
corroborated that at shorter Eu-O bond distances, the Eu*-O* CT band appears at lower
wavelengths. The same hypothesis can be used to explain the fact of observing the Eu®*"-S*
CT band at longer wavelengths, since the Eu-S distance is 3.07 A. The Eu®" f-f transitions
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were also observed in the Eu**:La,0,S sample, at the same positions than those observed for
the rest of the samples.

The Eu®*:La,0,S sample showed all the emission peaks, both when using A.,, = 266 nm and
340 nm, that we observed for the rest of the samples analysed in this work, but with a slight
difference for the *D, > F, transition (see zoom of Fig. 4.17(b)). The °D, > 'F, peak, which
was located at around 580 nm in the Eu’":La,O; samples, appeared weaker in this sample.
Reddy et al. [164] already observed a very weak emission peak for the *D, > 'F, transition in
Eu’" doped La,0,S powder phosphors, and Peng et al. [93] attributed this fact to the
nephelauxetic effect, which directly depends on the crystal field strength of the host. Thus,
according to this, the crystal field strength should be lower in Eu’":La,0,S nanoparticles than
in Eu’":La,05 samples. Furthermore, the position of the emission peaks corresponding to the
Eu®*:La,0,S sample were slightly shifted towards shorter wavelengths due to the different
crystallographic parameters and nature of ligands surrounding Eu®" in this sample.

The I, ratio for the Eu*":La,0,S sample was calculated from the emission spectrum obtained
after pumping the sample at 266 nm (Eu®-O% CT band), and the I, obtained was 3.8. If we
compare this low 3.8 value of I, with the I, values obtained up to now for the other samples
(see Tables 4.1 and 4.2), we could say that the Eu®* is located in a weaker crystal field in
La,0,S than when it is in La,0s, as it was already observed when studying the low intensity
of the °Dy > 'F, peak. Additionally, as we mentioned above, the I, parameter is related with
the covalency of the Eu-O bond, and means that with higher values of the I,, the covalency
should be lower. This suspicion was confirmed by Mikami et al. [198]. They observed that
the La-O covalency in La,O,S is lower than the La-O covalency in the La,Os; compound.

Furthermore, in order to confirm this, the intensity ratio between the °D, = 'F, transition,
located at 702 nm, and the °Dy = ’F; transition, located at 585 nm, was also calculated. This
ratio gives us information about the crystal field strength at long distances and is known as
the 1, parameter [199,200]. The I, values obtained were 0.5 for the Eu**:La,0,S sample
(exciting at 266 nm) and 2.8 for the Eu**-CPech1 sample. Thus, we can say that the crystal
field strength of La,0,S is also weaker at long distances than that of the La,Os. The fact of
having a weaker crystal field strength might also explain the slight shift towards lower
wavelengths of the emission peaks (see Fig. 4.17(b)).

The I ratio obtained when using Ae. = 266 nm was 3.2. This ratio was within the range of I,
obtained for the rest of the Eu**:La,05 samples synthesized by using different methods (I, =
2.7-3.9, see Tables 4.1 and 4.2). This would confirm that the concentration of Eu®* in the
Eu*:La,0,S sample is similar to that obtained in the Eu®*:La,0; samples.

The parameters calculated by taking the peaks from the emission spectra of the Eu**:La,0,S
sample but exciting at 340 nm (in the Eu**-S* CT band) were: 8.2, 1 and 3.3, for the I,, I, and
I, ratios, respectively. The similarity of the I, ratios when pumping at 266 nm (3.2) and
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pumping at 340 nm (3.3) would corroborate the use of this parameter to calculate the Eu** ion
concentraction in the samples.
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Figure 4.17.(a) Excitation and (b) emission spectra of the Eu**-CPech1 and Eu**:La,0,S samples.
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The Eu®":Bi**:La,0,S sample was studied in order to check if both improvements together
(the addition of Bi** and the use of La,0,S as a host) were even better to shift the position of
the CT band towards longer wavelengths. Figures 4.18(a-b) show the excitation and emission
spectra of the Eu®":La,0,S, Eu*":(1%)Bi**-CPechl and Eu**:Bi*":La,0,S samples,

respectively.

(@)

Intensity (a.u.)

(b)

PL Intensity (a.u.)

Figure 4.18.(a) Excitation and (b) emission spectra of the Eu**:Bi**:La,0,S, Eu*":(1%)Bi**-CPech1

With the addition of the Bi** ions (Eu®*:Bi**:La,0,S sample), the position for the maximum
of the Eu**-S* CT band shifted from 340 nm to 330 nm whereas the Eu**-O* CT band
appeared at the same position in comparison with the Eu®*:La,0,S sample, at 266 nm (see
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Fig. 4.18(a)). While in both excitation spectra for the Eu**:La,0,S and Eu**:Bi**:La,0,S
samples, the Eu*-S% CT band was dominant, there was also a slight difference between the
relative intensity between this band and the Eu**-O% band for these two samples. The Eu®**-
0% band of the sample containing 1 mol% Bi** (Eu®*":Bi*":La,0,S) was more intense than
that for the sample without Bi** ions (Eu®*":La,0,S). According to previous studies reported
[179], the Eu**-O% band is dominant at low concentrations due to the shorter Eu-O bond
distances in comparison to Eu-S bond distances. Then, when increasing the concentration
gradually, the Eu®*-S% band becomes dominant reaching its maximum for concentrations of 5
mol% Eu** [179]. However, for Eu** ions concentration from 10 to 40 mol%, the Eu®*"-O*
band becomes dominant again. The Eu®":Bi**:La,0,S and Eu®*':La,0,S samples were
prepared by using the combustion method. With that, we can assume similar Eu®"
concentration for the two samples and thus, the attention is focused in some changes
produced by the presence of Bi** ions. The fact of having Bi*" in the sample could enhance
the probability of appearance of the Eu**-O% band up to higher concentrations since Bi** can
transfer efficiently the energy to Eu®* ions, as we have seen before.

Fig. 4.18(b) shows the emission spectra for these samples. Each emission spectrum was
recorded by pumping at the maximum of the Eu®*-S* CT band for the Eu**:Bi**:La,0,S and
Eu**:La,0,S samples, 327 and 340 nm, respectively, and at the maximum of the Eu**-0% CT
band for the Eu®":(1%)Bi*"-CPech1 sample, 313 nm. The emission spectra of the Eu*":Bi**-
La,0,S and Eu**:La,0,S samples were similar but the Eu**:Bi**:La,0,S sample showed a
more intense peak at 585 nm corresponding to the °Dy, = 'F; transition. The I,, I; and I,
values for this sample were 6.9, 3.1 and 0.6, respectively, lower than the ratios obtained for
the Eu®*:La,0,S sample (I,= 8.2, 1,=3.3 and 1,=1). This was opposite to the results obtained
when introducing 1 mol % Bi*" in the La,0O5 host, but in agreement with those obtained when
introducing 3 mol% Bi* in the La,05 host. This might be attributed to that quenching effects
depending on the dopant ion concentration varies depending on the hosts.

Table 4.6. CT band position, asymmetry ratio (l,), fluorescence ratio (I;) and I, values obtained from
the emission spectra of the Eu**:La,0,S and Eu*":Bi*":La,0,S samples.

ey e
Eu**:La,0,S (Eu**-07) 266 3.8 3.2 0.5
Eu**:La,0,S (Eu**-S%) 340 8.2 3.3 1.0

Eu**:Bi*":La,0,S 327 6.9 3.1 0.6
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4.2.8. Spectroscopic characterization of praseodymium doped
lanthanum oxide

In order to explore the possibilities of exploiting the spectroscopic characteristics of other
active lanthanide ions for developing materials with CT bands located more in the visible
region, Pr’* doped La,O; nanoparticles were prepared by the sol-gel Pechini method. We
prepared samples with a different Pr** content: (x%)Pr**-Pechl (x= 0.5, 1, and 3 mol%).
Figures 4.19(a) and 4.19(b) show the excitation spectra between 250-550 nm and 250-330
nm, respectively, for (0.5%)Pr**-Pechl, (1%)Pr**-Pechl and (3%)Pr®*-Pechl samples.
These spectra were recorded monitoring the emission at 667 nm corresponding to the
emission from the *P, > °F, transition [88] at room temperature. In Figure 4.19(a) the
excitation spectra show several lines in the region 440-500 nm, corresponding to transitions
within the 42 configuration (*Hs > 3Py, and *Ig). Besides, as observed in the case of Eu*
doped La,03, the broad band localized at about 290 nm was ascribed to the excitation via
host lattice absorption corresponding to Pr¥*-O% energy transfer (CT band). These results
obtained were in good agreement with the excitation spectra of Pr**:La,O; observed by other
authors [93,186]. However, when we compared the position of the maximum of the CT band
in detail for samples doped with a different Pr*" concentration (Fig. 4.19(b)), some
discrepancies appeared. De Mello et al. [88] found that at higher Pr®" concentration, the
maximum of the CT band was located at lower energies. Nevertheless, in our case, (1%)Pr®*-
Pechl and (3%)Pr®*-Pechl samples showed both CT bands centred at 292 nm while the
(0.5%)Pr**-Pech1 sample showed a CT band centred at 296 nm, thus at lower energies.
Other factors such as the transformation from Pr** to Pr** due to oxidation processes, which
could be confirmed by the changing observed in the sample colour from white to brown, or
the calcination times, are needed to be considered.

Figure 4.20 shows the emission spectrum recorded for the (0.5%)Pr®*-Pechl sample from
450 to 800 nm and recorded under 290 nm at room temperature.The emission lines
corresponded to the *Py > *H,s6 and °Py = °F, 34 transitions. The spectrum was dominated
by the ®P, > °F, transition situated at 667 nm. In the literature [88], one can find that the
emission peak from the D, > 3H, transition and situated at about 610 nm, should appear for
samples containing less than 1 mol% Pr**. However, we did not observe this peak and this
may be attributed to a pronounced concentration quenching effect of the 'D, emission in our
sample.

Since the CT band of these samples is located at similar wavelengths than that of Eu*:La,05
samples, we did not extended the study of the Pr**:La,O, nanoparticles.
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Figure 4.20. Emission spectrum recorded for the (0.5%)Pr**-CPech1 sample.

4.3. Cathodoluminescence of doped lanthanum compounds

By the cathodoluminescence (CL) technique we studied the luminescence in detail after
excitation by electron bombardment of some of the non-calcined and calcined samples
synthesized. Therefore, the CL spectra of the Eu®":La(OH),;, Eu*:La,0; and Pr¥*:La,0;
nanoparticles have been studied at room temperature. We also analysed the spectra of Eu®*-
H-24 and Eu**-CH-24 samples at low temperature. To the best of our knowledge this is the
first time that CL has been used to characterize Eu** in these matrices (La(OH); and La,Os).

4.3.1. Cathodoluminescence of europium doped lanthanum
hydroxide (Eu®*:La(OH)s) nanoparticles

Figures 4.21(a) and 4.21(b) show the CL spectra of a representative non-calcined sample of
Eu*":La(OH); nanoparticles (Eu**-Pvu). All the peaks were identified in these figures with
the corresponding transitions from the °D; (J = 0, 1) states to the 'F,. (J’ = 0-4) states. Figure
4.21(a) shows the CL spectrum between 500-740 nm and exhibits the most intense peak of
the emission spectrum at 615 nm which corresponded to the °Dy = 'F, transition. To observe
in detail the weak peaks appearing at low wavelengths, which corresponded to the °D; > F,.
(V" =1, 2) transitions, Figure 4.21(b) shows the CL spectrum between 500-600 nm. Maybe
due to the low luminescent efficiency of lanthanide hydroxides, from the best of our
knowledge, there are no previous works that report the CL properties of Eu®*:La(OH);
material and only a few works that report their PL properties [84,201].
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Figure 4.21. (a) CL spectra from 500 to 740 nm and (b) from 500 to 600 nm of the Eu®":La(OH),
nanoparticles (Eu**-Pvu sample).
The CL spectra of several non-calcined samples synthesized by different methods are shown
in Figure 4.22. All the spectra were normalized in intensity at about 615 nm. The results
showed that all samples prepared by the co-precipitation and hydrothermal methods present a
very similar spectrum with the same number of peaks whereas the sample doped by the
wetness impregnation method (Eu®*-H-24-IMP) present a higher number of peaks. For
instance, the °Dy > "F, and °D, > F, transitions showed two peaks instead of one as found
for the rest of the samples. This should be clearly attributed to that while lanthanum
hydroxide was the main phase for the rest of the samples, in the Eu**-H-24-IMP sample, the
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main phase was LaCO;OH [107], as observed by XRD patterns (see Fig. 3.15). Thus, Eu®*
had a different environment surrounding it and consequently it showed different emission
peaks, probably some of them coming from the La(OH); phase and others coming from the
LaCO;0H phase. For instance we believe that the peaks located at 600 and 611 nm can be
attributed to this last phase, since they were not observed in the CL spectra of the rest of the
samples which were formed only by the La(OH); phase (see Fig. 3.15).

Furthermore, while there were some samples that showed the D, > F, transition as the most
intense peak in the spectra and located at about 615 nm (Eu®**-Pvu, Eu®**-H-0 and Eu**-H-24-
IMP), others showed the °D, = 'F, transition as the most intense peak at about 696 nm
(Eu®*-H-24, Eu**-H-1, Eu*-MwH-323-5 and Eu®*-MwH-323-15). Since the °D, > 'F
transition appeared in all the CL spectra, this would indicate that Eu** in La(OH); is located
in a low symmetry site, that would correspond to the S; position, the crystallographic site
occupied by La*" in this structure [143,202].

I
—«— Eu-Pvu

Eu”-MwH-323-5

Eu™-H-24 —— EU” -MwH-323-15 5||:> S
Eu™-H-1 — o — Eu”-H-24 -IMP 0 4

—— Eu”*-H-0 !

CL Intensity (a.u.)

----- 5Dy > TF,

o
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K, :Y““ﬂw.; C Y
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>

Figure 4.22. CL spectra of several Eu*":La(OH); samples synthesized by different methods.

The asymmetry ratio, |,, was calculated for these samples (see Fig. 4.23 and Table 4.7) and as
usual, it was obtained from the intensity ratio of the °D, = 'F; and °D, = 'F, transitions. In
the case of the samples doped by co-precipitation and hydrothermal method, the peaks of
such transitions were located at 615 and 591 nm. For the Eu®**-H-24-IMP sample, it was
difficult to distinguish the peaks coming from the LaCO3;OH and La(OH); phase, thus, we
considered the peaks located at 616 and 586 nm as the suitable peaks to calculate the I, ratio.
The |, values for all the samples ranged 1.7-2.9. In comparison with the I, for Eu*:La,05
nanoparticles obtained by photoluminescence, we could say that non-calcined samples
showed lower I, values. Such low values might indicate that the Eu** coordination polyhedra
are less distorted in the La(OH); matrix when compared to the La,O3; matrix, having then a

104



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

M. Méndez CHAPTER 4

higher degree of symmetry. Also, the covalency degree of the structure should be also
considered when studying the I, parameter. In agreement with our results, recently, Sunding
et al. [203] reported that La-O bonds present larger covalency in La,O; compared to
La(OH);. This low value of I, would also indicate that this matrix causes a weak crystal field
in the short range and consequently, low emission intensities. Here it is also important to note
that some of the spectra are not dominated by the °D, > 'F, transition. Instead, the peak
corresponding to the D, > 'F, transition had a similar intensity than that corresponding to
the Dy > 'F, transition in some cases. Thus, by comparing these two structures, we should
expect that, although in both cases Eu** was located in a low symmetry site (S; in La(OH);
and Cs, in La,03), the oxygen atoms surrounding Eu®* formed a more regular polyhedron in
La(OH); than in La,O3 in agreement with the lower I, ratio obtained for the samples formed
by the La(OH); phase. In fact, the coordination polyhedron of La** in La(OH); is formed by 9
oxygen atoms, 3 of which located at a distance of 2.551 A, and the other 6 additional oxygen
atoms located at a distance of 2.588 A [204]. In contrast, for La,0s, La** is surrounded by 7
oxygen atoms located at distances ranging from 2.356 to 2.743 A. The distortion of the
polyhedron is defined as:

Ad =) {d(La-0), - (d(La-0))]/(d(La-0))}" (Eq. 4.1)

where t is the number of surrounding oxygen atoms around La and <d(La—O)> is the mean

La-O distance [205]. Thus, the polyhedra distortions were 4.6 x 10° and 5.2 x 107 for
La(OH); and La,Os structures, respectively. It is easy to note that the value for the distortion
of the LaO; polyhedron in La,0O3; was two orders of magnitude higher than the value obtained
for the LaOy polyhedron in the La(OH); structure, justifying in this way that the °D, > 'F,
transition is not the most intense in some of this last host matrix. The weaker crystal field in
La(OH); in comparison to that for the La,O3, was also confirmed by studying the 1, values of
these samples (see Table 4.7) which were within the 1.6-2.3 range, whereas the 1, studied
previously for the Eu**-CPechl sample was slightly higher, 2.8, indicating again that the
crystal field in the La(OH); structure was weaker than in the La,O; structure.

Table 4.7. 1, and I, values calculated for several Eu**:La(OH); samples.

Sample I, Iy
Eu’*-Pwu 1.9 1.6
Eudt-H-24 1.7 2.3
Eud*-H-1 2.1 2.2
Eu®"-H-0 2.2 1.7

Eu*"-MwHd-323-5 1.9 2.2
Eu*"-MwHd-323-15 2.0 2.3
Eu®"-H-24-IMP 2.9 2.0
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Figure 4.23. CL spectra of several Eu**:La(OH); samples from 580 to 620 nm, indicating how the I,
parameter was calculated.

4.3.2. Cathodoluminescence of Eu®*:La(OH); nanoparticles at low
temperature

During the CL and PL analyses presented in previous sections of this chapter, we suggested
that Eu’” was located in a structural site without an inversion centre and replacing the
crystallographic site occupied by La’", S; in the La(OH); structure. In addition, the
observation of the D, = F, transition in these structures also indicates that Eu** was located
in these crystallographic sites, since this transition might be partially allowed in the presence
of a linear crystal field term. It is known that the 2J + 1 degeneracy of the free ion may be
broken by the crystal field at its location. The levels with J = 0 are non-degenerate; therefore,
if only one structural position for Eu’" in the crystalline structure exists, the Dy = 'F,
transition should have only one peak, while the D, = 'F, transition should exhibit three
peaks and the Dy > 'F, transition should show five peaks. Up to now, the Dy > 'F
transition had only one peak in Eu’":La(OH); structures for the samples studied. However,
the other transitions did not show the corresponding theoretical number of peaks according to
the degeneracy selection rule (2J + 1): the Dy > F, and the D, = F, transitions showed
several shoulders in the case of Eu’":La(OH); nanoparticles (see Figs. 4.22 and 4.23). We
carried out CL measurements at low temperature (6K) to verify the existence of one or more
positions for Eu®" in this structure.

Fig. 4.24 shows the CL spectrum of the Fu’-H-24 sample measured at 6 K. The spectrum
recorded at low temperature showed only one peak for the °D, = 'F, transition, confirming
that only one structural position for Eu’" exists in the crystalline structure of the La(OH);
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matrix. However, despite that we were able to observe a larger number of peaks at low
temperature, the fine structure of the Dy > 'F, and the D, © F, transitions was still not
well resolved, since the system does not allow a recording resolution for the spectra smaller

than 0.5 nm.
Eu”-H-24 T=6K 5D, > 7F,
1
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Figure 4.24. CL spectra of the Eu**-H-24 sample recorded at low temperature.

4.3.3. SEM and CL images of Eu®*":La(OH); nanoparticles

Figures 4.25-4.30 show the SEM images and the corresponding CL images recorded for the
Eu*":La(OH); samples. The CL images were recorded either panchromatic or monochromatic
(corresponding to the wavelength of the most intense emission peaks) in order to observe
where the light emitted by the nanoparticles originates at the different emission wavelengths.
Figs. 4.25 (a) and 4.25(b) exhibit the SEM image and the corresponding panchromatic CL
image, respectively, of the Eu**-Pvu sample. The CL image showed brightness coming from
all the particles forming this sample. This confirmed that Eu®" doping was homogeneous in
the sample.

107



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

CHAPTER 4 M. Méndez

Figure 4.25. (a) SEM and (b) panchromatic CL images recorded for the Eu**-
Pvu sample.
Figures 4.26(a) and 4.26(b) show the SEM images with their corresponding panchromatic CL
images, respectively, of the Eu**-H-24 sample. The CL image shown in Fig. 4.26(b) looked
homogeneous because the nanoparticles emitted throughout the entire sample, as observed
for the previous sample.

Figure 4.26. (a) SEM and (b) panchromatic CL images recorded for the Eu**-H-24 sample.

SEM images and the corresponding panchromatic and monochromatic CL images at 592 nm
and 696 nm for the Eu**-H-1 sample are shown in Figs. 4.27(a-d). These two different
wavelengths were chosen because corresponded to the two different emission peaks observed
in the CL spectra for this sample (Fig. 4.22). The panchromatic image shown in Fig. 4.27(b)
showed the clearest image because here the intensity emitted at all wavelengths was
recorded. The less clear image was the monochromatic CL image recorded at 592 nm, since
the intensity of this peak, which corresponded to the *D, = ’F transition, was lower than that
of the peak at 696 nm, which corresponded to the °Dy > F, transition.
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Figure 4.27. (a) SEM, (b) panchromatic CL and (c-d) monochromatic CL images at 592 nm and 696
nm, respectively, recorded for the Eu**-H-1 sample.

Figures 4.28(a-c) and 4.28(b-d) exhibit the SEM images with their corresponding
panchromatic CL images, respectively, of the Eu®"-H-0 sample. The panchromatic CL
images (Fig. 4.28(b-d)) show emission light arising from all the parts of the sample indicating
a good doping homogeneity. Similar results were observed for the Eu**-MwH-323-5 sample.
Figure 4.29(a-b) shows the SEM image of this sample with its corresponding panchromatic
CL image.

(b) (© 2 &
CLPAN CL PAN ;

Figure 4.28. (a-c) SEM and (b-d) panchromatic CL images recorded for the Eu®**-H-0 sample.
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Figure 4.29.(a) SEM and (b) panchromatic CL images recorded for Eu**-MwH-323-5 sample.

