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Introduction

The discovery of advanced optical materials with multiple superior qualities
for display applications remains a difficult problem. The specific luminescence
properties of multinary oxides are highly sensitive to the changes in dopant
composition, host stoichiometry, and processing conditions [1, 2, 3, 4]. Part
of the widely studied inorganic luminescent materials is the group of strontium
aluminates. In SrO-Al,O3 system, there are several possible phases, namely
Sr3Al,O¢, StAl,Oy4, SrAl4O7, SrAl;;0y9, St AlgOq;, Sr;Al1,05s, SryAl140ss,
Sr12Al14033 and SrigAlgOq9, as described in the literature [5]. The most studies
on strontium aluminates are related with the strong green emission (~530 nm)
of Eu®* in stoichiometric SrAl,04 with monoclinic trydimite structure [6, 7].
Another interesting system is orthorhombic Sr4A114025:Eu2+,Dy3+ with its blue
emission around 490 nm [8, 9]. Such systems exhibit phenomenon called persis-
tent luminescence [10] with afterglow time of several hours [11]. In addition to
higher chemical stability, the intensity and the duration of the phosphorescence
of SrAl,04:Eu®",Dy**,B** make it possible to observe a continuous light emis-
sion for 10 h [12]. Last two decades have brought a lot of research in the field of
persistent luminescence, however, only a handful of systems exist, that are bright
enough to consider their use in practical applications [13]. Moreover, there is a
great lack of materials that exhibit long and bright afterglow in longer wave-
lengths (like yellow, orange and red). Another open question in this field is the
mechanism of persistent luminescence, since there is some kind of agreement on
general mechanism, however many details remain unclear [10, 13, 14].

The current study aims on expanding the knowledge related to strontium alu-
minates in perspective of persistent phosphors. It is generally agreed that de-
fects play an important role in prolonging the afterglow. Therefore, the synthesis
route of host materials plays major role in characteristics of phosphors. Most
commonly such materials are synthesized by conventional solid-state reaction
between oxides, but in our case an aqueous sol-gel synthesis route was chosen

as the main preparative method. On the other hand, the successful synthesis



of monophasic SrAl;O; using solid-state reaction method, to the best of our
knowledge, is reported for the first time. In this study, Ce®" was often chosen
as an activator as it is one of most promising ions in non-Eu®* based persistent
phosphors [14]. Cerium is cheaper and requires milder reducing conditions in
comparison to europium, so efficient Ce>* based persistent phosphor might lead
to commercially competitive product in the market.

The main tasks of the present thesis are synthesis and characterization of

monophasic strontium aluminates:

1) undoped and cerium-doped SrAl,Oy4, Sr3Al,Og, SrAl1,019 and SryAl14O55

by aqueous sol-gel route;

2) calcium or barium substituted Sr4Al;4O,5 by conventional solid-state reac-

tion method;

3) undoped, europium-doped and dysprosium co-doped SrAl;O; by aqueous

sol-gel route and conventional solid-state reaction method.



1 Subject Literature Review

1.1 Strontium aluminates

Strontium aluminates are a range of minerals found naturally or obtained arti-
ficially by heating strontium oxide and aluminum oxide together at high temper-
atures. They are known in refractory and cement industry although their closely
related calcium counterparts are much more common [5]. The StO—Al,O3 sys-
tem phase diagram has been described in 1959 by Massazza [15] and, although
incomplete, it is the most cited one. The complete phase diagram was published
in 1979 [16] and in 2006 it was modeled theoretically by Ye ef al. [17]. Resulting
diagram of this study, along with comparison with other works is presented in
figurel.l.

As seen from figure 1.1, at ambient conditions there are four stable compounds
— Sr3Al1,0¢, SrAl,O4, SrAl4;O7 and SrAl;;,0,9. The authors decided not to in-
clude SryAl140;5 as its composition is close to SrAl;O7 [17], although it is well
known structure and modification of part of SrO— Al,O3 phase diagram has been
suggested by Capron and Douy (Figure 1.2) [18].