Figure 4.30(a) shows the SEM image, Fig. 4.30(b) the panchromatic CL image and Fig.
4.30(c-d) the monochromatic CL images at 611 nm and 616 nm corresponding to the
different emission peaks observed in its CL spectrum and attributed to the LaCO;OH and
La(OH); phases, respectively (see Fig. 4.22), for the sample doped by the wetness
impregnation method (Eu*-H-24-IMP). This sample showed a panchromatic CL image very
brilliant and this might be attributed to the fact that the Eu®" ion concentration at the surface
of the sample is expected to be higher than that of the rest of the samples analysed. However
monochromatic images showed no significant differences between the two phases observed
in this sample, which would indicate a good mixing between these two phases.

&', | e o
2 " v ; :
pm CL PAN CL 611 nm oy : CL616 nm &

Figure 4.30.(a) SEM, (b) panchromatic CL and (c-d) monochromatic CL images at 611 nm and 616
nm recorded for the Eu®*-H-24-IMP sample.

4.3.4. Cathodoluminescence of europium doped lanthanum oxide
(Eu*":La,0;) nanoparticles

Figures 4.31(a) and 4.31(b) show the CL spectra of a representative sample of Eu**:La,0;
(Eu**-CH-24) with all the peaks identified with the corresponding transitions already
observed in the previous photoluminescence results. Thus, the peaks were attributed to the
transitions from °D; (J = 0, 1, 2) states to 'F,- (° =0, 1, 2, 3, 4) states. Figure 4.31(a) shows
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the CL spectrum between 450-740 nm and dominated by the °Dy = 'F, transition at 626 nm.
Figure 4.31(b) shows the CL spectrum but between 450-575 nm in order to observe the low
intense transitions which corresponded to transitions from the °D, and °D, states. All the
peaks observed in the spectrum in Fig. 4.31(a) correspond to the same transitions observed in
the PL spectrum of Eu**:La,0, nanoparticles (see Fig. 4.5), and thus, indicating that Eu®" in
this matrix can be efficiently excited by means of electron bombardment. However, Fig.
4.31(b) shows emission peaks at lower wavelengths which were not observed by the PL

technique.
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Figure 4.31. Cathodoluminescence spectra of the Eu**-CH-24 sample (a) from 450 to 750 nm
and (b) from 450 to 575 nm.
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Figure 4.32 shows the CL spectra of Eu**:La,0; samples synthesized by using different
methods and after applying an annealing treatment at 973K for 2 h. Apparently, no
significant differences were found in the CL spectra between these samples. Even, the Eu®*-
CH-24-IMP sample, which showed differences in the CL spectrum before the annealing
treatment (see Fig. 4.22) due to the presence of the LaCO;0OH phase (see Fig. 3.15), once it
was calcined, the spectrum showed the same peaks demonstrating that the carbonate
hydroxide phase was transformed into the oxide phase, as observed in the XRD patterns (see
Fig. 3.21).

The I, values were calculated from the peaks with higher intensity corresponding to the °Dy
> 'F, and °D, 2 'F; transitions and localized at about 626 nm and 585 nm, respectively, for
all the samples. All the 1, ratios were within 6.2-8.4 values (see Table 4.8). The Eu**-CH-0
was the sample with the highest I, value. Apart from taking in consideration all the
parameters studied in the PL section that can affect the 1, parameter such as Eu®*
concentration, structure distortion, etc., this sample was formed by small particles with one of
the lowest crystallite sizes among the synthesized samples (see Table 3.7). If we compare the
I, values obtained by CL to those obtained by PL (see Table 4.1) we observed a similar trend
in both cases. Thus, Eu**-CPvu and Eu®**-CH-24-IMP samples show the lowest I, values.
However, in general, the I, values calculated were higher from the CL spectra due to the fact
that samples were calcined several times, that seems to affect to the polyhedron distortion.
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Figure 4.32. Cathodoluminescence spectra of some Eu**:La,0; samples synthesized by using different
methods.
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Table 4.8. I, values of some Eu*:La,05 samples.

Sample P Iy
Eu®*-CPvu 6.4 3.6
Eud*-CH-24 7.6 3.2
Eu®*-CH-1 6.8 3.0
Eu®*-CH-0 8.4 4.3
Eu*-CMwH-323-5 7.2 3.6
Eu®*-CMwH-323-15 6.2 35
Eud*-CH-24-IMP 6.3 4.6
Eu®*-CPechl 7.1 4.0

The I, values were calculated from the °Dy > 'F, transition which consisted of two peaks at
615 nm and 626 nm. The values obtained were within 3-4.6 (see Table 4.8), with the Eu®*-
CH-24-IMP sample showing the highest value. This result was in good agreement with the
fact that by the CL technique, we are analysing the samples more superficially, together with
the fact that by doping the sample by the wetness impregnation method, we should observe a
higher amount of Eu** near the surface of this sample (see section 4.2.4).

4.3.5. Cathodoluminescence of Eu®*:La,0s nanoparticles at low
temperature

Fig. 4.33 shows the CL spectrum of the Eu’ -CH-24 sample measured at 6 K. This spectrum
recorded at low temperature presented only one peak for the °Dy = 'F, transition, confirming
that only one structural position for Eu’” exists in the La,O; crystalline structure. However,
despite that we were able to observe a larger number of peaks at low temperature, the fine
structure of the °Dy, = 'F, and the D, > 'F, transitions was still not well resolved, since the
system does not allow a recording resolution for the spectra smaller than 0.5 nm, as
previously observed for the Eu’*-H-24 sample (see Fig. 4.24).
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Figure 4.33. CL spectra recorded at low temperature for the Eu**-CH-24 sample.

4.3.6. Cathodoluminescence at different accelerating voltage

Figure 4.34 shows the CL spectra recorded for a representative Eu®*:La,0; sample (Eu**-
CPechl) as a function of the accelerating voltage. In this way we are analysing the CL
spectra at different depths of the material. As we can see, the CL intensity increases when
raising the accelerating voltage from 3 to 10 keV that corresponds to a higher volume of
material being excited at high voltages. The fact that no additional peaks appear at high
voltages indicates that there are not other minority phases in this sample, according to the X-
ray diffraction results.

By comparing the results obtained by using different voltages one can also extract more
information about the distribution of Eu®" in the La,O; nanoparticles, so that, the I, and I,
parameters were calculated from the different CL spectra obtained (see Table 4.9). The I,
ratio can be considered to be the same for all the voltages used. This parameter has been used
to indicate the doping concentration of Eu* ions in the sample [71]. With that, as observed
by other techniques, we corroborate the good Eu** distribution in the La,O3 nanoparticles for
the Eu®*"-CPechl sample because we would expect a higher 1, value at low accelerating
voltage in the case of having more Eu®" in the surface of the nanoparticles than in the bulk.
However, the 1, ratio decreased when increasing the accelerating voltage (see Table 4.9). This
could be related to some quenching effects due to the higher amount of Eu®" ions that were
being excited when we used high accelerating voltages. For instance, Mhlongo et al. [206]
reported that when the beam voltage increases, the local heating by energetic electrons
occurs, and thus temperature also increases which can cause thermal quenching.
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Figure 4.34. Cathodoluminescence spectra of the Eu**-CPech1 sample recorded at different
accelerating voltages.

Table 4.9. I, and I, values calculated from the CL spectra taken at different voltages for the Eu**-

CPechl sample.
Accelerating voltage (keV) Iy I,
3 4 8.9
5 4 8.7
10 41 7.3

4.3.7. SEM and CL images of Eu**:La,0; nanoparticles

Figures 4.35(a-d) show a SEM image of the Eu®*:La,O; nanoparticles (Eu**-CPechl)
together with a panchromatic CL image and two monochromatic CL images of the same
region of the sample taken at 595 and 626 nm, coinciding with the peaks corresponding to the
Eu* °Dy » 'F; and °Dy — 'F, transitions, respectively. These images confirm that the
luminescence observed in the CL spectra arises from the Eu®*:La,0; nanoparticles. Figure
4.35(b) shows that the luminescence intensity recorded for the nanoparticles of calcined
samples (Eu®*:La,03) was significantly higher in comparison with the luminescence intensity
recorded for nanoparticles of non-calcined samples (Eu®*:La(OH)s) (see Figs. 4.25-4.30).
Monochromatic images confirm that the different emissions observed are generated at the
same parts of the samples.
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CL 595 nm CL 626 nm

Figure 4.35. (2)SEM, (b) panchromatic CL and (c-d) monochromatic CL images at 595 and 626 nm
recorded for the Eu**-CPech1 sample.
Fig. 4.36 shows the SEM and CL images recorded for the Eu**-CPech1 sample, but studied

in other region than that shown in Fig. 4.35 and taking monochromatic CL images at
additional wavelengths.

CL 615nm CL 626 nm CL 707 nm

Figure 4.36. (a) SEM, (b) panchromatic CL and (c-f) monochromatic CL images at 595, 615, 626 and
707 nm recorded for the Eu®**-CPech1 sample.
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Therefore, Figs 4.36(a-f) show a SEM image of the Eu**-CPechl sample together with a
panchromatic CL image and four monochromatic CL images of the same region of the
sample taken at 595, 615, 626 and 707 nm, coinciding with the peaks corresponding to the
Eu** °Dy - 'F4, °Do — F, and °Dy — F, transitions. As we expected, the panchromatic
image showed the highest luminescence intensity and the monochromatic images exhibited
lower luminescence intensities depending on the intensity of the emission peaks from which
they have been recorded. Since all images show the same regions of the particles, then we
can conclude that Eu®* is well distributed on the nanoparticles.

4.3.8. Cathodoluminescence of praseodymium doped lanthanum
oxide (Pr¥:La,05)

CL spectra of the (5%)Pr**-Pechl sample are shown in Figs. 4.37(a) and 4.37(b) for the
visible and near infrared (NIR) parts of the electromagnetic spectrum. The peaks observed in
Fig. 4.37(a) corresponded to the *Py > *Hys6 and °Py > 3F, 34 transitions and the P, > °F,
transition located at 667 nm was the most intense, as observed in the PL emission spectrum
for that sample (see Fig. 4.20). Fig. 4.37(b) shows the CL spectrum at longer wavelengths
with the peaks corresponding to the 'D, > *F; (J = 3, 4) transitions and the 'D, > 'G,
transition [178]. The peak located at 1030 nm which corresponded to the ‘D, = *F, transition
was the most intense. If we compare the peaks observed in the PL emission spectrum (see
Fig. 4.20) with those observed in the CL spectrum for the same electromagnetic spectral
region, both presented the same peaks but with some differences in their relative intensities.
For example, in the PL spectrum, the peaks attributed to the *P, > ®Hg transition had a lower
intensity than the peaks attributed to the *Py > F, transition, whereas an opposite behaviour
was observed in the CL spectrum for these two peaks. This might be due to the different
excitation mechanisms involved in these two excitation processes.

Additionally, for the (5%)Pr**-Pech1 sample, SEM images together with the corresponding
panchromatic CL images were taken for the visible and infrared regions of the
electromagnetic spectrum and are shown in Figures 4.38(a-b) and 4.38(c-d), respectively. The
panchromatic CL images confirmed the low luminescence intensity emitted by Pr**, since the
images were not as brilliant as the panchromatic CL images observed for Eu®*":La,O;
nanoparticles and even less brilliant than those recorded for the Eu**:La(OH); nanoparticles.
For this reason, we were not able to record monochromatic CL images for this sample. From
the images recorded, we can conclude that Pr** was distributed homogeneously in the
samples.
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Figure 4.37. (a) CL spectrum from 450 to 850 nm and (b) CL spectrum from 575 to 1600 nm of the
(5%)Pr*-CPech1 sample.
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Figure 4.38. (a-b) SEM and panchromatic CL images recorded in the visible region of the
electromagnetic spectrum and (c-d) SEM and panchromatic CL images recorded in the infrared region
of the electromagnetic spectrum for the Pr**-CPech1 sample.
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Chapter

Structural stability studies of La,O; and La,0,S
hosts: re-hydroxylation process
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During many years, materials with different structural properties have been used as hosts for
luminescent active ions. One of the desired properties for the host materials is their structural
and chemical stability. In Chapter 5, we will study the stability of the hosts used in this thesis,
lanthanum oxide (La,0s) and lanthanum oxysulfide (La,O,S), from their characterization by
different techniques such as XRD, N, physisorption, TEM, PL and CL. The different
emission Eu’" signatures observed depending on the host, have been specially used as an
advantageous tool to follow the stability of these hosts. Other studies of stability as a function
of time and calcination temperature will be also presented in this chapter.
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5.1. Overview

During many years, several hosts with different structural properties have been doped with
small amounts of luminescent active ions. As we commented in Chapter 4, a good host for
luminescent ions must hold some special properties, for example to be transparent for visible
and infrared light and, among others, to have a good chemical and structural stability.

Structural stability of La,0;

Lanthanum oxide (La,03) is becoming of increasing interest in recent years due to the wide
number of applications of this material together with the possibility of reducing production
costs. When compared with other rare earth host materials (Y,0;, Gd,0s, etc.), inorganic
compounds containing lanthanum are relatively low-cost host materials [139]. However,
lanthanum oxide powders have to be handled carefully because they are very sensitive to the
atmospheric conditions reacting relatively fast with water/carbon dioxide to form hydroxyl,
carbonate and mixed phases [144,207-210].

All the lanthanide oxides absorb water and/or carbon dioxide onto their surface forming a
layer of hydrate, carbonate or hydroxyl-carbonate. In accordance with the phase diagram for
the lanthanide sesquioxides [211] shown in Figure 5.1, five different structural varieties have
been identified as a function of the ionic radius of the lanthanide ions, known as A, B, C, H,
and X types.
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Figure 5.1. Polymorphic transformation for the lanthanide sesquioxides (Ln,Os).

Three of these polymorphs, the trigonal A-type (in most cases space group P3m1), the
monoclinic B-type (in most cases space group C2/m), and the cubic C-type (in most cases
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space group Ia3), are known to occur at room temperature, and atmospheric pressure,
whereas H and X forms have only been observed at temperatures above 2273 K [211,212].
For the lighter members of the series, from La to Nd, the trigonal A-type form is the most
usually found and together with the B-type are able to absorb water and/or carbon dioxide
from the atmosphere faster than the other forms [211]. Jeon et al. [213] studied the
hygroscopic nature of some lanthanide oxides (Pr,O3;, Sm,0;, Gd,O; and Dy,05) and found
that the higher the ionic radius of the lanthanide and the lower the electronegativity, the
higher the reactivity with water. Lanthanum oxide belongs to the A-type trigonal oxides and
it is well known for being the most hygroscopic compound of the lanthanide series [211,213].
Many authors, interested in the properties of these oxides as high-k gate dielectric materials,
have considered the hygroscopic nature of La,O; a major problem in its use. Re-
hydroxylation of lanthanum oxide in air can be completed after 24 h, and can drive to
mechanical weakness of monolithic pieces. A complete study on the reaction kinetics of the
re-hydroxylation reaction of La,O3 has been published [214], indicating that bulk reaction of
powders with water vapour proceeds extremely fast. More recently, Fleming et al. [214]
published a study about the reactivity of various lanthana powders by passing water-saturated
vapour across the lanthanum oxide samples, which were obtained after calcining several
lanthanum hydroxides synthesized by different procedures at different temperatures. These
authors conclude that the rate of re-hydroxylation can be related to the crystallite size of the
lanthana samples. However, no information about the mechanism involved in this re-
hydroxylation process has been reported.

Structural stability of La,0,S

All the elements of the lanthanide series, along with yttrium, can form compounds with the
composition Ln,0,S and with trigonal P3m1 structure [88,215]. In general the
polycrystalline Ln,O,S compounds, apart from Ce,0,S, are stable in air up to 773 K. Since
the oxysulfides can be considered as intermediates between the oxides and the sulphides of
the corresponding elements, many features of their properties and structure are similar [179].
However, we do not have to consider hydroxylation processes when we regard to
oxysulfides, since lanthanide hydroxide sulfides do not exist. Some preliminary studies of
Machida et al. [216] revealed that the oxysulfides are generally decomposed into a mixture of
oxides and sulfates when heated in the presence of O,.

5.2. Re-hydroxylation studies of un-doped and europium-
doped lanthanum oxide nanoparticles

First, we present and discuss the studies of the re-hydroxylation process of several un-doped

lanthanum oxide samples whose precursors were synthesized by different procedures. After

that, we report the use of cathodoluminiscence as a novel characterization technique to follow

the lanthanum oxide re-hydroxylation reaction versus time according to different annealing

procedures for several europium-doped lanthanum oxide samples. Finally, we also follow the
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re-hydroxylation process of doped samples by recording excitation and emission
photoluminescence spectra, specially focusing our interest on the charge transfer band.

5.2.1. Characterization of the re-hydroxylation process for un-doped
lanthanum oxide to lanthanum hydroxide (La,O; 2 La(OH),)

In order to study the effect that the lanthanum hydroxide preparation method has on the
surface and re-hydroxylation properties of the La,O3 nanoparticles, several lanthanum oxide
samples (CPv, CPvu, CH-0, CH-1, CH-48 and CMwH-323-5), whose precursors were
obtained by different methods (see Chapter 3, section 3.2.1.), were exposed to re-
hydroxylation in atmospheric air for 80 h.

Table 5.1 shows some characterization data of the re-hydroxylated samples, such as
crystallite size calculated from XRD patterns, and BET areas, calculated from N,
physisorption. Those samples were named with an R after their identification names (e.g.
CPv-R is the re-hydroxylated sample of the CPv sample).

Table 5.1. Characterization of the re-hydroxylated La,O5; samples

Crystallite phases Crystallite size  BET Area
Sample a 2 -1\b
(XRD) (hm) (m>g")

CPv-R La(OH), 255 165
CPvu-R La(OH); 25.8 17.9
CH-0-R La(OH); 22.4 17.8
CH-1-R La(OH)3 24.3 17.6
CH-48-R La(OH)3 26.3 18.5
CMwH-323-5-R La(OH)3 24.3 14.8

@ Calculated from XRD patterns.” Calculated from nitrogen physisorption.

XRD patterns of these samples only showed the presence of the La(OH); phase. This
confirms that total re-hydroxylation occurred. Also, there was a decrease of the crystallite
size while increasing the BET surface when comparing to their respective calcined samples.
Crystallite sizes of calcined samples were ranging from 48 to 65 nm and BET surface values
were ranging from 1 to 4 m®.g" (see Table 3.7 and 3.8). Crystallite sizes of the re-
hydroxilated samples ranged from 22 to 27 nm, while BET surface values ranged from 14 to
18 m?-g™. The details for each re-hydroxylated sample can be found in Table 5.1. These
results confirmed that the re-hydroxylation process occurred in these samples, and led to
similar crystallite sizes and similar BET areas for all samples. It is important to note that the
BET surface areas of the re-hydroxylated samples were lower than those of the starting
synthesized lanthanum hydroxides, which were ranging from 28 to 146 m*g" (see Table
3.6). This can be explained by the presence of atmospheric CO, during the re-hydroxylation
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process that could difficult the recovery of the surface area lost after calcination, as
previously reported [217].

Since the adsorption of water and/or carbon dioxide entails the increase of mass and volume
of lanthanum oxide [214], we took advantage of that to study the kinetics of the re-
hydroxylation process and compare the behaviour of these calcined samples, whose
precursors were synthesized by using different methods. Once they were calcined, they were
immediately weighed, considering that measure as the weight at time 0. Samples were
weighed at the same time intervals within the 0-80 h period to be compared and at controlled
humidity and temperature conditions (50-70% and 293-298 K) in order to be compared
among them. Finally, the study was considered as finished when the weight stopped
increasing. Figure 5.2 shows the conversion of La,0; to La(OH); with time for the CPv,
CPvu, CH-0, CH-1, CH-48 and CMw-H-323-5 samples. After 80 h of re-hydroxylation, all
the La,03 samples were completely transformed to La(OH)s.
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Figure 5.2. Re-hydroxylation study of several La,0; samples synthesized by different methods as a
function of time exposure to controlled humidity and temperature conditions.
From this graph, we can observe that the progress of the re-hydroxylation process with time
takes place in several steps at different rates. Initially, the reaction is quite slow and similar
for all samples until 10 h, except for the CPv sample, which showed a higher re-
hydroxylation conversion than the rest of samples. In this period, surface adsorption of water
and reaction with the surface of lanthanum oxide should be expected. The initial slow rate
could be associated with some diffusion limitations in La,O5; from the surface to the bulk
[214]. More differences in the behaviour of the samples were observed at 20 h with re-
hydroxylation conversion values between 20 and 40 % depending on the sample. At this
reaction time, the re-hydroxylation process occurred in the order CPv > CPvu > CH-48 >
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CH-1 > CH-0 > CMwH-323-5 for the different samples, being faster that of the CPv sample.
The reaction rate could be related to factors such as the surface area, the particle size and the
morphology of the nanoparticles, as well as to the presence of surface defects that would
facilitate the transport of hydroxyl/water species from the surface to the bulk of the
nanoparticles. Thus, samples with lower particle sizes (e.g. CPv sample) re-hydroxylate faster
than those that had higher particle sizes, such as CH-48 or CMwH-323-5 samples (Fig. 3.14).
After 20 h, the reaction rate is apparently constant over a period of time, suggesting that mass
transport in both, surface and bulk, is invariant. After 40 h, the re-hydroxylation rate
increased significantly for all samples, but especially for the three samples which showed a
lower reaction rate during the first 20 h of the re-hydroxylation process: CH-0, CH-1 and
CMwH-323-5. This acceleration of the re-hydroxylation process is probably accompanied by
a process of formation of defects allowing a faster mass transport process. Interestingly, the
initial surface area of these samples (CH-0, CH-1 and CMwH-323-5) was lower than that of
the rest of the samples (see Table 3.8). Therefore, samples with a lower initial surface area
require longer reaction times to increase the re-hydroxylation rate. In the final phase of the
reaction, the rate slows again toward completion and it is apparent that mass transport
limitations become important again. This is probably related to the decreasing concentration
of sites for hydroxylation and the fact that these sites would be deep inside the materials, and
far from the surface requiring a more complex mass transport process [214]. We observed
that the total weight gained was about an 8-9% over the initial weight but apparently, the
sample looked two or three times bigger than the initial one.

The evolution of the transformation of the crystalline phases during re-hydroxylation with
time was followed taking XRD patterns. The patterns were recorded from 25 to 35° because
in this region is possible to see the maximum intensity peaks of both La,O; and La(OH);
phases, (002) and (101) peaks, respectively, and they were recorded at different re-
hydroxylation times until 30 h for four representative calcined samples (see Fig. 5.3). As we
can observe, the La(OH); phase was formed at different times for the different samples
analysed. For the CPv sample, the peaks corresponding to La(OH); appeared well defined
after 10 h from the beginning of re-hydroxylation (see Fig. 5.3(a)) whereas the observation of
La(OH); was more progressive with time for the CH-48 sample (see Fig. 5.3(d)). Finally, for
CH-0 and CMwH-323-5 samples, 19 and 20 h of re-hydroxylation were necessary to detect
the La(OH)s phase, respectively (see Fig. 5.3(b) and (c)).
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Figure 5.3. Evolution of the XRD patterns versus re-hydroxylation time for the (a) CPv, (b) CH-0, (c)
CMwH-323-5 and (d) CH-48 samples.

The particle size of the re-hydroxylated samples was smaller (Fig. 5.4 (a-c) than that of their
respective calcined samples, as observed by TEM (see Fig. 5.4(d-f). This can be attributed to
the interlayers formed between the particles by the generation of the covering La(OH); phase
on the surface of the particles, which can cause the separation of the big aggregates formed
during the calcination process. The CH-48-R sample showed particles much bigger (see Fig.
5.4(b)) than those whose precursors were precipitated without aging or aged with microwaves
or by conventional heating at shorter aging times (e.g. see Fig. 5.4(a) and 5.4(c)). This could
be related to the different re-hydroxylation rate observed for each La,O; sample. Thus,
smaller La,O; particles easily transform to La(OH)s.
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(c)

h

Figure 5.4. TEM images of several re-hydroxylated La,O5; samples: (a) CPv-R, (b) CH-48-R and (c)
CMwH-323-5-R and their corresponding just calcined La,O3 samples: (d) CPv, () CH-48 and (f)
CMwH-323-5.

From these studies, we can conclude that the re-hydroxylation rate mainly depended on the
particle size and surface area of the starting lanthanum oxide sample. Therefore, the method
used to prepare the initial lanthanum hydroxide affects the re-hydroxylation properties of the
subsequent lanthanum oxide sample. However, after re-hydroxylation, the particle size and
surface area were similar for all samples (see Table 5.1), independently from the method
from which these samples were prepared initially.

5.2.2. Characterization of the re-hydroxylation process for europium
doped lanthanum oxide to europium doped lanthanum hydroxide
(Eu®":La,05 > Eu®*:La(OH),)

The re-hydroxylation process of a representative europium doped lanthanum oxide sample
was characterized by the XRD technique. Thus, we monitored the evolution of the re-
hydroxylation reaction of Eu**:La,0; nanoparticles (Eu**-CH-24 sample) with time by XRD
(see Fig. 5.5). We previously calcined the Eu®*:La(OH); precursor at 1273 K for 2 h to
guarantee only the presence of the oxide phase. The range of measurement was also restricted
from 25 to 35°. We marked with a triangle the three most intense diffraction peaks of the
La,03 phase. These peaks correspond to the (100), (002) and (101) reflections of the La,Os
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phase [115]. We could note that the La,0O3 phase was stable up to 30 h and at the same time
we also observed that the La,O3 phase started to disappear when the La(OH); phase began to
appear at about 25 h. Thus, in the range between 25-30 h, both phases were present.

Ala,0, O La(OH),

Intensity (a.u.)

26 (%)

Figure 5.5. XRD patterns of the evolution of the Eu**-CH-24 sample versus time after exposure
to air atmosphere at room temperature.
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Figure 5.6. Kinetic curve of the re-hydroxylation process after calcining the Eu®**-H-24 sample at 1273
K for 2 h applying a heating rate of 10 K min™ and evaluated by XRD.

We evaluated the kinetic curve of the re-hydroxylation reaction by correlating the intensity of
the (101) diffraction peak of the La(OH)s; phase with its concentration in the sample. The
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result is presented in Figure 5.6. More than 22 h were needed to convert 50% of La,0O; to
La(OH)s, and after 35 h, La,O3 was completely re-hydroxylated.

We can observe whether the presence of the doping Eu®* ions has any effect on the re-
hydroxylation rate of La,O3 by comparing Figs. 5.2 and 5.6. Fig. 5.2 shows that after 25 h of
the calcination of the sample, the CH-48 sample was 40% transformed into La(OH); whereas
for the Eu**-H-24 sample the transformation reach values of 70% after 25 h of the calcination
of the sample. Thus, we suggest that the fact of having 5 mol% Eu®" in the La,0s, could be
accelerating the rate of the re-hydroxylation process. Two of the parameters taken into
account when studying the re-hydroxylation rate for the un-doped samples, and exposed in
the section 5.2.1, were the crystallite size and the surface area. To compare the particle size
between un-doped and Eu®* doped samples, we analysed the CH-1 and Eu®**-CH-1 samples,
that where synthesized under the same conditions with the only difference of the introduction
of Eu** as a doping ion in the second sample. If we compare the values of the crystallite size
obtained for the CH-1 and the Eu®*"-CH-1 samples, we observed some significant differences.
They showed different crystallite sizes, being 58.6 and 48.7 nm, respectively. In conclusion,
the crystallite size of the particles was generally smaller when Eu®* ions were present in
La,03. Consequently, this fact could accelerate the La,Os re-hydroxylation process, in the
case of Eu** doped samples.

Cathodoluminescence as a function of calcination conditions

Since Eu** showed different emission peaks depending on the host containing the active ion
(La,0O3 or La(OH)3), as we already observed in Chapter 4, the CL technique was also useful
to follow the re-hydroxylation process. The sample used to carry out these analyses was
Eu**-CH-24. Table 5.2 lists the wavelengths of the different emission bands observed at
room temperature in Eu®*:La(OH); and Eu**:La,0; (see Figs. 4.21 and 4.31, respectively).
After following the evolution of the re-hydroxylation by XRD of the sample annealed at 1273
K for 2 h by applying a heating rate of 10 K min™ and studying its corresponding kinetic
curve, we analysed what happened if we applied rapid thermal annealing conditions: 973 K
for 1 min (A-Eu**-CH-24 sample), 1073 K for 1 min (B-Eu**-CH-24 sample), 1173 K for 1
min (C-Eu**-CH-24 sample), and 1173 K for 2 min (D-Eu**-CH-24 sample).

Just after annealing the (A-D)-Eu®"-CH-24 samples at different experimental conditions, the
CL spectra showed the typical bands of Eu** in La,0s, as expected. However, we observed
that the relative intensity between the two peaks corresponding to the °Dy = F, transition,
located at 613 and 626 nm (the fluorescence intensity ratio, ;) changed significantly by time,
with a reduction of the intensity of the peak located at 626 nm. At longer time, the re-
hydroxylation progressed and I, further decreased. Finally, the 613 nm band, corresponding
to the °Dy > 'F, transition in La(OH)s, dominated the spectra. At the same time, the emission
band located at 707 nm, corresponding to the °Dy > F, transition in Eu**:La,0s lost intensity
whereas the emission band located at 695 nm, corresponding to the same transition but in
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Eu**:La(OH)s, was more and more intense. Figure 5.7(a-d) shows the CL spectra of the (A-
D)-Eu**-CH-24 samples. The cathodoluminescence spectra were recorded at different times
after the annealing process (0, 24, 28, 33, 35, 38, 44 and 100 h). From these spectra, we
observed that the La(OH); phase appeared after 24 h of annealing, but the sample was not
completely transformed to La,Os until 35-38 h after the beginning of the re-hydroxylation
process, at which time the cathodoluminescence spectra of the sample did not change any
more. However, the Kkinetics of the re-hydroxylation reaction progressed differently
depending on the annealing procedure (time and temperature).

Table 5.2. Wavelength values of the cathodoluminescence peaks of Eu** in La(OH); and La,O5
phases.

Transition La(OH); peak position (nm) La,O5 peak position (nm)

D, > Fo - 468
5D, > 'F, - 472, 475, 479, 489
D, > F, - 497
D, > 'F, - 512
D, > Ry 524, 534 533, 540
D, > F, 555 554
Dy > F 577 581
Dy > 'Fy 591 588, 596
Dy > F, 613 614, 626
Dy > 'Fq 648 653
Dy > 'Fy 688, 694 708
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Figure 5.7. Cathodoluminescence spectra of the (a) A-Eu®*"-CH-24 sample annealed at 973 K for 1
min, (b) B-Eu**-CH-24 sample annealed at 1073 K for 1 min, (c) C-Eu*"-CH-24 sample annealed at
1173 K for 1 min, and (d) D-Eu®**-CH-24 sample annealed at 1173 for 2 min.

The kinetic curves were calculated for the (A-D)-Eu®*"-CH-24 samples by using the relative
intensities of the peaks located at 613 and 626 nm since the first one can be assigned to the
La(OH); phase, while the second one can be assigned to the La,O; phase. The curves were
obtained in order to observe the differences with respect to the annealing procedure more in
detail. Figure 5.8 shows the kinetic curves depending on the temperature (Fig. 5.8(a), 973 K,
1073 K and 1173 K) and depending on the time applied in the rapid thermal annealing
process (Fig 5.8(b), 1 min and 2 min). Time 0 h corresponds to the measurements taken just
after the annealing procedure. After that, the samples were exposed to air at room
temperature. We observed that when the annealing temperature was higher, the re-
hydroxylation process evolved more slowly (see Fig. 5.8(a)). On one hand, the A-Eu**-CH-24
sample, which was annealed at 973 K, showed 100% of conversion after 38 h of annealing
whereas the B-Eu**-CH-24 and C-Eu**-CH-24 samples (annealed at 1073 K and 1173 K,
respectively) showed about 88% and 82% of conversion at this time, respectively. On the
other hand, the shape of the curve of re-hydroxylation was also significant. For instance, we
observed that by increasing the temperature from 973 K to 1073 K, after 30 h of the
annealing process, the A-Eu**-CH-24 sample transformed 75% of the oxide phase to the
hydroxide phase while the B-Eu**-CH-24 sample just transformed 12% of the oxide phase.
Fig. 5.8(b) shows the kinetic curve after annealing the sample at 1173 K for 1 min (C-Eu®*-
CH-24 sample) and 2 min (D-Eu**-CH-24 sample). After 40 h, only ~50% of the D-Eu**-
CH-24 sample was converted to Eu**:La(OH)s, while almost 85% of the C-Eu**-CH-24
sample was already converted to Eu**:La(OH)s. Thus, at the same annealing temperature, the
re-hydroxylation process evolved slowly when we increased the time of annealing. However,
the full conversion of the material was achieved at the same time, indicating that the reaction
evolved slowly at the beginning for the D-Eu**-CH-24 sample, but fast at the end. These
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results could be comparable with the kinetic curves depending on the temperature because the
most significant difference between the (A-C)-Eu**-CH-24 samples and the (C-D)-Eu®*"-CH-
24 samples was the resistance time of Eu®*:La,O; to be re-hydroxylated. Thus, everything
indicated that after a certain degree of conversion was achieved, the reaction evolved faster.
When comparing these results with those obtained previously by conventional annealing
techniques (1273 K for 2 h) and shown in Fig. 5.6, we could see that rapid thermal annealing
increased the stability of the La,O3; phase, which constituted a benefit to manipulate this
compound under a non-controlled atmosphere.
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Figure 5.8. Kinetic curves of the re-hydroxylation process after a rapid thermal annealing process
depending on (a) temperature and (b) time used in the annealing process.

Photoluminescence studies versus re-hydroxylation time

The re-hydroxylation of Eu’":La,05 directly affects the luminescence properties of the Eu’"
ion as we have seen by the CL study presented in section 4.3.1. Since we are interested in
exploiting the absorption cross section of the charge transfer (CT) band because it is orders of
magnitude higher than that of the f-f transitions of Eu’" in the UV-visible spectral region, we
analysed what happen to this CT band during the re-hydroxylation process. Then, by the PL
technique we followed the re-hydroxylation process versus time of the Eu’':La,Os
nanoparticles and the changes in the CT band were analysed.

Figures 5.9(a) and 5.9(b) show the excitation spectra of the Eu’"-CH-I sample from Oh to
164 h after the calcination of the sample from two different perspectives. In order to compare
the changes of the CT band versus time, all the spectra were normalized in intensity at ~233
nm (see Fig. 5.9(b)) corresponding to the host absorption band from the O 2 p valence band
to the La (5d6s) conduction band. Fig. 5.9(a-b) depicte that within the first 45 h, the CT band
became quite stable, whereas above 50 h after the calcination of the sample, the intensity of
the CT band became lower and lower until it was not able to be distinguished from the host
absorption band. Fig. 5.9(c) shows the excitation spectrum after 150 h of calcination in more
detail. Since the small peaks appearing at higher wavelengths are due to Eu’" f-f transitions,
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they were still observed in the excitation spectrum after 150 h of the calcination of the
samples.

Other authors have already observed changes in the luminescence behaviour of the materials
due to the effects that water adsorption or hydroxyl groups formation can cause. For instance,
Schmechel et al. [218] observed, when studying Eu’":Y,O; nanoparticles that the relative
excitability on the charge transfer process decreased drastically in the presence of water. This
is commonly attributed to the fact that the water molecules efficiently quench the
luminescence of lanthanide ions through non-radiative exchange of electronic energy from
the Ln’" ions to the high vibrational modes of OH groups.
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Figure 5.9. Excitation spectra of the Eu**-CH-1 sample from 0 to 164 h after its calcination (a) tilted
towards the left site, (b) tilted towards the right site, and (c) at 150 h after its calcination.
If we take in consideration the results obtained by the XRD technique (see Figs. 5.5 and 5.6),
La,0; and La(OH); were present in the sample within the range of 25-35 h which
corresponded to the range of time during which the intensity of the CT band was quite stable
(see Fig. 5.9(a-b)). In the XRD patterns, after 40 h only the La(OH); phase was detected. This
time matched well with the time after which the CT band started to decrease in intensity.
Thus, the reduction in intensity of the CT band could be related to the re-hydroxylation
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process what meant on one hand the gradual disappearance of the La,O3 phase in the sample
and on the other hand, the gradual formation of the La(OH); phase.

Hoefdraad et al. [166] observed that the CT band position varies as a function of the host
lattice and concluded that this variation was proportional to the Eu-O distance. In fact, as Fig.
5.10 shows, the CT band shifted slightly towards shorter wavelengths during the re-
hydroxylation process. In the excitation spectrum of the as-calcined Eu**-CH-1 sample, the
CT band is centered at 290 nm whereas for the Eu**-CH-1 sample after 45 and 80 h of its
calcination, the CT bans is centered at 286 and 283 nm, respectively. In agreement with these
results, a similar observation was made on Eu®":Y,0, nanoparticles [218], where the CT band
position shifted from ~238 nm to ~230 after 3 months of exposure in air.

Eu”-CH-1 Oh after calcination
Eu™-CH-145h after calcination
Eu’™-CH-180h after calcination

«—— 290 nm
286 nm

283 nm

Intensity (a.u.)

CT

1 . 1 L 1 N 1 L 1 " 1 PR S
220 240 260 280 300 320 340
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Figure 5.10. Excitation spectra of the as-calcined Eu**-CH-1 sample and the Eu**-CH-1 sample after
45 and 80 h of its calcination.

Figs. 5.11(a) and 5.11(b) show the emission spectra of the Eu’"-CH-1 sample versus time. In
agreement with the results observed in the excitation spectra, the emission intensity has a
similar behaviour during the re-hydroxylation process, as expected since the excitation
wavelength used corresponded to the maximum of the CT band for each emission spectrum
recorded. All the spectra were normalized in intensity at 615 nm for comparison. The
asymmetry ratio /,, calculated at different times after the calcination of the sample by using
the intensity ratio between the peaks at 626 and 595 nm, confirmed the trend of the emission
intensity of the Eu’'-CH-1 sample versus time. The emission intensity decreased at the
beginning of the re-hydroxylation process, later, the emission intensity increased within the
period of 25-50 h, and finally, through a progressive disappearance of the peaks, there was
not emission coming from the sample. The 7, obtained were 4.0, 3.3, 3.1, 3.4, 3.0, 2.8, and
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0.7 for the sample after being exposed to air at 0, 10, 25, 50, 70, 80, and 140 h, respectively
(see Fig. 5.12).
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Figure 5.11. Emission spectra of Eu**-CH-1 sample (a) from 0 to 164 h (b) and at 150 h after
calcination.

We suggest that at the beginning of the re-hydroxylation process the surface of the sample is
covered by water molecules relatively fast and consequently decreasing the emission
intensity. However, after 20-25 hours approximately, the water might be creating interlayers
between the particles. As observed by TEM images (see Fig. 5.4(a-c)), the re-hydroxylated
samples showed smaller particle sizes than their respective calcined samples (see Fig. 5.4(d-
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f). Thus, these interlayers separate the big aggregates formed during the calcination step
which could be related to a slight increase in the emission efficiency. However, after a certain
time, and when more water molecules are found surrounding the sample, the emission
drastically decline, coinciding with a faster transformation of La,O; into La(OH)s.
Furthermore, although the un-doped samples showed a slower re-hydroxylation rate, in
agreement with the results observed by PL, Fig. 5.2 also shows that during the first 20 h after
the calcination of the sample, the re-hydroxylation went faster than during the following 20
hours, and the re-hydroxylated rate increased again after 60 h of the calcination of the CH-1
sample. Fig. 5.11(b) shows the emission spectrum after 150 h of the calcination of the
sample. Here, the peaks were much less intense making difficult its identification with the
corresponding transition. Since we could not obtain the emission spectra of the Eu’*:La(OH);
samples by PL, we believe that this decrease in the intensity of the emission peaks is also
related to the formation of the La(OH); phase.
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Figure 5.12. 1, ratio versus time of the Eu**-CH-1 sample during atmosphere exposure.

In order to confirm the decrease in the emission efficiency, the fluorescence lifetime of the
Eu’":La(OH); nanoparticles was measured. Figure 5.13(a) shows the fluorescence lifetime at
room temperature of the Eu’'-CPechl sample after several days and consequently re-
hydroxylated (Eu’"-CPechl). From the results observed in the re-hydroxylation studies, we
suggest that this sample should be only partially re-hydroxylated. Additionally, Fig. 5.13(b)
shows the emission spectrum of this sample which corroborated that the re-hydroxylation
was not complete since it still showed several emission peaks. This spectrum was recorded
from 550 to 750 nm by using the OPO laser under pumping at 394 nm. The decay curves
were monitored at 615 nm. The lifetime derived from the single exponential fitting was 460
us. In comparison with the lifetime obtained for the Eu’-CPechl sample, which was 1.02 ms
(see Fig. 4.17), the lifetime for the Eu’"-CPechl-R sample was significantly lower. Other
authors have already observed a decrease in the lifetimes due to the increased nonradiative
decay processes involving the vibrational modes of the water molecules at the surface [218].
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Figure 5.13. (a) Lifetime decay of the Eu**-CPech1-R sample recorded at room temperature and (b)
its emission spectrum.

Changes on the position of the Charge Transfer (CT) Band

In order to explain the disappearance of the CT band during the re-hydroxylation process, we
focused our attention on the Eu-O distance. To study the Eu-O distance in the La(OH);
structure, the X-ray diffraction patterns of the Eu**-Pvu, Eu®**-H-1, Eu**-MwH-323-5 and
Eu**-H-24-IMP precursors were recorded at slow conditions (an angular step of 0.02° at 16 s
per step). Additionally, the Eu-O distance was also studied in La(OH); generated from the
La,05 re-hydroxylation process of the Eu**-CH-1 sample. The resultant re-hydroxylated
sample was named Eu®**-CH-1-R. The lattice parameters of these precursors and of this re-
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hydroxylated sample were refined from the respective X-ray diffraction patterns using the
Full-Prof software based on the Rietveld method (see Fig. 5.14). The lattice parameters of un-
doped La(OH); were taken as reference, listed in the 36-1481 reference pattern of the JCPDS
database, that are a=b= 6.5286 A, and c= 3.8588 A [110]. As we did for lanthanum oxide, we
refined 10 different parameters: one overall scale factor, six background parameters, five
shape parameters and three cell parameters.
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Figure 5.14. Experimental (black line), calculated (red line), and difference (bottom) results of XRD
refinement for the Eu®**-CH-1-R sample by the Fullprof software.

Then, the La-O distances were calculated by using the ATOMS software and introducing for
each sample their experimental lattice parameters obtained with the refinement performed in
the Full-Prof software. Assuming that Eu®* was replacing La** in the structure of La(OH)s,
occupying the S; symmetry sites, the La-O distance calculated, can be considered as the Eu-O
distance. The structure of the La(OH); is hexagonal and belongs to the P6s/m space group.
The coordination polyhedra of La in this structure can be described as a trigonal prism with
the lanthanum located at its center. Lanthanum is nine-coordinated with two unique metal-
oxygen bond distances (La-O(1) = 2.551(3) A and La-O(2) = 2.588(3) A). Six of the nine
coordinating oxygens are located at each of the corners of the trigonal prism. Those are the
apical oxygens, O(2), with longer bond distances, three above and three below the mid-
horizontal plane. The remaining three coordinating oxygens, O(1), are equatorial with shorter
bond distances, and being located near the center of the rectangular faces of the trigonal
prism. The atomic coordinates of the La(OH); structure are listed in Table 5.3. Figure 5.15
shows three projections of the structure of La(OH); along the three crystallographic axes.

Table 5.3. Coordinates of the La, O and H atoms for the La(OH)j; structure.

X y z

La 1/3 2/3 0.25
o 0.3916  0.3095 0.25
H 0.225 0.152 0.25

141



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

CHAPTER5 M. Méndez

Figure 5.15. Image depicting three projections of the La(OH); structure along the (a) a, (b) b and (c) ¢
crystallographic axes.

Table 5.4. Experimental lattice parameters and average Eu-O distances of the precursor La(OH);
samples prepared by using different methods.

Lattice parameters (A) Average Eu-O
Sample .
a=b c distance (A)
EW-Pwu 6.5288(3) 3.8588(4) 2.5652
EW*-H-1 6.5286(7) 3.8585(0) 2.5651
Eu*-MwH-323-5 6.5287(9) 3.8587(6) 2.5652
Eu**-H-24-IMP 6.5286(0) 3.8588(4) 2.5651
Ew*"-CH-1-R 6.5230(8) 3.8528(3) 2.5625

The experimental results of Eu-O distances for the precursor and the re-hydroxylated samples
synthesized by using different methods are listed in Table 5.4. As was already observed in
Chapter 4, section 4.2.6, the smaller lattice parameters for La(OH); doped with Eu’* in
comparison with pure La(OH); could be attributed to the introduction of europium in the
structure of the crystals. The results of the Eu-O bond distances were within the range
2.5651-2.5652 A for the precursor samples and 2.5625 A for the re-hydroxylated sample.
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Therefore, the La(OH); sample generated by the re-hydroxylation process had shorter Eu-O
bond distances and smaller lattice parameters than the La(OH); precursors. From these
results, we can say that by using different synthesis methods to prepare the Eu’":La(OH);
nanoparticles, the Eu-O distance was not affected significantly.