These five phases (Sr3Al;Og, SrAl;Oy4, SrgAl140,5, SrAl;O7 and SrAl;;O9)
will be described in detail later in this section. Moreover, it should be mentioned,
that more strontium aluminate phases are encountered in the literature, namely
Sr12Al14033[19], Sr1pAlgOig [20], St AlgOq; [21] and Sr7Al1,0,5 [22].

Yamaguchi et al. has synthesized Sri,Al;4O33 using sol-gel synthesis [19].
Later it was confirmed that this compound is isostructural with Ca;,Al;4033 and
is cubic with space group 143d (Ne 220) and cell parameter a = 12.322 A [23].
To our extent of knowledge, besides these two studies no more structural analysis
has been made on the crystal structure. Although there are some research of
preparation and characterization of epitaxial thin films of Srj,Al;4O33 prepared
using pulsed laser deposition [24, 25] and also recent studies of using this phase
as catalyst (after incorporation of Ni or Ru ions) [26, 27, 28].

Kahlenberg has found and characterized single crystals of SrjgAlgO9 on the
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surface of strontium-rich pellets sintered at 1600 °C for 144 h [20]. Unfortu-
nately, despite few claims that Sr;gAlgO;9 has formed as side phase in the mix-
ture of strontium aluminates, this is the only source confirming existence of such
structure.

First discovered by Smets et al. Sr,AlgOq:Eu?", is reported as blue-green
phosphor and has crystal structure close to Srj33Pbgg7AlgO;; [29]. This was
later questioned by Wang and Wang as their study on Sr;AlgO;; revealed that
the product consists of two phases — SrAl,O4 and SryAl140;5 [30]. However,
Takeda et al. prepared and characterized crystal structure of Sr;AlgOq, although
obtained samples contained impurity phases of other strontium aluminates [21].

Sr7Al1,0;5 has been described by Nevskij as having trigonal crystal structure
with space group P3 (Ne 143) and cell parameters ¢ = 17.91 and ¢ = 7.16 A 22,
31]. Doped with Eu** it is claimed to be a violet phosphor [32], but any more

studies, to our knowledge, has not been published.

1.1.1 SI‘A|204

For more than a century, SrAl,O4 has been known by mineralogists and was
described as having tridymite-like structure (a derivative of polymorph of sil-
ica) [33]. It has been synthesized and described as being structurally similar to
barium aluminate [34]. Ito er al. found that at high temperature strontium alu-
minate has the undistorted BaAl,O,4 structure, but undergoes reversible phase
transition to lower symmetry at temperature of 650 °C and suggested to call
low-temperature (monoclinic) and high-temperature (hexagonal) as «- and (-
SrAl,Qy, respectively [35]. The results of in situ high-temperature X-ray and
neutron powder diffraction experiments showed that in fact the material under-
goes two reversible phase transitions P2 <= P63 and P63 <= P6322 at ~680
and ~860 °C, respectively [7].

The room temperature SrAl,O4 has a monoclinic structure of stuffed tridymite
with space group P2; (Ne 4) and cell parameters a = 8.447, b = 8.816, ¢ =
5.163 A, a = 90, 8 = 93.42, v = 90° [36]. The structure of the low-temperature
phase (see figure 1.3) has a three-dimensional network of corner-sharing AlO4
tetrahedra, which has channels in the a- and c-directions where the Sr** ions are
located. There are two crystallographically different sites for Sr**, which have
identical coordination numbers (i.e., 6+1), similar average Sr—O distances (i.e.,
2.695 A and 2.667 A) and similar individual Sr—O distances. The two environ-



Figure 1.3. (a) Unit cell of SrAl,0O4 along the c-axis, (b) Local coordination geometry
environment of Sr** [37].

ments differ only by a slight distortion of their “square planes” [12].