According to Hoefdraad et al. [166], the shorter the Eu-O bond distance, the shorter the
wavelength where the CT band is found. Therefore, since the Eu-O distance in La(OH); is
larger than that of La,Os; one would expect a shift of the CT towards longer wavelengths.
Since we compare the Eu**-O% CT band position in these two different hosts, La(OH), and
La,0;, the covalency of the compound might be also an important parameter to be
considered. Bouchard et al. [167] observed that as the covalency increases, the interaction
between the electrons is reduced, so that they spread out over wider orbitals and consequently
the CT band shifts to longer wavelengths. Recenty, Sunding et al. [203] reported that La-O
bonds present larger covalency in La,0; compared to La(OH)s. Thus, this would explain the
fact of having the CT band at shorter wavelengths in La(OH); than in La,O;. However, we
observed that when the time of exposure of the sample to air increased, the CT band was not
formed. This fact has been already observed in other hosts and it could be directly related to
the Eu-O distance length. Table 5.5 shows different Eu** doped hosts with the position of
their corresponding CT band and the Eu-O distance. Thus, it seems that it exists a limitation
for the Eu-O distance for which the CT band can be formed. Whereas for the La,O; host,
which has a Eu-O distance of ~ 2.5342 A, the CT band can be successfully formed, for
La(OH)s, which has a Eu-O distance of ~ 2.5652 A, the CT band could not formed.

Table 5.5. Examples of several Eu** doped hosts with the position of their corresponding CT band and
their Eu-O distance.

Host CT band position (nm)  Eu-O distance (A) Ref.
Y03 ~ 250 2.297 [219]
Lny(WO,)3 ~ 260 2.387-2.495 [220]
NaGdw ~ 261 2.450-2.478 [221]
La,Os ~ 290 2.5342 This work
KLuw Not observed 2.217-2.765 [222]
La(OH)3 Not observed 2.5652 This work

Thus, we believe that the Eu-O distance in La,O;3 is already almost at the limit value for
which the CT band can be formed, and a further increase of this distance, as it is produced in
the La(OH); phase, produces the disappearance of this CT band.
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5.3. Chemical stability of Eu*":La,0,S nanoparticles

The spectroscopic results obtained at different times after the synthesis of the Eu**:La,0,S
sample were rather different (see Figs. 5.16(a) and 5.16(b)) than those obtained for the
Eu**:La,0; samples versus time.

Figure 5.16(a) shows the excitation spectra versus time from 0 h to 40 days after the synthesis
of the Eu**:La,0,S sample. The 3D graph was normalized at 395 nm in intensity and the
excitation spectra monitored at 624 nm. The two broad bands, located at 264 and 340 nm
corresponding to the Eu®**-O% and Eu®**-S* CT bands, respectively, remained unchanged and
the sample seemed not being structurally affected by the environmental moisture. Figure
5.16(b) shows the emission spectra monitored under excitation at 340 nm and shows that the
luminescence intensity was maintained also unchanged for at least 40 days after the
Eu**:La,0,S sample synthesis.

Therefore, we can say that La,0,S is more stable than La,O3 to be affected by CO, and water.
Thus, using Eu*":La,0,S nanoparticles instead of Eu**:La,0; nanoparticles allow us to use
almost the same optical properties of the Eu** ion observed in La,05 nanocrystal but avoiding
the problems of re-hydroxylation that presents La,0Os.

The XRD pattern of the as-synthesized Eu’*:La,0,S sample presented the La,0,S as the
main phase, but traces of La,0,SO,4 and La,O; were also found (see Fig. 5.17). In order to
corroborate the study about the chemical stability of the La,0O,S phase, we also recorded
XRD patterns of this sample after several days of its synthesis. As Fig. 5.17 shows, we
observed that the traces of La,O3 present in the as-synthesized sample were transformed into
traces of La(OH)s. On one hand, we can say that the La,O,S did not avoid the La,Os
transformation into La(OH)s;. But on the other hand, as there were only few amounts of
lanthanum oxide/hydroxide in these samples, the luminescence properties were not affected.
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Figure 5.16. (a) Excitation and (b) emission spectra versus time of the Eu®**:La,0,S sample.

145



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

CHAPTER5 M. Méndez

* La,0,8 AlLa(OH); O La,0,50, I La,0;
53,
— Eu .LaZOZS

* after several days of the
sample preparation
3,
A — EU .Lazozs

just prepared

Intensity (a.u.)

20 ()

Figure 5.17. XRD pattern of as-synthesized Eu®:La,0,S nanoparticles and after 40 days of its
synthesis.
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A good dispersion of particles with sizes in the nanoscale is essential to profit their unique
size-dependent properties in which fundamentally they differ from those of the bulk
materials. In this chapter, we will present the methods and techniques that we used to
disperse lanthanum-doped compound nanoparticles. Different characterization techniques
have been applied to study the dispersion of Eu’:La,0;, Eu’":Bi’":La,0; and Eu’":La,0,S
nanoparticles: dynamic light scattering (DLS), TEM; and their functionalization: TGA and
IR. Finally, we have studied the luminescent properties of the Eu’" ion and the chemical
stabilization of the La,O; and La,0,S hosts after the functionalization process by using the
PL technique.
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6.1. Overview

Nanoparticles are valuable for their unique properties due to their small sizes in which
fundamentally they differ from those of bulk materials and therefore have great potential for
use in electronic, chemical, mechanical, and biological industries [223]. However, the
particles can not always be considered to belong to the nanoscale because when they become
sufficiently small and the surface energy is significantly high, spontaneous agglomeration
occurred [224]. Additionally, nanoparticles frequently display their particular properties only
when they are dispersed and uniformly distributed while aggregation and agglomeration
produce unpredictable crystal size distributions and shapes, both of which are key factors
characterizing the physical properties of the powder product [225]. In nanocomposites,
agglomeration can be also an important problem due to the combination of organic and
inorganic materials. A clear example is the increasing number of studies in obtaining
homogeneous, stable and aggregate-free nanoparticle-polymer blends [226]. Some of the
earliest and most well-known organic-inorganic representatives are certainly derived from
painting and polymer industries, where inorganic pigments of fillers are dispersed in organic
components (solvents, surfactants, polymers, etc.) in order to improve their optical and
mechanical properties [226].

Agglomerates consist of two or more individual particles. They can be classified as soft or
hard agglomerates. Soft agglomerates are bonded by Van der Waals forces, whereas hard
agglomerates are sintered. Only soft agglomerates can be disaggregated [40]. During the
aggregation step, the individual particles (also so-called primary particles) collide with each
other, leading to adhesion based on a weak physical attraction between the particles [225].
This physical attraction is held together by Van der Waals forces as well as strong and weak
chemical or sintering bonds [227], especially in the case of particles in the nanometer size
range, where the interaction between the particles is very strong due to their high specific
surface and small particle size. Several decades ago, four authors developed a theory to
explain the observed instability of a colloidal dispersion against irreversible aggregation in
solutions of high ionic strength. According to the DLVO (Derjaguin-Landau-Verwej-
Overbeeek) theory, the sum of the interaction potentials between two particles yields the total
interaction [228,229]. Near the particle surface the cumulative interaction potential often
shows a minimum, resulting in strong attractive forces and thus leading to stable
agglomerates when particles are getting close to each other. Therefore, it is not difficult to
comprehend that high stresses are needed for de-agglomeration. It is well known that the
resistance against fracture (agglomerate strength) depends on the size of the surface defects
and the fracture toughness of the particles assembly [230].

De-agglomerated nanoparticles can be obtained during or after their synthesis by
functionalizing their surfaces, and by applying mechanical techniques such as sonication,
high shear mixing, mechanical milling, and high-pressure processing. Surface
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functionalization involves covalent [231-233] and non-covalent [234] bonds between the
functionalizing agent and the nanoparticle surface whereas the use of mechanical techniques
does not modify the chemical surface of the nanoparticles.

Markovi¢ et al. [235] used ultrasonication to break up barium titanate (BaTiO3) agglomerated
powders in an isopropanol suspension. The average of the particle sizes was 1.4 um without
sonication and 64 nm after 3 h of sonication. However, several studies concluded that the
most influential factor on agglomeration is the agitation of the suspension [236]. Therefore,
agitation has a complicated and an opposite effect on the agglomeration process because on
one hand, it promotes more collisions among the particles but on the other hand, the
aggregates formed can be broken by the turbulent motion generated by the agitation [237].
Sonication is a very common technique, and its influence on aggregation/agglomeration is
mainly determined by the sonic frequency, the sonication power, the treatment time, and
solution characteristics, such as the surface tension, the gas solubility, the vapour pressure,
and the viscosity [235,238]. Other authors have established also that the shape of the
experimental vessel exerts an important effect on the intensity of the sonication [235]. Thus,
sonication in a flat-bottom vial generated a random effect on the contents of the vessel
whereas when a round-bottom tube was used, the effects of sonication were considerably
more consistent.

Functionalization is usually employed for surface modification in order to achieve desired
surface properties such as water repellent for automobile windscreen but is also used to link
molecules such as fluorescent dyes, proteins and other compounds of interest for a variety of
applications such as sensors or catalysts [239]. Eu®** doped La(OH); nanophosphors, have
been recently functionalized by C. Sun et al. [201] for bioimaging applications. Thus, the
surface of Eu®":La(OH); was modified by functionalization with aminopropyltriethoxysilane
(APTES) in toluene to improve chemical stability and provide amine functional groups for
conjugation of biomolecules. Another related example was the functionalization of
lanthanum hydroxide nanowires by atom transfer radical polymerization [240]. The La(OH);
nanowires have been found to have high potential in the field of biological labelling.

Recently, Kriger et al. [224] reported an easy way to functionalize nanodiamond surfaces:
the silanization reaction. It consists of a simple condensation reaction between hydroxyl
groups and (3-acryl-oxypropyl)trimethoxysilane (APTMS) in dry THF and under ultrasonic
irradiation. Using the bead-assisted sonication technique (zirconia beads), Kriiger et al. in
2010 [224] developed a versatile and efficient method for the simultaneous de-agglomeration
and surface functionalization of strongly agglomerated nanoparticles. The results showed
homogeneously functionalized nanodiamond particles in a colloidal solution with sizes
around 8 nm.

The interest in de-agglomerating the nanoparticles synthesized in this thesis is mainly their
application in organic solar cells. If nanoparticles form large aggregates, the structure of the
final device, which is usually fabricated of thin organic films with thicknesses of around a
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few hundred nanometers, will be further affected by those aggregates. The structure of
organic solar cells is directly related with the properties of the device, and they require high
homogeneity and smooth surfaces.

6.2. Mechanical techniques for nanoparticle dispersion

Throughout Chapter 3 we observed how the particle sizes were in the nanoscale but at the
same time, they were forming large aggregates becoming particles in the microscale.
Therefore, in the first part of this chapter, we analyse the dispersion degree of
Eu’":Bi’*":La,0; nanoparticles (sample Eu®":(1%)Bi**-CPechl) after using several
mechanical dispersion techniques such as an ultrasound bath or an ultrasonic processor, and
also with the application of an air flow to Eu*":La(OH); nanoparticles (sample Eu**-H-1)
during the calcination step to get Eu**:La,0O, nanoparticles instead of using static air.

6.2.1. Sonication of the nanoparticles by using an ultrasound bath
and an ultrasonic processor

Effect of the sonication time on the dispersion of the nanoparticles

In order to find out the optimum time of sonication when using the ultrasound bath and the
ultrasonic processor with a 5 mm micro tip, several tests were carried out in Eu®":Bi**:La,05
nanoparticles. Figures 6.1(a) and 6.1(b) show the photographs of the ultrasound bath and the
ultrasonic processor, respectively, used in this thesis. The ultrasonic processor is more
powerful than the ultrasound bath because, among others, it holds a tip, which is responsible
for emitting the sonic waves, and is directly introduced into the suspension to be dispersed.

All tests were performed at room temperature but the use of ice was necessary in most cases
to balance the increase of temperature produced from the agitation waves applied for long
times. We focused the study on the effect of the sonication time on the dispersion of
nanoparticles. Thus, only tetrahydrofuran (THF) solvent was used and the sonication power
was kept always constant. Eu®":(1%)Bi**-CPechl was the sample used to carry out these
tests. Round-bottom tubes were used as sonication vessels, and all the samples were prepared
with 10 mg of Eu®*:(1%)Bi**-CPech1 nanopowder in 1 ml of THF. We used this amount of
nanoparticles on the basis of the previous results reported [224], as well as the election of
THF as solvent.
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Figure 6.1. Photographs of (a) the ultrasound bath and (b) the ultrasonic processor equipment used to
disperse the nanoparticles.

The tests performed using the ultrasound bath were carried out for 1, 2, 5, 10, 60 and 120
minutes and the tests performed using the ultrasonic processor were carried out for 1, 5, 10,
60, 120, 210, 300 and 420 min. Figure 6.2 shows a photograph of the Eu®*":(1%)Bi**-CPech1
nanopowder after its dispersion in THF solvent by using the ultrasound bath technique.

- |

Figure 6.2. Photograph of the Eu®*:(1%)Bi**-CPech1 nanopowder after its dispersion in THF solvent
by using the ultrasound bath technique.

ey

Figures 6.3(a) and 6.3(b) show the nanoparticle dispersion results obtained for this sample by
the dynamic light scattering (DLS) characterization technique. It was not possible to take the
measurement at time 0 min due to the large particle size, which maintained them at the
bottom of the cuvette.

Fig. 6.3(a) shows the DLS results obtained after using the ultrasound bath to disperse the
nanoparticles. The curve obtained after using the ultrasounds for 1 min showed that the
particle size average was around 1.15 um. When we increased the ultrasound time from 1
min to 2 min, two different bands appeared. That is known as polydispersion, and means that
the nanoparticles have different particle sizes but at the same time well distributed in more
than one group. However, most of the particles had sizes around 1150 pm, since the
percentage of the volume fraction was higher than that for the band centred at 5 um. It is
clear, that by increasing the ultrasound time up to 60 min did not show a significant
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improvement, making this technique not powerful enough to disperse the particles, or the
aggregates, to a nanometer scale.
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Figure 6.3. DLS results for the tests carried out by the (a) ultrasound bath and the (b) ultrasonic
processor for different sonication times for the Eu®*:(1%)Bi**-CPech1 sample.

The DLS results obtained for the Eu®*:(1%)Bi**-CPechl sample dispersed by using the
ultrasonic processor are shown in Figure 6.3(b). The dispersion results after 1 min of
sonication, showed particles with sizes around 500 nm. These particles were smaller than
those obtained by using the ultrasound bath technique for 1 min. Nevertheless, the results
after sonication of the sample for 5 min showed a polydispersion with most of the particles
with sizes around 1.3 pum (Figure 6.3(b)). This indicates that the collisions of the particles
lead to an increase of aggregates formation, as previously reported by other authors [225].
However, after 60 min of sonication the sample presented monodispersion with sizes around
800 nm and after 120 min of sonication the sizes of the particles were larger again and around
1.2 pm. These fluctuations observed in the particle size might be related with the time
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between stopping the sonication and starting to measure the particle size distribution in the
sample. At longer times, the larger particles would tend to precipitate at the bottom of the
cuvette faster than the smaller particles, and thus, the equipment would be detecting a higher
percentage of smaller particles. Figure 6.4 shows the DLS results of a sample measured
immediately after the sonication process (1st measurement), which showed polydispersion
and large particle sizes, and after 2 minutes, approximately (2nd measurement), which in
contrast, showed smaller particles and monodispersion. Figure 6.5 shows the photograph of
the samples taken immediately after the sonication (image on the top) and taken after 15
minutes approximately (image on the bottom), which shows most of the particles precipitated
at the bottom of the vial.

Therefore, as previously observed in the results obtained by mechanical means it was not
possible to de-agglomerate effectively the synthesized nanoparticles.
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Figure 6.4. DLS results for the Eu**:(1%)Bi**-CPech1 sample measured immediately after the
sonication process and measured after 2 min approximately.
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Figure 6.5. Photograph of several vials containing portions of the Eu®**:(1%)Bi**-CPech1 sample
taken immediately after sonication (image on the top) and later on after 15 minutes approximately
(image on the bottom).

Effect of the solvent used on the dispersion of nanoparticles by using the ultrasonic processor

The solvent was another parameter studied in the attempts to disperse the nanoparticles.
When dealing with applications in which lanthanum compound nanoparticles have to be
dispersed in polymer matrices, non-aqueous dispersion media are often required. In other
words, polymers are often soluble in polar aprotic solvents. So, by using this kind of solvents
to disperse the particles is a better approximation for the later co-existence of both materials.
The solvent used up to now was the THF; now other dispersion tests were carried out to
disperse the Eu**:(1%)Bi**-CPechl sample but using other polar aprotic solvents: o-
dichlorobenzene (0-DCB), dimethyl sulfoxide (DMSO) and N-methylpyrrolidone (NMP).
The chemical structure of these solvents is shown in Figure 6.6.

CH,
Cl

N

Cl 0]
o e

0 |
o-Dichlorobenzene S, N-methylpyrrolidone
(0-DCB) C \ch, (NMP)
CH3;
Tetrahydrofuran Dimethyl sulfoxide
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Figure 6.6. Chemical structure of the solvents used in the non-functionalization dispersion tests by
mechanical meanings.
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The 0-DCB solvent was chosen specially for its good solubility of conjugated polymers
[240]. These conjugated polymers (see later in Chapter 7) are often used in photonic
applications. Then, having a stable colloidal solution of particles in the same solvent might
represent an advantage. Solvents with high polarities generally tend to disperse particles and
DMSO has been reported to do so even more efficiently than water [239]. One of the reasons
for this is that DMSO is one of the strongest hydrogen-bonding acceptors known, several
orders of magnitude stronger than water. This property causes efficient breaking up of any
hydrogen bonding present on the surface of a single particle, as well as interparticle hydrogen
bonding. NMP had similar chemical properties than DMSO.

In the tests carried out by using 0-DCB, we visually observed how the solution containing the
particles changed from white colour to light brown until becoming completely dark brown
after increasing the sonication time (see Fig. 6.7(a-b)). Other authors also observed this
peculiar characteristic with haloaromatic solvents [240]. This is due to the decomposition of
the solvent and its polymerization when it is subjected to ultrasonication. These compounds
are known as sonopolymers.

@ (b)

Figure 6.7. Photograph of the Eu®*:(1%)Bi**-CPech1 sample dispersed in 0-DCB solvent (a) before
and (b) after using the ultrasonic processor.

Figure 6.8.(a) Photograph of the Eu**:(1%)Bi**-CPech1 sample dispersed in DMSO solvent by using
the ultrasonic processor and (b) photograph of the solution after the centrifugation and washing
treatment.
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The tests using DMSO solvent did not present better results than those obtained with 0-DCB
since DMSO also seemed to decompose under ultrasonication taking into account that the
solution changed from white colour to brown (see Fig. 6.8(a)). In order to isolate the particles
from the decomposed organic solvent, a washing treatment with acetone and centrifugation
was performed. However, the particles precipitated at the bottom and maintained the brown
colour, indicating that the solvent might be attached irreversibly on the surface of the
particles (see Fig. 6.8(b)).

Figure 6.9 shows the results obtained by using the NMP solvent. Although this polymer did
not seem to decompose/polymerize, the particle sizes observed by DLS were within the range
of the results already observed by using THF. This figure shows the DLS measurements of
the Eu®*:(1%)Bi**-CPechl sample performed after using ultra sonication for 10 min,
recorded immediately after the sonication process, and 2 and 4 min approximately after
stopping the sonication process. As explained above, the measurements recorded at 2 and 4
min after the sonication process showed a higher percentage of smaller particles than the
measurement recorded immediately after the sonication process because the larger particles
precipitate at the bottom of the cuvette faster than the smaller nanoparticles.
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Figure 6.9. DLS results for the Eu®**:(1%)Bi**-CPech1 sonicated by ultrasonic processor and using
NMP solvent recorded immediately after the sonication process, and 2 and 4 min later.

From these results, we concluded that another strategy was necessary to obtain de-
agglomerated particles.
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6.2.2. Calcination of the nanoparticles using air flow

One of the main reasons of having the particles forming large aggregates was the high
calcination temperature (1173-1273 K) used during the synthesis process. This temperature is
necessary in order to obtain the lanthanum oxide as the unique crystalline phase. Thus, we
proposed to pass an air flow through the nanopowder during the calcination step in order to
favour the elimination of the water formed during calcination, and therefore, obtain
lanthanum oxide nanoparticles with a lower degree of aggregation. To make this test, the
Eu**-H-1 sample was introduced in a quartz reactor covered with a porous membrane, which
allows the pass of air.

Figs. 6.10(a) and 6.10(b) show the nanoparticles obtained after calcination under an air flow
(2 mL-s™) at 1173 K for 2 h. The aggregation degree of the nanoparticles was similar to that
of the Eu®*-CH-1 sample calcined without applying an air flow (see Fig. 3.25). Therefore,
this technique was not useful to obtain disaggregated lanthanum compound nanoparticles.

.

500 nm

500 nm

Figure 6.10. TEM images of Eu**-CH-1 sample after calcination at 1173 K for 2 h and using an air
flow.

6.3. Functionalization methods for the disaggregation of
Eu’*:La,0; nanoparticles

In Chapter 5 we observed how lanthanum oxide nanoparticles can react with water and be
transformed into lanthanum hydroxide very fast. This fact is not an advantage for the
luminescence properties, since we could not detect any absorption band and only very low
emission intensities in Eu®:La(OH); nanoparticles (see Figs. 5.9 and 5.11). However, at the
same time, we can take benefit from this important hygroscopic behaviour, because the
surface of La,0O; might be fast surrounded by OH groups from the adsorbed water, and these
OH groups can be used to functionalize the surface of the nanoparticles. Functionalization of
nanoparticles, also called modification or coating of the surface, can allow us de-agglomerate
those particles. Therefore, functionalization was applied during the synthesis of the
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Eu**:La(OH); nanoparticles by using polyacrylic acid (PAA) and to Eu**:Bi**:La,0; and
Eu**:La,0,S nanoparticles by using (3-acryl-oxypropyl)trimethoxysilane (APTMS).

6.3.1. Functionalization by polyacrylic acid: @PAA

In order to obtain a better dispersion and smaller nanoparticles, the use of an organic
compound, in this case PAA which is able to react with the Eu3+:La(OH)3 surface, was used
during the synthesis of the nanoparticles. The PAA chemical structure is shown in Figure
6.11.

Figure 6.11. Chemical structure of the polyacrylic acid.

Thus, one test was carried out to functionalize the Eu®":La(OH) surface by using PAA. 1 g
of PAA (Aldrich, M.W 250,000.) was dissolved in 50 ml of distilled water. Then, NaOH
(Merck, 99%) was added to have pH = 6 in order to obtain the sodium polyacrylate. Finally, a
solution 0.04 M of La(NO;);-6H,0 and Eu(NOs);-5H,0 was added to the sodium
polyacrylate solution. The Eu®':La(OH); nanoparticles precipitated very fast due to the
basicity of the solution. The Eu**:La(OH), sample obtained was named Eu**:La(OH);@PAA.
These nanoparticles were characterized by TEM (see Fig. 6.12(a-b)). Fig. 6.12(a) shows
small nanoparticles with sizes between 50 and 150 nm. However, as Fig. 6.12(b) shows, most
of the nanoparticles were found still forming aggregates.

(a)

47 nm

'w 133 nm

i 200 nm

Figure 6.12.(a-b) TEM images of the Eu**:La(OH);@PAA sample.
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6.3.2. Functionalization by (3-acryl-oxypropyl)trimethoxysilane:
@APTMS

Based on the method developed by Kriuger et al. [224], we used the (3-acryl-
oxypropyl)trimethoxysilane (APTMS) to functionalize several doped lanthanum compound
nanoparticles. In that method, Kriiger et al. used zirconia beads and a mixture of APTMS and
THF solvent to disperse agglomerated nanodiamonds. Beads were not used in our process
because lanthanum compound nanoparticles are soluble in strong acids and zirconia beads
require strong acids to be removed from the sample. From the results of some preliminary
tests, another modification was introduced in the method. Instead of using a mixture of THF
as the medium of dispersion and APTMS as the functionalizing agent, we used APTMS for
both functions.

Figure 6.13 shows a schematic representation of the reaction between the Eu®":Bi**:La,0;
nanoparticles represented by 7-fold coordinated La,O5 polyhedra, surrounded by OH groups
from the water adsorbed from the atmosphere, and the APTMS compound. The silanization
reaction is a simple condensation reaction between these -OH groups and the -OMe of the (3-
acryl-oxypropyl)trimethoxysilane (APTMS). With an excess of APTMS we can assure the
maximum reaction rate and consequently, the maximum separation rate of the particles.

o]

MeO
~ CH
/sa/\/\o)% 2
MeO” \

OMe CHj3

5 hours under sonication
 —

Room temperature

Figure 6.13. Schematic representation of the silanization reaction between the -OH groups
surrounding the Eu®*:Bi**:La,0; nanoparticles and the -OMe groups of the APTMS.

The samples used in the functionalization tests were Eu**:(1%)Bi**-CPech1 and Eu®**:La,0,S
because they exhibited the most interesting luminescence results to be used in solar cells
applications (Chapter 4, section 4.2.6). In order to functionalize the nanoparticles, 100 mg of
nanopowders were mixed with 5 ml of APTMS (Serva, 85%) into a round-bottom flask.
Then, the solution was agitated for 5 hours in the ultrasonic processor using a 5 mm micro
tip. The process was carried out at room temperature, with the round-bottom flask submerged
in a water bath to palliate the increase of temperature due to the agitation process. The
mixture was stable, since the particles did not precipitate at the bottom of the flask for several
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hours (see Fig. 6.14). The excess of APTMS compound was removed in order to have only
the functionalized nanoparticles for the desirable applications.

Figure 6.14. Photograph of the Eu**:Bi**:La,0; functionalized nanoparticles in the APTMS solution.

To remove the excess amount of APTMS, the particles were washed with acetone. Therefore,
5 ml of acetone were added to the mixture and immediately ultrasonicated for 5 min. Finally,
the mixture was centrifuged at 15000 rpm for 3 min to separate the functionalized
nanoparticles by depositing them at the bottom of the flask. The washing step was repeated
three times, until the supernatants became colourless. The functionalized samples were
named by adding @APTMS, e. g. the Eu**:(1%)Bi**-CPech1@APTMS sample was the
Eu*":(1%)Bi**-CPech1 sample after the functionalization and washing processes.

The particle sizes of the Eu®*":(1%)Bi**-CPech1@APTMS sample were analysed by the DLS
technique. Among other parameters such as the cuvette dimensions, the temperature, etc., the
viscosity of the solvent is another important parameter to take into account to get an
appropriate measurement of the size of the particles when using this technique. Thus, the
viscosity of APTMS was measured at 298 K, using a Ubbelohde viscometer, operating at a
controlled temperature. The kinematic viscosity in mm?.s™ was extracted from the following
equation:

v =kt (Eg. 6.1)

where k is a constant provided by the Ubbelohde viscometers tables and t is the flow through
time. The viscosity average obtained for the APTMS was 2.4 mm?-s™.

Figure 6.15 shows the particle size distribution obtained by the DLS technique. The curves
correspond to the Eu*:(1%)Bi**-CPech1@APTMS sample before and after the acetone
washing process. It is clear that the washing process did not affect significantly the particle
size, and for both samples, the nanoparticles exhibited sizes around 250 nm. The curves
exhibited ranging sizes from 100 to 450 nm approximately.
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Figure 6.15. Particle size distribution of the Eu**:(1%)Bi**-CPech1@APTMS sample before and after
the acetone washing process.

TEM images exhibited significant differences after the functionalization process. Figure
6.17(a) shows a TEM image of the Eu**:(1%)Bi**-CPech1 sample whereas Figures 6.17(b-e)
show several TEM images of the Eu**:(1%)Bi**-CPech1@APTMS sample. It can be clearly
observed the effect of the sonication and the functionalization in the dispersion of the
particles, which allows distinguishing in a better way the size and the morphology of the
nanoparticles.

The particles were irregular with round borders. A possible explanation for these round
borders might be that the collisions between the particles during the sonication process
fracture their surface. The dispersion of the nanoparticles was more efficient than that
obtained by using mechanical techniques. This was confirmed because several particles could
be found individually. Additionally, the contrast of the particles in the TEM images was
lower (see Fig. 6.11(e)) than that in the non-functionalized sample, which showed particles
with high contrast (see Fig. 6.11(a)). As previously observed in the results obtained by
Kruger et al. [224], APTMS was not identified in the TEM images.
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Figure 6.16. TEM images of (a) the Eu*":(1%)Bi**-CPechlsample and (b-e) the washed
Eu®":(1%)Bi**-CPech1@APTMS sample.

The silanization reaction was followed by infrared (IR) spectroscopy and thermogravimetric
analysis (TGA). Figure 6.17 shows the infrared spectrum of the as-calcined nanoparticles
(Eu*":(1%)Bi**-CPechl), the spectrum of the nanoparticles after an ultrasound bath
sonication for 5 min, the spectrum of the functionalized nanoparticles (Eu®*:(1%)Bi%"-
CPech1@APTMS) and the spectrum of a representative Eu**:La(OH); sample (Eu®**-H-24).
The spectrum of the calcined sample, analysed already in Chapter 3 (see Figs. 3.22 and 3.23)
shows slight differences with the spectrum taken after ultrasound bath sonication. The
sonication process allows the introduction of water and carbonate species into the sample by
the cavitation and waves formed. The absorption peaks at 3614 and 3439 cm™ were attributed
to the stretching vibration mode of the O-H bond and the bending vibration of H-O-H,
respectively. Thus, the peak at 3614 cm™, not present in the as-calcined sample, was
indicative of the presence of La(OH)3, which was in good agreement with the spectrum of the
Eu®*-H-24 sample. Additionally, new peaks from the vibration modes v;., of the CO5* within
the 1636-652 cm™ range can be also observed in the spectrum taken after ultrasound bath
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sonication in comparison with the as-calcined sample. However, the most notable differences
appeared when analysing the functionalized sample. It exhibited absorption bands
corresponding to acrylate groups (H,C=CH-C(=0)-) within the range 1110-1700 cm™ [224]
together with the peaks appearing at 2942 and 2840 cm™ which might be also attributed to the
C-H stretching vibration from the acrylate groups. Other authors [240] had assigned the two
intense peaks located in the range 100-1200 cm™ to the stretching of the Si-O-Si group,
which in our case it would corroborate the successful silanization. The high intensity band at
1718 cm™ became stronger in comparison with the non-functionalized samples due to the
ester group (C=0O) vibration, which corresponded to the methacrylate groups of the
organosilane compound attached to lanthanum oxide nanoparticles. The typical band
attributed to the La-O stretching vibration mode shifted from 649 cm™ in the non-
functionalized sample to 630 cm™ in the functionalized sample. We suggest that, this can be
due to the Si atoms linked to O atoms, giving rise to the v(La-O-Si) vibration [161]. With
these bands observed in the infrared spectra we could confirm the successful
functionalization of the nanoparticles by the silanization reaction.

]
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Figure 6.17. Infrared spectra of the as-calcined Eu*:(1%)Bi**-CPechl , Eu®*":(1%)Bi*"-CPech1 after
ultrasound bath sonication and Eu*:(1%)Bi**-CPech1@APTMS samples.
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Figure 6.18. TGA curve of the Eu®*:(1%)Bi**-CPech1@APTMS sample.

Thermogravimetric analysis also corroborated the successful functionalization of the
Eu®*:(1%)Bi**-Pech1 sample (see Fig. 6.18). The sample was heated at a rate of 10 K-min™
from 298 K to 1173 K under a nitrogen atmosphere. Since the Eu®*:(1%)Bi%**-
CPech1@APTMS was the functionalized sample of Eu®":(1%)Bi**-CPechl, it was already
calcined and therefore no important weight losses in the thermograms should be expected.
However, the functionalized sample presented a remarkable weight loss at around 623 K
(11.04%). That might be attributed to the presence of APTMS, which present the boiling
point at 526 K and it was around this temperature when we observed that the sample weight
started to decrease. Other weight losses were at 773 K and at 1023 K (see Fig. 6.18) and
could correspond to the loss of hydroxyl and carbonate species formed during the
dispersion/functionalization process. In the infrared spectrum of this sample, some peaks
related to hydroxyl and carbonate species were also observed (see Fig. 6.17). However, the
percentage of their weight loss was very low in comparison with that related with the
APTMS loss. The surface loading ratio informs us about the capability of the organic
compound to react with the nanoparticle surface [42]. The surface loading obtained was 0.71
mmol-g™ and was calculated by the following equation:

Weight loss (%)

Surface loadmg (mmOI/g) - sample weigth (mg)-MW of APTMS (ﬁ)

(Eq. 6.2)

According to Kriiger et al [42], depending on the choice of alkoxy groups, the surface loading
can be tuned between 0.3 and 1.5 mmol-g™. We can say that the value obtained in our case is
within this range. However, further studies should be done in order to increase this ratio if
necessary.
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500 nm

Figure 6.19. TEM images of (a) the Eu®**:La,0,S sample and (b-e) the washed Eu*": La,0,S@APTMS
sample.

The Eu*":La,0,S@APTMS sample was also functionalized by APTMS and the resulting
nanoparticles are shown in the TEM images of Fig. 6.19(a-e). In agreement with what was
observed in the Eu*:(1%)Bi**-Pechl sample, the nanoparticles after the
sonication/functionalization process, were irregular and showed lower contrast (see Fig.
6.19(b-e) than the Eu®*:La,0,S sample (see Fig. 6.19(a)). These images confirmed that this
process allowed us to have smaller particles and a better dispersion also for the Eu®*:La,0,S
nanoparticles.

The Eu®*:La,0,S@APTMS sample was also studied by X-ray diffraction (XRD) as a
representative functionalized sample. Figure 6.20 shows the XRD patterns of the
Eu*":La,0,S@APTMS and the Eu®*":La,0,S samples. The same crystalline peaks
corresponding to La,0,S, La(OH); and La,0,S0, phases were observed in both samples.
Therefore, we can conclude that the APTMS did not have any influence in the crystallinity of
the nanoparticles.
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Figure 6.20. XRD patterns of the Eu**:La,0,S@APTMS and Eu**:La,0,S samples.

Photoluminescence studies of the functionalized lanthanum compound nanoparticles

The luminescence of the Eu**:(1%)Bi**-CPech1@APTMS and the Eu*:La,0,S@APTMS
samples was studied by the photoluminescence technique (Figs. 6.21(a-b) and Figs. 6.22 (a-
b)), respectively.

Figures 6.21(a) and 6.21(b) show the excitation and emission spectra, respectively, of the
functionalized Eu®*:(1%)Bi**-CPech1@APTMS sample. In this figure we added also the
spectra recorded for the non-functionalized Eu®":(1%)Bi*"-CPechl sample and the spectra
recorded for the Eu**-CPech1 sample for means of comparison. The excitation spectra were
normalized in intensity at 312 nm. The spectrum of the Eu®":(1%)Bi*"-CPechl@APTMS
sample showed two different absorption bands associated to Eu®": one centered at 280 nm
and the other centered at 301 nm. That meant that, contrary to the non-functionalized sample,
now the Eu**-O% CT band was not overlapped to the band attributed to the Bi*" absorption,
and thus both bands could be distinguished as it happens for instance in Eu®":Bi*":Y,0;
nanoparticles [193]. The small band attributed to the host excitation was also observed at
around 228 nm. In addition, the CT band of Eu*" was blue shifted to respect the position of
the CT band recorded in the Eu**-CPech1 sample. The position of the maximum of the Eu®'-
O% CT band was shifted ~8 nm towards short wavelengths in comparison with that recorded
in the Eu®*-CPech1 sample, which showed its CT band at 288 nm. Furthermore, the Eu** f-f
transitions for the Eu®":(1%)Bi*"-CPech1@APTMS sample also showed considerably less
intensity than those observed for the non-functionalized sample.

The emission spectra shown in Fig. 6.21(b) were normalized in intensity at 626 nm. All the
spectra showed the same emission peaks, corresponding to the D, > 'F, (J = 0-4)
transitions.
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Figure 6.21.(a) Excitation and (b) emission spectra of the Eu®*":(1%)Bi**-CPech1, Eu**:(1%)Bi**-

The asymmetry intensity ratio (I,) and the fluorescence intensity ratio (l;) were compared for
all the samples. The I, values obtained for the Eu**:(1%)Bi**-CPechl and for the Eu®*-
CPechl samples were 8.2 and 6.7, respectively, while for the Eu®":(1%)Bi*-
CPechl@APTMS sample was 5.4 (see Table 6.1). This decrease in the I, parameter obtained
for the functionalized sample could be attributed to some changes in the covalency of the Eu-
O bond [103]. This would explain the shifts in the excitation bands (see Fig. 6.21(a)). Since
the silanization reaction was successfully achieved, Si atoms were linked to O atoms of the
surface of the nanoparticles and this might affect the Eu-O and the Bi-O bond distances as
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well as to the covalency of these bonds. Wu et al. [193] reported the excitation spectra of
Eu**:Bi*":Y,0; nanoparticles which also shows two different wide bands, one from the CT of
Eu**-O% and the other at longer wavelengths attributed to the Bi®" absorption. In the
Eu**:Bi**-CPechl sample, the two bands were found overlapped (see Fig. 6.21(a)) whereas
for the Eu®*:(1%)Bi**-CPech1@APTMS sample, the bands were separated as for the
Eu**:Bi**:Y,0; nanoparticles.

The 1, values obtained for the Eu**:(1%)Bi**-CPechl and for the Eu**-CPechl samples were
4 and 3.2, respectively, while the I, value for the Eu®*:(1%)Bi*"-CPechl@APTMS sample
was 3.3 (Table 6.1). The value for the functionalized sample was within the values obtained
by the other samples, indicating that the concentration of Eu** did not change during the
functionalization process, as it would be expected.

Table 6.1. Asymmetry ratio (l,), fluorescence ratio (1) and 1, ratio calculated from the emission
spectra of the Eu®*:(1%)Bi**-CPech1, Eu®*":La,0,S and their respective functionalized samples.

I, (crystal
Sample I (asyn.lmetry I; (ﬂuor?scence strength at long
ratio) ratio) ]

distances)
Eu’*:(1%)Bi**-CPech1@APTMS 5.4 3.3 1.0
Eu*":(1%)Bi**-CPechl 8.2 4.0 2.7
Eu**-CPechl 6.7 32 2.8
Eu**:La,0,S@APTMS 49 22 0.9
Eu**:La,0,S 8.1 3.3 1.0

More significant changes were observed in the I, parameter, which informs us about the
crystal strength at long distances. The Eu**:(1%)Bi**-CPech1@APTMS sample had a I, value
of 1 which was clearly lower in comparison with the I, value of 2.7 and 2.8 obtained for the
Eu®":(1%)Bi**-CPechl and Eu®*"-CPech1 samples, respectively (Table 6.1). This low I, value
confirmed to have a weak crystal field strength at long distances and so that, shorter Eu-O
distances when the Si was linked to the O atoms.
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Figure 6.22.(a) Excitation and (b) emission spectra of the Eu®": La,0,S@APTMS and Eu**:La,0,S
samples.

Figures 6.22(a) and 6.22(b) show the excitation and emission spectra, respectively, of the
Eu*":La,0,S@APTMS sample. We also added the spectra recorded for the non-
functionalized Eu**: La,0,S sample for comparison. The excitation spectra were normalized
in intensity at 340 nm. Here, the functionalized sample also showed a blue shift in the
position of the CT band (Eu-S). The CT band of the Eu®*":La,0,S@APTMS sample was
centred at 328 nm while that of the Eu®*:La,0,S sample was centred at 340 nm. Apart from
that, the peaks at longer wavelengths corresponding to the Eu®* f-f transitions: 'F; > °D, (J =
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1-4), 'F; > °Gy and 'F; > °Lg were also less intense in comparison with the those recorded in
the non-functionalized sample.

The emission spectrum of the Eu®**:La,0,S@APTMS sample showed the same peaks located
at the same wavelengths than those of the Eu*":La,0,S sample (see Fig. 6.22(b)). However,
the relative intensities among the peaks were different, as previously observed for the
Eu**:(1%)Bi**-CPech1@APTMS sample. The I, I, and I, parameters calculated for the
Eu*:La,0,S sample were 8.1, 3.3, and 1 respectively, while for the Eu*:La,0,S@APTMS
sample were 4.9 and 2.2, and 0.9 respectively. These smaller parameters obtained confirmed
also the lower Eu-O covalency when the Si is linked to the surface of the sample.

In Chapter 5, the chemical stability of the different hosts used in this thesis (La,Os and
La,0,S) was studied by photoluminescence and cathodoluminescence. In this chapter, we
again analysed the chemical stability of the functionalized samples by PL. Therefore, the re-
hydroxylation of the Eu*":(1%)Bi**-CPechl@APTMS and the Eu*:La,0,S@APTMS
samples was followed by photoluminescence.

Figures 6.23(a) and 6.23(b) show the excitation spectra of the Eu®*":(1%)Bi*'-
CPechl@APTMS sample recorded from 0 h to 150 h and the excitation spectrum at 150 h,
respectively. For this study, some drops of the functionalized sample cleaned with acetone
were let dry on a quartz substrate. All the spectra were normalized in intensity at 395 nm to
be compared. The curves showed a decrease in the intensity of the CT band with time. This is
due to the formation of the La(OH); phase. Thus, this indicates that the functionalization of
the nanoparticles with APTMS did not avoid the easy re-hydroxylation process from the
La,O3 phase to the La(OH); phase. Furthermore, if we compare the re-hydroxylation rate of
the Eu®":(1%)Bi**-CPech1@APTMS functionalized sample with the non-functionalized
sample studied (see Fig. 5.9(a-b)), the rate is very similar. In both samples, at 70 h, the CT
band decreased significantly, and at about 130 h the CT band almost disappeared.
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Figure 6.23. Excitation spectra recorded at (a) 0-150 h and at (b) 150 h for the Eu*:(1%)Bi**-
CPechl@APTMS sample.

Similar results were observed in the emission spectra recorded versus time (Figs. 6.24(a) and
6.24(b)). All the spectra were normalized in intensity at 615 nm. We observed that all Eu®*
emissions in La,03 decreased in intensity as the time increased.
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Figure 6.24. Emission spectra recorded at (a) 0-150 h and at (b) 150 h for the Eu**:(1%)Bi**-
CPechl@APTMS sample.

Regarding to the re-hydroxylation studies of the Eu**:La,0,S@APTMS sample, we can
conclude that Eu®*":La,0,S kept stable also after being functionalized with the APTMS
compound, as observed in Figure 6.25.
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Figure 6.25. (a) Excitation and (b) emission spectra recorded from 0 to 10 days for the
Eu*":La,0,S@APTMS sample.
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The comprehension of the organic-inorganic hybrid materials is essential for the well
working of the final nanocomposites. Thus, Chapter 7 is mainly focused on the fabrication of
polymer-based nanocomposite samples by the spin-coating technique and their
characterization by different techniques (AFM, Raman, UV, PL, CL, ESEM and TEM).
Furthermore, an approach of the fabrication and characterization of structured polymer-based
nanocomposites using macroporous silicon in the template-assisted method is also shown in
this chapter.
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7.1. Overview

Nanocomposite materials are solids resulting from the combination of two or more simple
materials that develop a continuous phase (polymer, ceramic, etc.), and a disperse phase, such
as carbon particles, silica powder, etc. [241] and where at least one of the phases has one
dimension below than 100 nm. Within the wide collection of inorganic-organic hybrid
materials, nanocomposites are an emerging group that received a great deal of attention
overall for their variety of applications ranging from biology to optoelectronics [242].

Nanocomposite materials include a very large family of materials, thus, one can find different
ways to classify them. One way is depending on the matrix nature (ceramic, metal, polymer).
Another is depending on the way the organic and inorganic components are associated, the
first type includes composites made of inorganic materials embedded in a polymer matrix and
the second type includes those made of a polymer deposited in an inorganic template [243].

The main motivation for the fabrication of organic-inorganic hybrid materials is that, as
nanocomposites, they present advantages from both components: the easy manipulation and
applicability of oxide nanopowders and the improvement of the polymer properties. For
example, inorganic nanoparticles (clay) embedded in a polymer matrix such as polypropylene
and polyethylene are used for automotive applications due to their excellent mechanical
properties (light weight, high tensile strength, and high stability) and low cost [244]. Another
common motivation is the improvement of optics and photonics properties. Here the use of
conjugated polymers is required for the good synergy of both organic and inorganic
materials, as it happens, for instance, in CdSe nanoparticles embedded in P3HT thin films for
photovoltaic applications [245].