Usually, SrAl,Oy4 is being doped (and quite often, co-doped) with rare-earth
elements, in most cases — Eu?*, which enables it to exhibit persistent lumines-
cence [11]. It has been prepared by solid-state reaction [38], sol-gel synthe-
sis [39], combustion synthesis [40], floating-zone technique [41], laser-heated
pedestal growth method [42], microwave route [43], molten salt method [44],
hydrothermal synthesis [45], electrospinning preparation [46], microemulsion
route [47] and spray-drying technique [5]. It should be mentioned that not all
the techniques lead to identical crystallographic and luminescent properties of
the end products [13]. For example, SrAl,O4:Eu,Dy phosphors prepared by sol-
gel processing shows a blue shift of the emission spectrum, possibly due to the
small grain size, compared to the solid-state synthesis products [48].

As mentioned above, SrAl,O4 is a popular host in preparation of persistent
luminescent materials [10, 49, 50] [40-42]. Doped with Eu?* and co-doped with



Dy3+ it exhibits fluorescence in green region (Amax ~ 520 nm) and afterglow last-
ing for more than 30 h [11]. Quite recently a new interest has sparked in trivalent
dysprosium doped strontium aluminate (SrA1204:Dy3+) [51, 52,53, 54, 55]. Var-
ious attempts have been made to improve luminescence and afterglow properties
of SrAl,04:Eu**,Dy>* by incorporating more co-dopants into the system, such
as Ce** [56], Ho>" [57], Er** [58], Nd** [59], Tb>* [60] or replacing dyspro-
sium with other lanthanides [41, 45, 61]. Other activators also have been used
in SrAlO, host, namely Ce** [62] and Ce**, Mn?* [63] exhibiting long after-
glow in the UV and green region, respectively. Moreover, there are studies on
dopants, such as Cr** [64], Pr’* [65], Tb>" [66], Er’** and Yb** [67]. These
studies are interesting fundamentally, although only Eu?* activated and Dy>* co-

doped SrAl,Oy4, to our knowledge, has been commercialized successfully.

1.1.2 SI‘3A|206

Sr3Al,Og has also been known since early 1900s [68] and was considered
1sostructural with CazAl,O¢ [69]. Alonso et al. refined the structure from
neutron diffraction data and described it as a superstructure of the perovskites
(ABO3) [70]. Its conversion to hydrogarnet, Sr3Al>(O4Hy)3, has attracted some
more structural studies, since this conversion in calcium aluminate system is one
of the principal hydration reactions in the setting of Portland cements [71, 72,
73].

Sr3Al,0¢ has a cubic structure with space group Pa3 (Ne 205) and cell pa-
rameter a = 15.8425 A [70]. The structure (Figure 1.4) consists of rings of
six corner-sharing AlOy tetrahedra with the resulting AlgO;g rings centered on
a three-fold axis and held together by the Sr** cations. There are six sites oc-
cupied by the Sr** cations. These can be divided into two groups, the three
six-coordinated sites and the three sites with higher coordination numbers [72].

Synthesis routes for Sr3Al,O¢ and its doped versions are similar as previ-
ously, namely solid state reaction [70], floating-zone technique [74], microwave
synthesis [75], citric-acid route [76], sol-gel technique [77], combustion synthe-
sis [78], co-precipitation technique [79], hydrothermal method [80] and spray-
drying technique [5].

Sr3Al,Og:Eu,Dy has been studied as a luminescent material. Its emission
colour is disputed, since the published results are quite contradictory [13]. Kat-

sumata et al. reported that emission consists of broad peaks at 420 and 480 nm
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Figure 1.4. (a) Unit cell of Sr3Al,O¢ (b) Local coordination geometry environment of
nonequivalent Sr?* sites [37].