Inorganic-organic nanocomposites may be easily fabricated by incorporating (also called
embedding or introducing) inorganic nanoparticles usually of oxides or semiconductors, in a
controlled manner, into a matrix of a polymer solution [243]. Alternative techniques have
been used owing to the fact that isolated colloids of primary particles are not usually
successful. They form strongly connected aggregates difficult to separate from each other
during the procedures applied for the nanocomposite fabrication [246]. As a consequence,
nanocomposites have been prepared through the synthesis of the inorganic particles in situ,
for instance in solution, where the solvent can also be a monomer and the nanocomposites are
formed by in situ polymerization. Other techniques use chemical reactions, for instance,
metal-oxide nanoparticles in a polyimide film were formed by a chemical reaction between
the metal thin films and polyamic acid (PAA) [247].

In this chapter, we have focused our attention on the preparation of lanthanide doped

lanthanum compounds embedded in polymer-based nanocomposites. Recently, a work about

the luminescence properties of Er*:Y,0s; Pr*:Y,0; and Pr’*:LaAlO; nanopowders

embedded in poly(methyl)methacrylate (PMMA)-based composites have been published

[248]. However, up to now there are only few reports about embedding nanoparticles into
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other polymers, such as for example in conjugated polymers (polythiophene (P3HT),
polyfluorenes (PF), poly(p-phenylene vinyle) (PPV), etc.). Lin et al. [249], embedded
semiconductor FeS, nanoparticles into P3HT for photovoltaic applications. Additionally, for
these photovoltaic applications, new semiconducting polymers with thieno[3,4-b]thiophene
and benzodithiophene alternating units have been developed [250]. These polymers, known
as PTBx (x =1-7), have low bandgaps and exhibit efficient absorption throughout the region
of greatest photon flux in the solar spectrum (around 700 nm). The absorption region of the
PTBx polymers is in good agreement with the emission light of Eu** doped nanocompounds.
In this thesis, the polymers involved in the polymer-based nanocomposite fabrication were:
P3HT, poly(thienothiophene-benzodithiophene) (PTB1), and poly[4,8-bis-substituted-
benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl-alt-4-substituted-thieno[3,4-b]thiophene-2,6-diyl]
(PBDTTT-CF). The structure of these polymers is shown in Figure 7.1.

P3HT PTB1 PBDTTT-CF
Fig. 7.1. Structure of the different polymers involved in the polymer-based nanocomposites.

Structured nanocomposites, known as nanocomposites with a desired morphology, have been
investigated in recent years [251]. Lithography, electrospinning, self-assembly and template-
assisted are some of the common methods used for the fabrication of structured
nanocomposites [252]. Template-assisted has been the method used for the fabrication of the
structured nanocomposites in this thesis. This method consists on the infiltration of a specific
material into a cavity (called template) with a well-defined shape and, then, the template is
removed (when a free structure is required) to obtain the inverse replica of the template
[253]. Macroporous silicon and nanoporous alumina are attractive materials to be used as
templates for many reasons, since they can be fabricated in a large scale, and the porosity,
pore size and depth can be tuned under appropriate preparation conditions. Due to the size of
the nanoparticles we chose the macroporous silicon templates fabricated by electrochemical
dissolution in hydrofluoric acid-based solutions, for the structured polymer-based
nanocomposite fabrication. Since the first studies of Uhlir [254] and Turner [255], the
preparation of porous silicon by electrochemical dissolution of silicon wafers in solutions
based on hydrofluoric acid (HF) has been developed [256]. Structured materials have a wide
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range of potential applications in different fields, such as medicine, sensors, actuators and
opto-electronic devices [257]. Among them, one of the most interesting applications for
structured materials is in photovoltaic devices [258].

7.2. Fabrication of polymer-based nanocomposite samples

Different polymer-based nanocomposite samples were fabricated. All of them could be
included in the general synthesis scheme shown in Fig. 7.2.

Dispersion of powder
nanocrystals in a solvent

.. EL\A

Mixed Z ™ pa
Synthesis of doped lanthanum precursor | @

N
nanocrystals '
(by co-precipitation, hydrothermal, sol-gel, etc.) ‘[ o 7
Spin coating
technique

Preparation of polymeric
solution

Organic-Inorganic
Nanocomposite

Figure 7.2. General scheme for the synthesis of polymer-based nanocomposite films.

On one hand, doped lanthanum nanoparticles synthesized by different methods (Chapter 3)
were dispersed into an organic solvent. Then, that solution was kept for several hours in an
ultrasonic processor to avoid the presence of particle aggregates. On the other hand, the
commercial polymeric powder was dissolved in the suitable organic solvent (the same used to
disperse the nanoparticles). Finally, to fabricate the polymer-based nanocomposite films, both
solutions were mixed carefully and stirred to assure good homogeneity. After several hours,
the films were deposited on a substrate, such as quartz or glass, by the spin-coating
technique.

Depending on the property to measure, samples were fabricated with some slight differences
with respect to the procedure shown in Fig. 7.1, as indicated in Table 7.1.

Five samples were fabricated onto indium tin oxide (ITO) for the morphological and
electrical characterization. One sample was prepared as a blank (P3HT-ITO). The P3HT
powder was stirred overnight in a vial with chloroform solvent in a ratio of 1 ml of
chloroform (CHCI;) to 10 mg of P3HT. The solution was stirred in the dark overnight to
ensure the complete dissolution of the powders. Organic films were prepared by spin coating
this solution onto pre-cleaned ITO-coated glass substrates, yielding a film thickness of
approximately 100 nm as measured by AFM. ITO coated substrates were cleaned in an
ultrasound bath with soap for 10 min and after rinsing them with acetone they were annealed

178




UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

M. Méndez CHAPTER 7

at 723 K for 30 min. This procedure has already been demonstrated to be very important to
obtain reliable current voltage results [259,260]. Spin coating conditions were 2000 rpm for 1
min after adding 0.2 ml of polymeric solution on the ITO-coated glass substrates.

Table 7.1. Fabrication conditions of polymer-based nanocomposite samples.

Nature Method -
Sample Solvent of amount/rpm/time Substrate
sample
PSHT-ITO CHCl;  Film  SC~0-2ml/2000 ITO
rpm/ 1 min
Eu**-CPech1(10%)-P3HT CHCl,4 Film SC—0.2ml /2000 ITO
rpm/ 1 min
Eu**-CPech1(35%)-P3HT CHCl,4 Film SC—0.2ml /2000 ITO
rpm/ 1 min
Eu®*-CPech1(65%)-P3HT CHCl,  Film  S¢—-02ml/2000 ITO
rpm /1 min
Eu®*-CPech1(80%)-P3HT CHCl,  Film  S¢—-02ml/2000 ITO
rpm /1 min
P3HT-Quartz THF Film SC- 1;2%?”00 rom Quartz
Eu®*-CPech1(15%)-P3HT THF Film ¢! /rr12I r; isnoo rpm Quartz
Eu*"-CPech1(100-97%)-P3HT CHCI;  Solution - Quartz cuvette
PTB1-Quartz DCB Film ¢! /’2' r; isnoo rpm Quartz
Eu**-CPech1(100-97%)-PTB1 ODCB  Solution - Quartz cuvette
PBDTTT-CF-Quartz CB Film €1 /”2" r; i5n00 pm Quartz
Eu**-CPech1(100-97%)-PBDTTT-CF CB Solution - Quartz cuvette

THF: Tetrahydrofuran, (CH,),0

DCB: Dichlorobenzene, C¢H4Cl,

CB: Chlorobenzene, CgHsCl

ITO: Indium tin oxide, In,03(90%)Sn0,(10%)
SC: Spin coating technique

For the fabrication of polymer-based nanocomposite films, Eu®* doped lanthanum oxide
nanoparticles synthesized by the sol-gel Pechini method (Eu**-CPech1) were dispersed in the
CHClI; solvent using an ultrasonic processor for 3 h. Then, the films were prepared in the
same way than P3HT films but adding different amounts of the solution containing the
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dispersed nanoparticles to the P3HT solution in chloroform. The mixture was stirred using an
ultrasound bath for 30 min to assure a good dispersion of the nanoparticles in the P3HT
matrix. Four more samples were fabricated from this solution (Eu**-CPech1(10%)-P3HT,
Eu**-CPech1(35%)-P3HT, Eu®*"-CPech1(65%)-P3HT and Eu**-CPech1(80%)-P3HT).

Two more P3HT-based nanocomposite films were fabricated onto quartz substrates for
spectroscopic and optical characterization. Thus, samples, P3HT-Quartz and Eu®'-
CPech1(15%)-P3HT, were fabricated following the same procedure previously explained but
using tetrahydrofuran (THF) as the organic solvent and changing the spin-coating conditions
in order to develop a thicker film.

Two additional polymer-based nanocomposite films were made of PTB1 and PBDTTT-CF
(PTB1-Quartz and PBDTTT-CF-Quartz) on quartz substrates. In order to study the
spectroscopic properties of the nanoparticles into these polymeric matrices, the Eu®-
CPech1(99-97%)-P3HT, Eu®*"-CPech1(99-97%)-PTB1 and Eu®**-CPech1(99-97%)-PBDTTT-
CF samples were analysed in liquid state and inside a quartz cuvette.

7.3. Characterization of polymer-based nanocomposite
samples

Since the behaviour of the nanocomposites greatly depends on the combination of several
parameters such as concentration, structure, size, and shape, it requires a well comprehension
and control of their properties. Thus, polymer-based nanocomposite samples fabricated were
well characterized in the next part of this chapter. The results were separately exposed for the
morphologic, spectroscopic and optics, and electric characterization.

7.3.1. Dispersion studies of the nanoparticles into a polymeric matrix

Raman scattering was used to study the dispersion of the nanoparticles into a polymeric
matrix. P3HT-Quartz and Eu**-CPech1(15%)-P3HT were the samples used in this study. As
we can see in Figure 7.2, Eu**:La,05 nanoparticles showed a vibrational peak with maximum
intensity at 407 cm™ while the P3HT polymer showed the vibrational peak with maximum
intensity at 1450 cm™, well separated from the peak corresponding to the Eu*':La,O,
nanoparticles. Furthermore, we did not observe any vibrational peak at around 407 cm™
corresponding to the polymer, so a Raman map of the Eu®**-CPech1(15%)-P3HT sample was
analysed collecting the signal at 407 cm™ and plotting the intensity of this peak as a function
of the position. Figure 7.3 shows an optical microscopy image where we observed the
dispersion of the nanoparticles into the polymeric matrix. In the right hand image, the Raman
map plotting the intensity of the 407 cm™ vibrational peak confirms the presence of the
nanoparticles in the polymer, corresponding to the black spots as observed in the optical
image.
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Figure 7.3. Raman scattering showing the vibrational peaks of the Eu®**-CPech1, P3HT-Quartz and
Eu**-CPech1-P3HT samples.

Figure 7.4. Image of the Eu**-CPech1-P3HT sample obtained by optical microscopy (left), and its
map obtained by Raman and plotting the intensity of the 407 cm™ vibrational peak.
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Figure 7.5.(a) CL spectra of the Eu**-CPech1(15%)P3HT sample compared to the CL spectra of the
Eu®*-CPech1 sample and (b) CL spectra of the Eu**-CPech1(15%)P3HT sample compared to the CL
spectra of the Eu**-CPech1-R sample.

Figure 7.5(a) and 7.5(b) shows the cathodoluminescence (CL) spectra of Eu**-CPechl and
Eu**-CPech1(15%)-P3HT samples and Eu**-CPech1-R and Eu®"-CPech1(15%)-P3HT
samples, respectively. Both Eu®**-CPech1 and Eu**-CPech1(15%)-P3HT CL spectra showed
the typical peaks from the °D, > 'F; (J = 0-4) transition of Eu** observed in the Eu®*":La,05
nanoparticles (see Chapter 4). These bands are located at the same position than those
observed for the nanoparticles, however, with different intensity ratios (Fig. 7.5(a)).
Depending upon the environment around the Eu®" ions, the luminescence properties are
affected, as observed in Chapter 4. The asymmetry ratios, I,, calculated from the intensity
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relation between the Dy 2 'F, (626 nm) and °Dy > 'F; (595 nm) transitions, were 7.85 and
2.08 for Eu**-CH-24 and Eu®**-CPech1(15%)P3HT, respectively. The low I, value obtained
for the nanocomposite film was within the values obtained for europium doped hydroxide
samples (1.71-2.16). However, this does not mean that the nanoparticles were hydroxylated
but the sample was kept stable thanks to the polymer matrix. Fig. 7.5(b) corroborates this
affirmation, because when we compared the CL spectrum of the Eu®**-CPech1(15%)P3HT
sample with that of the Eu**-CPech1-R sample, significant differences were observed. These
spectra were normalized in intensity at the peak located at 614 nm. Then, we might attribute
the differences in the asymmetry ratios to a decrease of covalency of the structure or to a
distortion of the bonds surrounding the active ion.

Other intensity ratio differences were also interesting. The CL spectrum of the Eu®*-
CPech1(15%)P3HT sample had a similar ratio between peaks at 595 and 714 nm whereas the
CL spectrum of the Eu®*"-CPechl sample showed the peak at 714 nm with double intensity
value in comparison with the peak at 595 nm (Fig. 7.5(a)). Since nanoparticles were
embedded into a P3HT polymeric matrix, that matrix could be absorbing part of the light
emitted by the nanoparticles. The absorbance spectrum of P3HT and more luminescence
results from nanocomposites are explained in section 7.3.2 of this chapter.

The dispersion of the nanoparticles embedded into a P3HT matrix was also studied by SEM
and CL images (Figs. 7.6 and 7.7). The results for the Eu**-CPech1(15%)P3HT sample are
shown in Figure 7.6. The images of the Eu®"-CPech1(15%)P3HT sample exhibited well
dispersed nanoparticles through all the film, as observed by Raman scattering, although
forming large aggregates. We also concluded from CL images, that the polymeric matrix, in
which the nanoparticles are embedded, do not block neither the excitation nor the emission of
the nanoparticles.

Figure 7.7 shows SEM and CL images of the Eu*"-CPech1(15%)P3HT sample at different
wavelengths These wavelengths were chosen because they corresponded to the °Dy > F,
(623 nm) and °Dy, > F, (708 nm) transitions with higher intensity in the spectra (see Fig.
7.4(a)). The image recorded at 623 nm was brighter than that recorded at 708 nm, according
to the higher intensity of the °D, = 'F, transition when compared to the intensity of the *D,
-> 'F, transition.
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Figure 7.6. SEM (left) and CL panchromatic (right) images of the Eu**-CPech1(15%)P3HT sample.

184



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

M. Méndez CHAPTER 7

Figure 7.7. SEM images of the Eu*"-CPech1(15%)P3HT sample recorded under CL excitation at
different wavelengths.

7.3.2. Thickness and roughness studies of the nanoparticles into a
polymeric matrix

By using atomic force microscopy (AFM) we studied the surfaces of some samples in order
to confirm the dispersion of the nanoparticles in the polymeric matrix. The 3D topography
images of the P3HT-ITO and Eu**-CPech1(65%)-P3HT samples are depicted in Figs 7.8(a)
and (b), respectively. These topography images showed a maximum roughness of the surface
film in this area, of 28 nm and 578 nm for the P3HT-ITO and Eu®**-CPech1(65%)-P3HT
samples, respectively. We attributed this significant increase of roughness to the existence of
agglomerates of the La,O3 nanoparticles. However, we considered that the NPs were covered
by a P3HT thin layer. We could attribute this effect to the higher viscosity of the polymer
when compared to the viscosity of the chloroform, which does not contribute to have a good
deagglomeration of the nanoparticles.

The dispersion of the NPs in the Eu*"-CPech1(15%)-P3HT sample was also observed by
ESEM. Figs. 7.9(a-b) show a top view of the sample taken by two different detectors (the
Secondary Electrons detector and the Back Scattered Electrons detector). Here, it was
possible to observe once again the degree of dispersion of the aggregated particles occupying
almost all the polymer film. Additionally, in Fig. 7.9(c) we could observe the roughness of
these films and in the image taken with the Back Scattered Electrons detector we corroborate
that this roughness arises from the nanoparticles (Fig. 7.9(d)), in these lateral views of the
sample.
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(a) (b)

Figure 7.9. ESEM images, (a-b) top view and (c-d) 45° tilted, of the Eu**-CPech1(15%)-P3HT
sample.

7.3.3. Spectroscopic and optical characterization

UV-Visible absorption and photoluminescence of polymers

The absorption spectra of the polymers used in the fabrication of the nanocomposite samples
were recorded in the range from 350 to 800 nm. Fig. 7.10 shows the absorption spectra of the
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P3HT, PBDTTT-CF and PTB1 polymers, all of them measured onto quartz substrates. The
intensities were normalized by to the maximum intensities of the absorption bands in order to
be compared. Typically, the absorption of polymers is known for its wide band width in the
visible part of the electromagnetic spectrum. The absorption of the P3HT polymer comprised
a range between 400-650 nm with maximum absorbance at 554 nm. The absorption of
PBDTTT-CF and PTB1 polymers comprised a range between 500-800 nm and both
presented a weak shoulder at around 415 nm. The maximum absorbance was found at 630
nm and 700 nm for PBDTTT-CF and PTBL, respectively. From these results, we could say
that the use of polymers such as PTB1 or PBDTTT-CF, which have the absorption band more
centered in the region of emission of the Eu®*:La,0O; nanoparticles (626 nm), would be more
efficient because they would absorb a higher amount of the light emitted by the nanoparticles.

PBDTTT-CF

— P3HT

Absorbance (a.u.)

1 " 1 " 1 " 1 n 1 " 1 n 1

350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 7.10. Absorption spectra of the polymers used for the fabrication of the nanocomposite
samples.
Conjugated polymers are photoluminescent. Figs. 7.11(a) and 7.11(b) show the
photoluminescence (PL) spectra of P3HT and PBDTTT-CF polymers, respectively. Spectra
were recorded pumping at the wavelength of maximum absorption, thus at 554 and 630 nm,
respectively.
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Figure 7.11. Photoluminescence spectra of the (a) P3HT-Quartz and (b) PBDTTT-CF-Quartz

samples.

Photoluminescence characterization of polymer-based nanocomposite samples

Photoluminescence properties of the polymer-based nanocomposites samples were studied in
terms of excitation and emission spectra of the Eu®":La,0; nanoparticles in order to analyse
how the polymeric matrix affected their luminescence properties and if existed some energy
transfer process from the nanoparticles to the polymeric matrix. Fig. 7.12(a) shows the
excitation spectra of the Eu**-CPech(100-97%)-P3HT samples, monitoring the emission of
the °Dy = 'F, transition at 626 nm. All the excitation spectra were normalized in intensity at
289 nm to be compared. The Eu**-CPech(100%) sample presented the typical band peaking
at ~290 nm corresponding to the charge transfer state (CTS) band, well-studied in Chapter 4.
That excitation spectrum also presented the typical Eu®" f-f transitions. When the amount of
nanoparticles decrease in the composite with respect to the P3HT (Eu**-CPech(99-97%)-
P3HT) the CT band decrease in intensity and we observed also a slight shift in its position.
Furthermore, we could not observe the Eu®" f-f transitions.

Fig. 7.12(b) shows the emission spectra of the Eu*"-CPech(100-97%)-P3HT samples after
pumping into the CT band at 290 nm. All the emission spectra were normalized in intensity at
626 nm to be compared. The emission spectra of the Eu®*"-CPech(99%) and Eu®'-
CPech(100%) samples were dominated by the °Do, > 'F, transition which consisted of two
peaks at 613 and 626 nm, respectively. However, for samples with a lower concentration of
nanoparticles, the emission spectra were dominated by the peak at 710 nm which
corresponded to the °Dy > 'F, transition whereas the peak at 626 nm started to disappear
when the P3HT amount increased in the nanoparticles solution. This was attributed to the
absorption from the P3HT polymer of the light emitted by the nanoparticles.
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Figure 7.12. (a) Excitation and (b) emission spectra of the Eu**-CPech1(100-97%)-P3HT sample
normalized in intensity at 289 nm and at 626 nm, respectively.
In order to use a better polymer matrix with its absorption band centered at 626 nm, the
emission spectra of the Eu**-CPech1(100-97%)-PTB1 and Eu®*"-CPech1(100-97%)-
PBDTTT-CF samples were also recorded (Fig. 7.13(a-b)). As observed by UV-Visible
absorption, the absorption region of these polymers had maximum bands at 630 and 700 nm
for the PTB1 and PBDTTT-CF polymers, respectively. Therefore, the emission spectra
presented a different behaviour in comparison to those when the P3HT polymer was used. All
the emission peaks of the Eu®":La,0; nanoparticles were decreasing in intensity when the
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concentration of polymer increased. Thus, that meant that these polymers were able to absorb
a higher part of the light emitted by the nanoparticles.
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Figure 7.13. Emission spectra of the (a) Eu**-CPech1(100-97%)-PTB1 and (b) Eu**-CPech1(100-
97%)-PBDTTT-CF samples.
Unfortunately, since the detector used could not measure lifetimes shorter than 200 ps, it was
not possible to measure the lifetime of the nanoparticles embedded in the polymeric films.
However, this indicated that the polymers were shortening the emission lifetime of the
nanoparticles (1.05 ms), as observed, for instance, in other P3HT-based nanocomposites
[261].
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7.3.4. Electrical characterization

Samples fabricated onto ITO substrates (P3HT-ITO and Eu**-CPech1(10-80%)-P3HT) were
characterized by the current sensing atomic force microscopy (CS-AFM) technique. AFM
measurements were done in air under ambient conditions using a commercial scanning probe
microscope. The AFM images were collected in tapping mode from 4 to 7 V of peak
amplitude depending on the roughness of the sample and with a speed of 1 line/s. The CS-
AFM studies were performed in contact mode in the dark. For CS-AFM measurements,
electrically conductive platinum-chromium coated cantilevers (Multi75E-G with a resonant
frequency of 75 kHz and a force constant of 3N-m™ from Budgetsensors) were used to scan
the nanocomposite while the current was measured between the tip and the ITO substrate. A
representation of our experiment is shown in Figure 7.14, where the electronic components,
as well as the apparatus for topographic imaging, are omitted for simplification. One
electrical contact is placed on the conductive ITO film, while the other contact is provided by
the tip in contact with the surface of the sample.

CH,

+ (wt%) Eu3*La,0;
nanocrystals

Pt coated AFM

Figure 7.14. Simplified diagram of the CS-AFM setup for the P3HT-ITO/Eu®*-CPech1(10-80%)-
P3HT samples.
A comparative energy level diagram of the studied nanocomposite, under non equilibrium
conditions, is shown in Figure 7.15(a). The HOMO of P3HT has been estimated to be located
in the range between 5.1 and 5.2 eV. The energy gap estimated from absorption spectroscopy
is about 2.1 eV, therefore the LUMO is about 3.0 eV [262]. The work functions of Pt and
ITO are about 5.6 [263] and 4.7 eV [262], respectively. Here, we did not take into account
the band gap of lanthanum oxide (La,Os), which is about 4.3 eV [264]. The current-voltage
characteristics of the Pt/P3HT/ITO nanocomposites are controlled by two basic processes: (a)
injection of charge carriers from the Pt electrode into the polymer and vice versa and (b)
transport of charge in the bulk of the film. To be injected into the polymer, the charge carriers
must overcome the potential barrier at the metal/polymer interface. We are refereeing to the
potential barrier as a simple geometric shape (rectangular, trapezoidal, triangular) as it is
possible to observe in Figure 7.15(b). Although these barriers are oversimplifications, the
important feature is the prediction of a transition from direct tunnelling through a barrier
(trapezoidal type) to field emission through the top of the barrier (triangular type) [265-267].
191




UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

CHAPTER 7 M. Méndez
d

LUMO «—>
-3.04
-3.5

0]

-4.0]
T ITO E > ‘
-5.0 HOMO

P3HT
87 Vaoo <Vians  Vapp >V,

Pt = app < Virans A trans
eV. =0 pp pp
-6.0 - App eVtrans <¢ eVtrans >¢
(a) (b)

Figure 7.15.(a) Energy level diagram of the nanocomposites studied (under nonequilibrium
conditions). (b) Here, a molecule is depicted as a tunnel barrier of height & and length d, for clarity we
picture electron tunnelling only (left). When a bias voltage is applied, the barrier is tilted (center).
When eV > @ the barrier becomes triangular and electrons tunnel by field emission (right).
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Figure 7.16. Current-voltage curves of P/P3HT-1TO/ITO, PYEu**-CPech1(10-80%)-P3HT/ITO and
vice versa obtained by the current-sensing atomic force microscopy technique.
Figure 7.16 shows the characteristics of the current (I) versus voltage (V) of the Pt/P3HT-
ITO/ITO and Pt/ Eu**-CPech1(10-80%)-P3HT /ITO nanocomposites. The direct and inverse
polarizations of the nanocomposite show nonequivalent behaviour. The asymmetrical nature
of the curves is attributed to the difference in the work functions of the electrodes, implying
different barriers at each electrode/polymer interface. In positive values of the axes, curves
were lower than in negative values of the axes. This effect could be associated to the higher
work function of the Pt compared to that of the ITO (5.6(®p) > 4.7(Pi10)). Furthermore, the
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different nanocomposites showed different I-V curves. The current rose at a lower voltage
when the weight percentage of Eu®*:La,05 nanoparticles was higher.

These differences between them can be attributed to a thinner polymer film due to the higher
percentage of nanoparticles. In fact, when we increase the wt% of nanoparticles, we are
decreasing the wt% of P3HT of the nanocomposite because we used the same amount of
solution (0.2 ml) to fabricate every nanocomposite independently of the wt% nanoparticles
used and they occupied a certain volume which was not occupied by the polymer. Parker et
al. observed differences between MEH-PPV nanocomposites changing the thickness of the
polymer layer [268]. They demonstrated that the I-V characteristics depend, not on the
voltage as for conventional nanocomposites, but instead on the electric-field strength. The
thickness of the polymer was then obtained by scrapping off part of the thin polymer film,
and using the atomic force microscopy in tapping work mode. The results obtained from the
nanocomposites showed different thickness: 100, 115, 97, 75, 60 nm for the P3HT-ITO,
Eu**-CPech1(10%)-P3HT, Eu®*-CPech1(35%)-P3HT, Eu**-CPech1(65%)-P3HT, and Eu*'-
CPech1(80%)-P3HT samples, respectively, as expected. The thicknesses almost totally
agreed with the I-V curves, unless the thickness taken for the P3HT-ITO and Eud*-
CPech1(10%)-P3HT samples. Since spin coating is considered a very good technique to
fabricate thin films with a good control of their thickness, the differences in the thickness of
the samples might be attributed to the space of volume that nanoparticles are occupying: the
higher the percentage of nanoparticles, the thinner the films were. Another reason could be
the lack of precision of measuring the thickness by scrapping the samples.

The representation of current (1) versus the electric field strength (F) can be observed in
Figure 7.17. While this plot can be drawn for either positive or negative voltages,
conventionally [27], the positive half of the I-V characteristics was chosen. This corresponds
to a scenario where the negative voltage is applied to the cantilever tip. Considering the
thickness of each nanocomposite, the curves showed less significant differences between
them. However, the P3HT-ITO nanocomposite appeared quite different, because it presented
a lower slope than the other curves corresponding to the nanocomposites containing
nanoparticles.

193



UNIVERSITAT ROVIRA I VIRGILI

SYNTHESIS AND CHARACTERIZATION OF DOWN-SHIFTING LN3+ DOPED LANTHANUM-BASED NANOPARTICLES FOR PHOTOVOLTAIC APPLICATIONS
Maria Méndez Malaga

Diposit Legal: T.186-2013

CHAPTER 7 M. Méndez

Current (nA)

® P3HT (100 nm)
O Eu’-CPech(10%)-P3HT (115 nm)|
+ Eu”-CPech(35%)-P3HT (97 nm)
A EU”-CPech(65%)-P3HT (75 nm) |
Eu”-CPech(BO%}-P.?HT (60 nm)

0 N N I
0,00E+000 2,00E+007 4,00E+007 6,00E+007 8,00E+007
Electric Field Strength (V/m)

Figure 7.17. I-F characteristics taking into account the different thickness of the nanocomposites.

Figure 7.18 shows the current-voltage characteristics in a logarithmic scale. We observed two
linear regions with different slopes (o). At low voltages (V < 1 V) the slope was about 1,
suggesting an Ohmic behaviour. At higher voltages the slope tended to increase to a value
around 2-2.5. If the slope is greater than 2, it indicates the existence of traps within the bulk
of the organic semiconductor. This power dependence of current on voltage is typical of
space charge limited mechanism [262].
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Figure 7.18. 1-V curves in log-log scale for hole injection through the ITO/P3HT interface. The angles
(a) correspond to the slope that forms the tangent of the curve with the horizontal.
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Fowler-Nordheim (FN) plots were used to estimate the position of the molecular orbital
closest to the Fermi level. However, by performing transition voltage spectroscopy (TVS),
technique which has been established recently, it was not possible to directly determine the
identity of the closest molecular orbital. TVS of Pt/P3HT-ITO/ITO and vice versa was
analyzed by plotting a FN curve, In(1/V?) against (1/V). These curves are shown in Figure
7.19(a-b). All the curves exhibited a clear minimum, called transition voltage (Vyans), Which
is expected to indicate, approximately, the energetic separation between the Fermi level and
the closest molecular orbital.

The results of the Vs Were 2.19, 3.12, 2.53, 2.07, and 1.84 V for Pt/P3HT-ITO/ITO,
Pt/Eu®*-CPech1(10%)-P3HT/ITO, P/Eu**-CPech1(35%)-P3HT/ITO, Pt/Eu®"-CPech1(65%)-
P3HT/ITO, and Pt/Eu®*-CPechl1(80%)-P3HT/ITO, respectively. For the reverse case the
Vs results were 1.98, 2.11, 2.07, 1.61, and 1.1 V for ITO/P3HT-ITO/Pt, ITO/EU**-
CPech1(10%)-P3HT /Pt, ITO/Eu*"-CPech1(35%)-P3HT/Pt, ITO/Eu*-CPechl1(65%)-
P3HT/Pt, and ITO/Eu®*"-CPechl1(80%)-P3HT/Pt, respectively. The results were in good
agreement with the different height barrier, which needs to be broken by the charge transport
mechanisms [9,24]. So, the Vyans Values were lower in the ITO/sample/Pt hanocomposites
than in the Pt/sample/ITO nanocomposites. In the case of P3HT FN representation, it was
quite different with respect to the other ones because it had two minimum peaks. We took
into account the minimum at lower voltages.

Fig. 7.20(a) and (b) show a AFM topography image of the Eu**-CPech1(65%)-P3HT sample
and the current mapping image, respectively. On the one hand, the topography image showed
significant topographic changes due to the Eu**:La,0; nanoparticles dispersed into the P3HT
polymeric matrix. On the other hand, the current mapping showed that the current was
homogeneously distributed throughout the film surface, just increasing its intensity at the
edge of every nanoparticle. When both measurements topography and current mapping, were
plotted together, we observed a total correlation between the peaks (see Figure 7.20(c)). This
means that at the edge of the nanoparticles, the intensity of the current was about 300 times
higher than at the polymeric surface. These results agreed with the thickness-current
relationship studied above (at thinner thicknesses of the layer more intense current). Thus, on
one hand we could attribute the increase of the current to the polymer thickness, that we
assume is thinner on the nanoparticle surface than in direct contact with the ITO substrate.
On the other hand, we could attribute the higher intensity of the current to a better electric
contact between the tip and the surface of the sample.
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Figure 7.19. Fowler-Nordheim plots for the tunnelling of electrons (a) from ITO into the Eu®*-
CPech1(10-80%)-P3HT sample and (b) from Pt into the Eu®**-CPech1(10-80%)-P3HT sample.
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Figure 7.20. (a) AFM topography and (b) AFM current mapping of the Eu**-CPech1(65%)-P3HT
sample. (c) AFM topography (blue line-right scale) and current (green line-right scale) profiles
corresponding to the images shown in (a) and (b) (sky blue line), respectively.

7.4. Fabrication and characterization of disordered
macroporous silicon templates

Macroporous silicon templates were prepared by electrochemical etching in hydrofluoric acid
(HF) solution. This method is based on growing pores randomly on a flat polished silicon
wafer by HF electrolyte. The surface of the silicon wafer is in contact with a solution
containing HF and with the anode (in that case Au deposited by the sputtering technique) on
the back side. After applying a voltage (in the right direction) between the wafer backside
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contact and an electrode in the solution, the pore growth by the silicon dissolution starts. A
general scheme of the process is shown in Fig. 7.21.

In order to prepare porous silicon, the current at the silicon/electrolyte interface must be
carried by holes, injected from the bulk towards the interface. The current must be kept
between zero and the electropolishing threshold and if the current exceeds the
electropolishing threshold, the anodization results in progress. This limit depends on the
etching parameters and wafer doping.

The global anodic semi-reaction during pore formation can be written as:
Si + 6HF = H,SiFg + H, + 2H" + 2¢°

H,SiFs is the final and stable product for silicon in HF (or some of its ionized forms). It
follows that during the pore formation only two of four available silicon electrons participate
in an interface charge transfer while the remaining two participate in hydrogen formation
(bubbles).

Pores grow preferentially along the [100] direction and the silicon dissolution occurs mainly
at the pore tips, where enough holes are available, making the dissolution process to progress
only towards the tips of the pore (Fig. 7.21).

Stirrer
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I *
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Figure 7.21. Scheme of the electrochemical cell for porous silicon template fabrication.

The most important parameters that determine the characteristics of porous silicon obtained
by electrochemical etching are: the doping of the silicon wafer (type and resistivity), the
electrolyte composition, the current density across the wafer and the time of current
application [269-270].
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The silicon wafers used in this work for macroporous template fabrication were p-type (boron
doped) with (100) orientation. The thickness of the wafers was between 330 and 430 pum and
the resistivity was between 10 and 30 Q-cm.

The silicon porous templates fabricated were characterized by ESEM (see Fig. 7.22(a-b)).
The pores on the surface appeared randomly disordered with about 2 pm of diameter and 10
um of pore depth. In Fig. 7.22(a), the different black-grey tonality corresponded to a different
pore depth: the darker the colour, the deeper the pore was.

Figure 7.22. ESEM images of disordered macroporous silicon, (a) top view showing pores with about
2 pum of diameter and (b) cross-section showing pores with 10 pm of depth.

7.5. Fabrication and characterization of structured P3HT-
based nanocomposites

Two different ways of preparation were carried out for the fabrication of structured P3HT-
based nanocomposites (Fig. 7.23). In one case we proceed as in the non-structured
nanocomposite film fabrication process. Thus, first the organic solutions which contained the
Eu**:La,05 nanoparticles and the polymer were mixed. Then, after stirring this solution for
several hours, it was added onto the silicon porous template drop by drop and letting the
volatile organic solvent to evaporate (Fig 7.23, left hand). In order to facilitate the entrance of
the solution inside the pores we applied vacuum at the bottom of the template. Another way
of preparation was similar to the previous one, but this time, the solution containing the
nanopowder was introduced into the silicon pores separately from the polymeric solution (Fig
7.23, right hand). Polymer solutions have generally a high viscosity, leading to the formation
of more particle aggregates. By using this second way of preparation we tried to avoid this
effect.

Finally, the last step consisted on removing the silicon template from the nanocomposite.
Thus, the nanocomposite still with the silicon template was introduced into an aqueous
solution of potassium hydroxide (KOH, 40%) previously prepared. After stirring overnight,
the silicon was completely removed.
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Figure 7.23. Scheme showing the two different ways of preparation used to fabricate structured P3HT -

based nanocomposite samples.
One sample was successfully fabricated by the first process of synthesis, as observed in Fig.
7.24(a-d). ESEM images showed micropillars with sizes about 11 um in length and1.5 um in
diameter (Fig. 7.24(b-c)). The micropillars were aggregated on their tips forming small
groups. This fact might be caused by electrostatic charges, very common in nanowire shaped
materials. Additionally, due to that some pores were not fully developed by electrochemically
etching (Fig 7.24(a)), some micropillars were very short. Using a back scattered electron
detector, we had the chance to observe differences in the images depending on the atomic
weight of the elements. However, it was difficult to assure if the nanoparticles were inside the
micropillars.
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Figure 7.24.(a-d) ESEM images of the structured P3HT-based nanocomposite sample fabricated by

introducing a solution containing the polymer and the nanoparticles into the Si template.
In order to corroborate whether the nanoparticles were inside the micropillars, the sample
was observed by TEM. Fig. 7.25(a-b) show that the majority of the nanoparticles were at the
base but not inside the pillars, what meant that the nanoparticles were not entering together
with the mixed solution inside the silicon porous template. The aggregate sizes could be the
main reason to difficult the entrance of the nanoparticles in the pillars. Micropillars also
showed some nanoparticles at their tips but looking more carefully at their morphologies they
might be some silicon particles which were not removed during the substrate dissolution step
with KOH (Fig. 7.25(c-d)).
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Figure 7.25.(a-d) TEM images of the structured P3HT-based nanocomposite sample fabricated by
introducing a solution containing the polymer and the nanoparticles into the Si template.

The samples prepared by the second procedure were characterized by ESEM. Figure 7.26(a-
d) shows the silicon porous template after wetting with the dispersed nanopowder solution.
The top views showed some pores with particles inside them (Fig. 7.26(a-b). However, cross
section images showed that most of the particles remained on the surface (Fig. 7.26(c)), and
only a few single particles were at the bottom of the silicon pores (Fig. 7.26(d)).

From these images we concluded that de-agglomeration of the nanoparticles was required in
order to fabricate the P3HT-based nanocomposites. However, we did not performed these
experiments.
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Figure 7.26.(a-d) ESEM images of the Eu**:La,05 nanoparticles introduced inside the silicon porous
template.
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In this chapter, the down-shifting properties of the Eu’" doped lanthanum compounds are
tested in bulk heterojunction (BHJ) polymer-fullerene photovoltaic cells. The fabrication and
the characterization of the bulk heterojunction organic and hybrid solar cells based on
polymer-fullerene and nanoparticles are explained. The Eu’:La,O; and Eu’":La,0,S
nanoparticles have been embedded into P3HT:PCBM and PTB1:PCBM-based solar cells.
The characterization is basically focused on the energy conversion efficiency of the devices.
Thus, a solar simulator with the appropriate filters has been used for such studies.
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8.1. Overview

Since the first modern silicon p-n junction solar cell was invented at Bell labs [271] in 1954,
many attempts have been focused to obtain high efficiency low-cost solar cells but it was not
until 2006, that the “40% efficient barrier” was broken [272]. However, in parallel to such
development, many other researches have gone beyond the inorganic world and have been
attracted by the organic photovoltaic (OPV) solar cells.

Despite their low efficiency, the devices made from organic semiconductors have shown
promise for future commercialization due to their low cost, easy and large-area fabrication
from a simple solution, mechanical flexibility, and small environmental impact compared to
silicon and heavy metal based semiconductors [16-19]. Organic semiconducting polymers
have been also used in organic light-emitting diodes (OLEDs) [273], printed electronic
circuits [274], biosensors [275] and supercapacitors [276].

In the OPV solar cells, the electron donor is a semiconducting polymer and together with the
electron acceptor forms the active layer. This layer is the responsible for absorbing the light
from the Sun and is where the photon transformation into free charges takes place. The
morphology of the active layer has become an important issue [29] and different structures
such as single layers and double layers have been designed [25]. However, the bulk
heterojunction (BHJ) structure has shown the best results in terms of efficiency [26]. In the
case of a BHJ cell, the donor and acceptor have a higher interfacial area for exciton
dissociation in comparison to the single and double layer cells and that increases the
efficiency of the devices [30]. In addition, the structured BHJ, also known as “ordered BHJ”,
has been proposed [277]. In such a structure, polymer and acceptor have straight pathways
towards the electrodes to reduce carrier recombination and increase charge collection
efficiency. However, the efficiency of these structured cells is currently low and one of the
challenges to improve their efficiency includes the formation of nanostructured porous
materials such as those studied in Chapter 7. Several fabrication methods such as spin-
coating, doctor blading, ink jet printing, etc. have been used in the OPV solar cells
fabrication.

Several organic semiconducting polymers have been used as electron donor in the fabrication
of OPV solar cells [29]. Figure 8.1 shows the chemical structure of some representative
semiconducting polymers: MEH-PPV, P3HT, PFO-DBT and PCDTBT. Recently, low
bandgap polymers, are also under investigation for OPV solar cells [258]. Fig. 8.1 also shows
the chemical structure of some representative low bandgap polymers: PTB1, PCPDTBT and
PCPBBT.
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Figure 8.1. Example of some organic electron donors used in polymer solar cells.

Among the electron acceptor materials used, there are polymers like CN-MEH-PPV, F8BT,
and small molecules (fullerenes), C¢y and soluble derivatives of Cg, and C;y namely PCqBM
and PC,,BM [29]. Fullerenes are considered to be the best electron acceptor for polymer
solar cells so far mainly because the photoinduced charge transfer between the donor
polymers and fullerenes is ultrafast (~45 fs) [14], which becomes very important to obtain
higher power conversion efficiencies (PCE). That is because fullerenes have an energetically
deep-lying low unoccupied molecular orbital (LUMO) [31] which endows the molecule with
a high electron affinity. The triply degenerate LUMO of fullerenes also allows the molecule
to be reversibly reduced with up to six electrons, illustrating its ability to stabilize negative
charge [31]. The chemical structures of the electron acceptor materials are shown in Figure
8.2.
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Figure 8.2. Example of some organic electron acceptors used in polymer solar cells.

The full names of the above representative organic materials are:

MEH-PPV: poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene].

P3HT: poly(3-hexylthiophene).

PFO-DBT: poly[2,7-(9,9-dioctyl-fluorene)-alt-5,5-(4,7’-di-2-thienyl-2°,1°,3’-benzothiadiazole).
PCDTBT: poly[N-9’-hepta-decanyl-2,7-carbazole-alt-5,5-(4°,7’-di-thienyl-2’1”,3’-b3nzothiadizaole)].
PTBL1: poly(thienothiophene-benzodithiophene).

PCPDTBT: poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-
benzothiadiazole)].

PCPBBT: poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-5,5-(4,8-di-2-
thienyl-2A*5%-[1,2-c:4,5-c’]bis[1,2,5]thiadiazole.

CN-MEH-PPV: poly-[2-methoxy-5,2’-ethylhexyloxy]-1,4-(1-cyanovinylene)-phenylene.
F8TB:poly(9,9’-dioctylfluorene-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-1,4-phenylenediamine.
PC60BM: 6,6-phenyl-C61-butyricacidmethylester.

PC70BM: 6,6-phenyl-C71-butyricacidmethylester.

In this thesis, we used the P3HT:PC60BM (P3HT:PCBM) and PTBI1:PC60BM
(P3HT:PCBM) active layers with the BHJ structure. The P3HT:PCBM is the active layer
most studied up to now for the fabrication of organic and hybrid solar cells [29]. Recently,
W. Ge [278] reported a PCE as high as 5% for a P3HT:PCBM-based OPV cell, which is an
unusual efficiency in cells made of organic materials. However, it is still very far from the
efficiencies obtained in cells based on silicon. In order to increase such efficiencies, many
reports are focused on the study of different parameters such as the morphology [279], the
concentration ratio between the P3HT and PCBM [279], the effect of thermal and solvent
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annealing [280], and the comprehension of the carrier transport [281]. Some remarkable
results have been found when applying an annealing treatment of 423 K for 10 min because
the PCE increases from 0.34% for the untreated cell to 2.8% for the annealed cell [282].
Other studies revealed that the best PCE is found for P3HT:PCBM-based cells with 1:1
concentration in weight, in comparison to that obtained for systems with 1:0.5 and 1:2
concentrations. However, Ma et al. [283] were more precise and found 1:0.8 the best ratio
and the chlorobenzene the best organic solvent. The organic solvent to prepare the blend
causes differences purely morphological as has been proved spectroscopically [29].