with additional emission of Dy>" peaking at 580, 620 and 700 nm [74] and no
afterglow was observed. On the other hand, there are reports, that Eu®*,Dy>*-
doped Sr3Al,Og behaves as red light emitting persistent luminescent material
with broad band peak at 612 nm [75, 77, 81, 82], 614.2 nm [83] or 618 nm [84,
85]. However, other authors claim that emission of Eu?* in Sr3Al,Og host matrix
occurs at ~510nm [86, 87, 88, 89, 90]. One possible explanation of these con-
fusing results might be different synthesis routes used [13] — red emission is ob-
served when sol-gel [77, 82, 84, 85], microwave [75, 81] or co-precipitation [79]
synthesis routes were used, while green emission is attributed to solid state syn-
thesis [86, 87, 88, 89]. Although, there are exceptions — red emission after solid
state synthesis [83] or green emission after sol-gel route [90]. Another expla-
nation might be different oxidation states of europium. As shown by several
publications, Eu?>* and Eu®" exhibit different photoluminescence — broad band
emission at ~512nm due d—f transitions or sharp peaks at 591 and 610 nm due
f—f transitions, respectively [86, 87, 89]. The third explanation might be dif-
ferent excitation wavelengths — usually red emission is reported when excitation
is around 472 nm [75, 77, 81, 84, 85], or lays at 516 nm under the excitation of
360 nm, and at 612 nm under the excitation of 468 nm [82].

Some studies has been carried out with reports of triboluminescence in the
Sr3Al,Og:Eu,Dy [91, 92]. Different co-dopants has been studied suggesting that
Pr** [93] or Sm>* [94] might enhance luminescence properties. Sr;Al,O¢:Pr**
system has been reported as potential to be used in UV dosimetry [78]. Also
cerium-doped Sr3Al,Og has been reported with emission at around 460 nm [95],
however other study reports emission of same system at 536 nm [96]. Conflicting

results show that more detail research is needed.

1.1.3 SrAI12019

The structure of SrAl;,0;9 was first examined in 1938 by Adelskold and found
to be isomorphic with magnetoplumbite (PbFe ,0;9) [97]. The structure was
refined by Lindop et al. in 1975 [98]. Later, the “anomalous” tetrahedral Al site
was noticed and it was suggested that the coordination (Figure 1.5) of this site is
trigonal bipiramidal [99]. This structure was confirmed by another single crystal
X-ray diffraction study [100] as well by ?’Al1 NMR study [101]. Moreover, a
recent neutron diffraction study reports on finding a “minor” hexagonal phase of

close structure [102].

10



Figure 1.5. (a) Unit cell of SrAl;;019 along the a-axis, (b) Local coordination geom-
etry of Sr** [37].

SrAl;;019 has a hexagonal structure of magnetoplumbite with space group
P63/mmec (Ne 194) and cell parameters a = 5.5666 and ¢ = 22.0018 A [100].
The unit cell (shown in figure 1.5) is built of two spinel-like blocks containing
usual IV-fold and VI-fold AI** coordinated cations separated by mirror planes
which contain Sr** and AI’* cations. The interspinel layers have rather unusual
V-fold sites for smaller (AI**) cations and also provide XII-fold sites to accom-
modate large cations of ~1.15to 1.84 A radius (for example Sr** or Eu?*) [103].

Reported synthesis routes for the SrAl;,019 include solid state synthesis [104],
floating zone technique [105], Czochralski single crystal growth method [98],
combustion process [106], laser heated pedestal growth technique [107], sol-gel
route [108] and spray-drying technique [109] [101].

Various dopants have been incorporated in SrAl;,09 host lattice. Nd** dopant
has been used as potential activator for laser applications [105, 110, 111]. Er**
doped system has also been examined [112, 113]. SrA112019:Mn4+ system has
been offered as red phosphor for white LED applications [114] while Sm**-
doped SrAl,019 was successfully used for red laser operation [115]. One of
the most popular dopants is europium. If it is in reduced form of Eu?* than the
emission is broad peak at around 395 nm [37, 116, 117, 118, 119], while Eu’",

unsurprisingly, result in sharp emission lines in the range of 590-710 nm [120].
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When co-doped with cerium, the energy transfer from Ce®" to Eu?* has been
observed [106], while co-doped with chromium, the energy transfer from Eu**
to Cr’* is reported [121].