Other attempts of improving the efficiency of the P3HT:PCBM-based solar cells has been the
use of inorganic nanoparticles. For instance, using monodisperse Cu,S nanodisks, the
efficiency of the hybrid device increases by 22.7% compared to that obtained in pure
P3HT:PCBM-based solar cells [284]. The reason is that Cu,S nanodisks improve the
electronic mobility of the system. Nam et al. [285] used a layer of PbSe nanoparticles
coupled with the organic blend and the efficiency increased by 31%. These nanoparticles
provide a broad-range photon harvesting ability and an efficient charge transportation. Many
other examples using FeS,, TiO,, ZnO, etc., are found in the literature [286-288]. While FeS,
nanoparticles can efficiently improve charge transport and exciton dissociation of
P3HT:PCBM solar cells, TiO, and ZnO can act as a metal oxide buffer layer between the
active layer and the cathode. Qian et al. [288] speculated that the ZnO layer prevents
diffusion of cathode atoms into the active layer and that it also has the potential to improve
the environmental stability of the OPV. Apart from these inorganic materials, the presence of
other nanoparticles such as amorphous Si nanocones [289] and Au [290] has also advantages
for P3HT:PCBM solar cells. Si nanocones extend the absorption to near infrared and solve
the difficulty of carrier transport forcing the holes move to the anode and electrons move to
the cathode, with that, Pei et al. [289] observed that the power conversion efficiency was
increased from 1.73% to 2.22% (28% enhancement). Au nanoparticles exhibit localized
surface plasmon resonances which offer the possibility of enhanced absorption and enhanced
photogeneration of mobile carriers. In terms of efficieny, Wang et al. [291] reported that by
using Au nanoparticles in a P3HT:PCBM system, the efficiency increased from 3.54% to
4.36%. Furthermore, semiconductor materials with very small sizes (quantum dots, QDs)
such as CdSe [292] and CdS [293] have been also introduced in P3HT-based systems to act
as electron acceptors. They have useful absorption in the visible region, appopiate energy
levels when coupled with most conjugated polymers and well established synthesis methods.
The PCEs by using CdSe and CdS QDs in P3HT-systems range around 2% and 4%,
respectively [292,293].

The use of lanthanide (Ln’") ions in silicon solar cells [8,294] and dye sensitized solar cells
(DSSC) [295] has been investigated. Nevertheless, their use in OPV cells has not attracted
many researchers.
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The other active layer used has been the PTB1:PCBM in the BHJ structure. The PTBI
polymer is considered a low bandgap polymer [250]. In general, the low bandgap polymers
have been used recently because of the necessity to increase the efficiencies of the OPV cells
together with the necessity to reduce the relatively large bandgap and high HOMO energy
level of polymers such as P3HT, which limit the possibility of further improving the device
performance. The PCE reported up to now for the PTB1:PCBM system is 4.76%, however it
reaches 5.6% when using PC;BM instead of PC¢BM [282]. In addition, low bandgap
polymers show a wide absorption band centered between the 600-700 nm region of the
electromagnetic spectrum [250] which make them to be a suitable electron donor in our
hybrid solar cells since the maximum emission of the Eu’" doped lanthanum compounds
nanoparticles is within such region [103]. Very few works with PTB1:PCBM system have
been reported and from our best knowledge, there are no works related with the introduction
of nanoparticles in the PTB1:PCBM-based solar cells.

8.2. Fabrication of the bulk heterojunction organic and
hybrid solar cells

In Chapter 7 we observed how the different polymers absorb the light emitted by the Eu’”
doped lanthanum compound particles but an approach of the use of these nanoparticles in a
photovoltaic system as down-shifting material is exposed throughout this chapter. Thus, here,
we explain the fabrication of two different types of bulk heterojunction (BHJ) organic and
hybrid solar cells. One type was made of P3HT:PCBM blend for the organic cell and using
Eu’":La,0; nanoparticles for the corresponding hybrids. Those devices were fabricated in
collaboration with the Institute of Chemical Research of Catalonia (ICIQ). The other type
was made of PTB1:PCBM blend and using Eu’":La,0,S@APTMS nanoparticles.

Figure 8.3 shows a schematic diagram for the fabrication process of BHJ organic and hybrid
solar cells.

1) The first step consisted in cleaning the indium tin oxide (In,03(90%)Sn0,(10%), 1TO)
coated glass substrates. The ITOs purchased by Ikerlan Co. had an area of 15x15 mm?* and
were covered by a photo-resin which was removed by rinsing the films in acetone followed
by an ultrasonic bath for 5 min in acetone. Afterwards, two consecutive ultrasonic baths of 10
min in isopropyl alcohol were applied. The substrates were dried with the help of an air
stream and placed on an oven at 353 K during 10 min in order to dry them completely.
Finally, for the case of P3HT:PCBM-based photovoltaic (PV) devices, the ITO conductive
layer was exposed to an ozone-containing atmosphere for 30 min in order to remove the
organic remainings.

2) The second step was the deposition of the intermediate layer (IL): PEDOT:PSS. For that
purpose, a solution of the copolymer mixture (PEDOT:PSS) was diluted with isopropyl
alcohol (IPA) 4:1 in weight, respectively. The mixture was stirred vigorously to its previous
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use during at least 30 min in dark conditions, after which it was filtered using acetate
cellulose filters of 0.2 um diameter pores. The spin coating was performed using 8 drops of
the PEDOT:PSS:IPA mixture, and the spin coating conditions were first 4400 rpm for 30 s
followed by 30 s at 3500 rpm. With these conditions, the IL had a thickness of ~30 nm. The
IL was deposited in atmospheric conditions. In order to use the ITO as anode in the final
device, the edges of the ITO coated glass substrates were discovered removing the
PEDOT:PSS carefully by using water.

1) > > .
447/////// <

ITO on glass

2)
Intermediate

|/
}-s OCgHy7
Cy2H2500C PTB1

+ Eu’* doped lanthanum
compounds (in hybrid PV cells)

Figure 8.3. Schematic diagram for the fabrication of the BHJ organic and hybrid solar cells.

3) Then, two different solutions were prepared separately, one by mixing the P3HT and the

PCsBM and the other by mixing the PTB1 and the PC¢BM in an organic solvent and under

nitrogen atmosphere. For the case of P3HT:PCBM-based devices, the concentration ratio was

10 mg-ml™ of polymer and 8 mg-ml™ of fullerene with chlorobenzene (CB) being the solvent

used. In contrast, for the case of PTB1:PCBM-based devices, the concentration ratio was 15

mg-ml™? of polymer and 15 mg-ml™* of fullerene, using orto-dichlorobenzene (0-DCB) as
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solvent. Table 8.1 shows the different organic and hybrid solar cells fabricated. The solutions
containing the active layer were kept under vigorous stirring overnight.

For the P3HT:PCBM-based devices, the spin coating conditions were 75 ul of the mixture at
900 rpm for 3 min and for PTB1:PCBM-based devices were 70 pl of the mixture at 1000 rpm
for 1.5 min. This latter polymer-fullerene blend was filtered with a 0.2 um
polytetrafluoroethylene (PTFE) filter before of being spin-coated. The amount of
nanoparticles (Eu3+:La203 or Eu3+:La2028@APTMS) used in the devices is measured as
percentage in weight with respect to the polymeric/fullerene blend. The edges of the devices
were cleaned by CB solvent to discover the ITO. The following step for the P3HT:PCBM-
based devices was an annealing treatment at 423 K during 15 minutes under nitrogen
atmosphere.

Table 8.1. Materials used for the fabrication of BHJ organic and hybrid solar cells.

Lanthanum compound

Sample Polymer Fullerene g Solvent
nanoparticles
P3HT:PCBM P3HT PCsBM - CB
NPs(0.25):P3HT:PCBM P3HT PCgBM Eu**:La,0; CB
NPs(0.5):P3HT:PCBM P3HT PCgBM Eu**:La,0; CB
NPs(0.75):P3HT:PCBM P3HT PCgBM Eu**:La,0; CB
PTB1:PCBM PTB1 PCsBM - 0-DCB
NPs(0.25):PTB1:PCBM PTB1 PCsBM Eu**:La,0,S@APTMS 0-DCB
NPs(0.5):PTB1:PCBM PTB1 PCsBM Eu**:La,0,S@APTMS 0-DCB

CB: chlorobenzene (C¢HsCl). 0-DCB: orto-dichlorobenzene (CgH4Cl,).

4) Finally, 15 nm of calcium were deposited by evaporation under high vacuum followed by
150 nm of silver.

5) The final solar cell was obtained and was ready to be characterized (Figure 8.4).

Figure 8.4. Photograph showing a representative final hybrid solar cell (NPs(0.25):PTB1:PCBM).
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Two additional samples for the optical characterization were fabricated. Thus, two different
films, one made of P3HT and another made of PCBM were spin-coated on ITO substrates
and an annealing treatment of 423 K for 15 min was also applied to compare them with the
corresponding blends. These samples were simply labelled as P3HT and PCBM.

8.3. Characterization of the bulk heterojunction organic
and hybrid solar cells

Here, we present the optical characterization of the P3HT:PCBM-based cells and the
photovoltaic characterization of the P3HT:PCBM and PTB1:PCBM-based cells. Therefore,
power energy conversion efficiencies were measured for all the devices fabricated (PEC or 1)
and the incident photon-to-current conversion efficiency (IPCE), also known as external
quantum efficiency (EQE), was measured for the case of P3HT:PCBM-based solar cells.

8.3.1. Characterization of P3HT:PCBM and NP(x):P3HT:PCBM
(x=0.25, 0.5 and 0.75) solar cells

The absorption of the polymers used in this thesis was studied in Chapter 7. However, the
active layers were fabricated by mixing those polymers with the PC4BM fullerene. Thus, to
study the absorption effect of the PCBM in the active layer, the UV-Vis absorption spectra of
P3HT, PCBM, P3HT:PCBM and NPs(0.5):P3HT:PCBM samples were recorded in the range
between 250-800 nm. Figure 8.5 shows that the visible absorption between 400 and 650 nm
was caused by the P3HT polymer whereas the absorption below 400 nm was caused by
PCBM. Slight differences in the position of the maximum of the absorption band were
observed between the P3HT sample and the P3HT:PCBM and NPs(0.5):P3HT:PCBM
devices. However, these results were in good agreement with those obtained by other authors
[29,296]. The modification of the absorption spectra for the samples containing PCBM can
be attributed to the interaction between the polymer chains and the PCBM molecules, where
the presence of PCBM molecules lowers the interaction among the P3HT chains upon an
increased disordering in the blends.
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Figure 8.5. Absorption spectra of P3HT:PCBM, NPs(0.5):P3HT:PCBM, P3HT and PCBM samples.

The P3HT:PCBM and NPs(x):P3HT:PCBM (x=0.25, 0.5 and 0.75) samples were well
characterized in collaboration with the Institute of Chemical Research of Catalonia (ICIQ).

Figure 8.6 shows the current-voltage characteristics of the P3HT:PCBM device measured in
the dark and under simulated AM 1.5G illumination at 10 mW-cm™ and 100 mW-cm™. The
photovoltaic performance of the device measured at 10 mW-cm™ shows a short circuit
current density (J;.) of 0,8 mA-cm?>, an open circuit voltage (V,.) of 0.55 V and a fill factor
(FF) of 68.74%, resulting in a power conversion efficiency (PCE) of 3.35% (see Table 8.2).
The photovoltaic performance of the device measured at 100 mW-cm™ shows a short circuit
current density (J;.) of 5,7 mA-cm?>, an open circuit voltage (V,.) of 0.62 V and a fill factor
(FF) of 65.09%, resulting in a power conversion efficiency (PCE) of 2.6% (see Table 8.2).
The PCE obtained can be considered low in comparison to other efficiencies reported
[35,296]. For instance, Ge in 2009 [278] obtained a PCE of 5%, one of the highest
efficiencies obtained in a P3HT:PCBM-based solar cell.
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Figure 8.6. Current-voltage characteristics of the P3HT:PCBM device at dark and under simulated
AM 1.5G illumination at 10 mW-cm™ and 100 mW-cm™.

Table 8.2. Photovoltaic parameters for P3HT:PCBM sample under different illumination conditions.

IHlumination Power Jio (MA-cm?) V. (V) FF (%) PCE (%)
10 mW-cm™ (10% of 1 sun ) 0.8 0.55 68.74 3.35
100 mW-cm (1 sun) 5.7 0.62 65.09 2.60

The current-voltage and the incident photon-to-current conversion efficiency (IPCE) of the
P3HT:PCBM-based solar cells is shown in Figures 8.7 and 8.8, respectively. Figure 8.7
shows the curves for P3HT:PCBM, NPs(0.25):P3HT:PCBM, NPs(0.5):P3HT:PCBM and
NPs(0.75):P3HT:PCBM samples obtained under simulated AM 1.5G illumination at 100
mW-cm™. It is clearly observed that the higher the concentration of nanoparticles, the lower
the Js, the V.. and the FF. Consequently, the PCE were also lower when increasing the
concentration of nanoparticles in the P3HT:PCBM-based hybrid devices. Table 8.3 lists the
results obtained for these devices. Thus, the maximum PCE was 2.6% obtained for the
P3HT:PCBM device and the minimum PCE was 0.28% obtained for the
NPs(0.75):P3HT:PCBM device.
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Figure 8.7. Current-voltage characteristics of the P3HT:PCBM, NPs(0.25):P3HT:PCBM,
NPs(0.5):P3HT:PCBM, NPs(0.75):P3HT:PCBM solar cells.

Table 8.3. Photovoltaic parameters for P3HT:PCBM and NPs(x):P3HT:PCBM (x=0.25, 0.5 and 0.75)

samples.
Sample Ji (MA-cm?) V. (V)  FF (%) PCE (%)
P3HT:PCBM 5.7 0.62 65.09 2.6
NPs(0.25):P3HT:PCBM 3.4 0.58 54.22 1.2
NPs(0.5):P3HT:PCBM 3.0 0.51 51.72 0.91
NPs(0.75):P3HT:PCBM 1.2 0.47 42.16 0.28

The main reason to obtain lower efficiencies for the devices containing Eu®':La,0;
nanoparticles might be due to the fact that the nanoparticles were not really excited by using
the light emitted by the solar simulator equipment. Solar simulator equipment is designed in
order to best mimic the spectral output of the Sun. This means that the equipment is adapted
to work with the real light percentage between 300 nm and 1100 nm. Since these particles
have the maximum intensity of the excitation band centered at ~290 nm and the band limits at
~320 nm, the resulting down-shifting process could be very weak to really observe its effects
on the PCE values. In other words, the nanoparticles excitation region does not match very
well with the solar electromagnetic spectrum that arrives to the Earth.

The fill factor is more sensitive to the polymer-metal interphase morphology, unlike other
parameters such as the V. and Js.. Therefore, the fact to introduce aggregate nanoparticles
into the active layer seemed to be the responsible for reducing significantly the FF value.
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Lower FF values were also observed when introducing carbon nanotubes [298] in a
P3HT:PCBM-based solar cell. However, there are many other reports where the introduction
of nanoparticles in a P3HT:PCBM-based solar cell, does not show significant fluctuations in
the fill factor parameter [298].

Figure 8.8 exhibits the incident photon-to-current conversion efficiency (IPCE) of the
P3HT:PCBM and NPs(0.25):P3HT: PCBM samples under illumination from 350 to 800 nm.

4

— P3HT:PCBM
—— NPs(0.25).P3HT.PCBM

IPCE (%)
N

0 L 2 L L L L " L
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 8.8. Incident photon-to-current conversion efficiency of P3HT:PCBM and

NPs(0.25):P3HT:PCBM samples.

Both spectra showed the typical absorption of the P3HT polymer in the range between 400
and 650 nm (see Fig. 8.5). The spectrum obtained for the NPs(0.25):P3HT:PCBM sample,
which contained Eu’*:La,0; nanoparticles, had the same shape than that obtained for the
P3HT:PCBM sample, as expected since the excitation band of the particles should be
observed at lower wavelengths, at around ~320 nm. Thus, from the results obtained we can
say that the IPCE was not able to inform us about the real effect of the nanoparticles.

8.3.2. Characterization of PTB1:PCBM and NP(x):PTB1:PCBM
(x=0.25, 0.5) solar cells

The PTB1:PCBM-based samples were not annealed contrary to what we did with the
P3HT:PCBM-based samples. This was because Guo et al. [299] demonstrated that annealing
treatment in PTB1:PCBM reduced the device power conversion efficiency from 5.24% to
1.92% due to reduced interfacial area between the electron donor and the acceptor.

The characteristic current-voltage measurements obtained for the PTB1:PCBM-based devices

are shown in Figure 8.9. The curves were obtained under simulated AM 1.5G illumination at

100 mW-cm™. The PCE obtained for the PTB1:PCBM sample was 2.39%. In comparison to
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other power conversion efficiencies reported with values of ~6% [299], this can be
considered as a low efficiency achieved. Regarding to the hybrid cells, it was not possible to
obtain the measurement for the NPs(0.5):PTB1:PCBM sample because the device short-
circuited when measuring but it was possible to measure the NPs(0.25):PTB1:PCBM device
with a PCE of 2.28%. The PCE obtained for the PTB1:PCBM device was slightly higher than
that obtained for the NPs(0.25):PTB1:PCBM device.
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Figure 8.9. Current-voltage characteristics of the PTB1:PCBM and NPs(0.25):PTB1:PCBM samples.

Table 8.4 lists the results obtained for these devices. Therefore, as observed in P3HT:PCBM-
based solar cells, the PCE decreased when the nanoparticles where introduced in the device
(see Table 8.3). However, the PTB1:PCBM-based devices showed slight differences between
them. This can be attributed to the higher fill factor obtained for the sample containing
Eu**:La,0,S@APTMS nanoparticles. Notice that in the PTB1:PCBM-based devices the
nanoparticles used were previously functionalized by the APTMS molecule to avoid the
agglomeration of the particles. This can be causing different morphological effects in
comparison to the non-functionalized Eu**:La,0; nanoparticles used in the P3HT:PCBM-
based devices.

Table 8.4. Photovoltaic parameters for PTB1:PCBM and NPs(x):PTB1:PCBM (x=0.25, 0.5) samples.

Sample Jie (MA-cm?®) Vo (V)  FF (%) PCE (%)
PTB1:PCBM 6.9 0.55 62.8 2.39
NPs(0.25):PTB1:PCBM 5.8 0.57 68.1 2.28

NPs(0.5):P3HT:PCBM - - - -
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However, the current density obtained for the PTB1:PCBM sample was higher than that for
the NPs(0.25):PTB1:PCBM device. The Eu**:La,0,S nanoparticles have an excitation band
that extends to ~420 nm. Thus, contrary to the Eu**:La,0; nanoparticles, this excitation band
was well matched with the solar electromagnetic spectrum. So, once the morphology and the
electromagnetic spectrum did not seem to be the main causes for the low efficiencies
obtained, another reason could be attributed to electrical problems. In other words, the
particles might be working as interfaces/obstacles where the recombination process could be
taking place. The recombination would mean the loss of the charge carriers which in theory
should be transported to the corresponding electrodes.
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Conclusions

The main conclusion of this thesis is the successful fabrication and characterization of down-
shifting (DS) nanoparticles to be used in polymeric solar cells. Although still more efforts are
required to design and develop higher efficiencies of polymeric cells using DS materials, this
thesis opens a promising future for the spectrum modification concept by using lanthanide
doped lanthanum based materials. Throughout this thesis, many other conclusions have been
obtained, and they are summarized as follows:

Synthesis of the materials

o Lanthanum hydroxide (La(OH)s) and lanthanum oxide (La,Osz) nanoparticles have
been synthesized by using precipitation and hydrothermal (by a furnace or a
microwave oven) methods and applying a calcination treatment.

o La(OH); and La,0O; have been successfully doped with europium (Eu®") and
praseodymium (Pr®") by the wetness impregnation method and the co-precipitation and
hydrothermal methods. The wetness impregnation method is a new concept for optical
materials. In addition, for doped nanoparticles, the sol-gel method has been a novel
method for the synthesis of the materials analysed in this thesis.

o La(OH); and La,0; have been successfully co-doped with europium and bismuth
(EU*:Bi*).

o Eu** doped and Eu®*":Bi** co-doped lanthanum oxysulfide (La,0,S) nanoparticles have
been synthesized by the ethanol-assisted solution combustion method.

o Several nanocomposites have been fabricated by embedding the nanoparticles in
polymer-based films.

o Several nanoparticles have been successfully de-agglomerated and functionalized by
using (3-acryl-oxypropyDtrimethoxysilane (APTMS).

o Different bulk heterojunction polymer-based solar cells have been fabricated by
embedding nanoparticles into them.

Characterization of the materials

The nanoparticles have been characterized by several techniques obtaining information about

their chemical and physical properties:

o We have obtained nanoparticles with different sizes, morphologies, surface areas, and
decomposition temperatures by using different synthesis methods, as has been
confirmed by electronic microscopy, XRD, nitrogen adsorption, and DTA-TGA
techniques. From the results observed, we can say that one of the better methods used
to prepare the Ln** doped La,O; nanopartices is the hydrothermal treatment in
autoclave using microwave: a low temperature was required to obtain the lanthanum
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oxide phase, the samples showed higher surface areas, and it is a fast and clean
method.

o From the spectroscopic studies by using PL and CL techniques we can say that the fact
of using different methods to prepare the nanoparticles do not impact significantly in
the spectroscopic results. However, the fact of using Bi** as co-dopant and La,0.S as a
host cause important changes, shifting and broadening the charge transfer band
towards the red part of the electromagnetic spectrum, which was one of the objectives
of this thesis.

o The re-hydroxylation process from La,O; into La(OH); has been monitored by using
the XRD, IR, PL and CL techniques. Some differences in the re-hydroxylation rate
depending on different parameters have been observed:

o The higher the temperature and the longer the calcining time, the higher the
resistance to re-hydroxylation of the La,O; formed.

o The different surface area and morphology of the synthesized La(OH);
nanoparticles obtained by different methods, showed different re-
hydroxylation rates for the corresponding calcined samples: smaller particle
size and higher surface area make the La,Os; to transform easily into
La(OH)s.

o The presence of active ions in the La,Os structure seems to accelerate the re-
hydroxylation process due to a reduction of the size of the particles.

o It has been demonstrated the high stability of the lanthanum oxysulfide host versus
time by the PL technique.

o By using IR and TGA techniques we confirmed the successful functionalization of the
nanoparticles by using APTMS. TEM images show the dispersion of these
nanoparticles, since they did not show aggregates. The DLS results showed an average
size around 250 nm.

Characterization of the devices

o By AFM, the current-voltage curves have been obtained for the polymer-based films
and also for the nanocomposite samples.

o The devices have been successfully measured by a solar simulator equipment and only
some of them short-circuited during measuring.

o The efficiencies of organic and hybrid solar cells have been measured with a solar
simulator equipment. From the results obtained we can say that the effects that the
nanoparticles could cause, such as charge transport and recombination, are significant
enough to impede us to notice the improvement of efficiency by spectrum
modification.

o Although the efficiencies are not higher when using the DS Ln*" doped lanthanide
compound nanoparticles, in the future co-doping with other Ln’* ions, might generate
additional energy transfer mechanisms that might allow taking advantage from new
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DC mechanisms. Then, by using the DS and DC mechanisms, the probability to
improve the efficiencies in OPV cells would be higher.
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