Unlike other strontium aluminates, the most studied dopant in SrAl;,O9 is
praseodymium. Since coordination number of Sr site is quite high, it results
in low crystal field strength on Pr** [122]. Quantum efficiencies measured for
SrAl;,0,9:Pr** (usually, Mg" is used for charge compensation) are close to
unity [123], but moreover, it was observed that in such system photon cas-
cade emission (or quantum splitting) occurs [107, 124, 125, 126]. A mecha-
nism involving valence hole trapping and energy transfer from excitonic states
to Pr’* was proposed [127]. New studies are still being performed for Pr doped
SrAl;;019 system used in laser operation [128, 129, 130, 131].

114 SI‘4A|14025

Unlike previously described phases, the documented studies on the struc-
ture of SryAl140;5 are relatively new — first report on structural research is
from 1976 [132]. Refined structural data was published by Wang er al. in
1999 [133]. Additionally, the local structure was characterized by 2’Al NMR
technique [134]. Since the discovery of persistent luminescence in Eu** doped
and Dy3+ co-doped SryAl140,5 [135], studies with the goal of improvement of
afterglow properties are still carried out [136, 137].

The crystal structure of SryAl;4O,5 has been determined as a orthorhombic
Pmma (Ne 51) space group with a = 24.7451, b = 8.4735 and ¢ = 4.8808 A
[133]. The structure consists of layers made up of AlOg octahedra chains inter-
connected by a double layer of AlOy4 tetrahedra chains (Figure 1.6) [134]. The
octahedra are connected together by sharing one edge, whereas the tetrahedra
are connected by corner sharing, two by two or three by three, resulting in the
presence of tricoordinated oxygen atoms and tetrahedra triclusters. There are six
different crystallographic sites for the aluminum atoms in the structure: three
AlQOg octahedral sites and three AlO4 tetrahedral sites. Also there are two differ-
ent strontium sites with coordination numbers 10 and 7 (Figure 1.6(b)) [37].

Capron et al. showed that this phase forms at 1134 °C and is stable up to
1500 °C [134] (Figure 1.7). The whole process of formation-decomposition was

summarized:

1) 923 °C, crystallization into SrAl,O4 (hexagonal) and -Al,O3 solid solu-

12



Figure 1.6. (a) Unit cell of Sr4Al 40,5 along the c-axis, (b) Local coordination geom-
etry environment of nonequivalent Sr?* sites [37].

tions;
2) 1134 °C, formation of Sr4Al;4O,5 by combination of two solid solutions;
3) up to 1500 °C, SryAl140ys is stable;
4) 1600 °C, decomposition into SrAl,O4 and SrAl,O7.

It is reported that a single-phase compound of SryAl140,5 is very difficult to
obtain without flux [138]. Nagamani ef al. claims, that several flux materials
such as calcium fluoride (CaF,), ammonium chloride (NH4Cl), ammonium flu-
oride (NH4F), and boric acid (H3BOs) results in formation of the single-phase
Sr4Al140;5 compound in all the samples, but boric acid gives maximum photolu-
minescence emission [138]. Reported hydrothermal [132, 139], solid-state [29],
spray-drying [134], sol-gel [140], combustion [141], spark plasma [142] and mi-
croemulsion [47] synthesis routes of SryAl140;s.

Sr4Al1405:Eu*,Dy** is another (in addition to SrAl,O4:Eu?*,Dy**) stron-

tium aluminate that is widely used and has gained commercial success [10].

13
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Figure 1.7. XRD patterns showing the formation of Sr4Al;40,5 phase via SrAl,O4 and
~v-Al, O3 solid solutions and its decomposition at higher temperature [126].

Research on Sr4Al;4055 as a host matrix for luminescent materials started in late
1980s [29], but escalated after work by Lin ef al. who showed that Eu?* and
Dy3+—d0ped Sr4Al140y5 1s blue (~490 nm) emitting persistent luminescent ma-
terial with afterglow times reaching 20 h[135, 8]. Since then a lot of effort has
been taken in order to improve luminescence properties, for example by using
different synthesis routes [140, 141, 142, 143, 144, 145, 146, 147, 148, 149],
varying composition [150, 151, 152, 153], adding co-dopants [154, 155] or us-
ing charge-compensation [137]. Other dopants used in SryAl140;5 host include
cerium [156, 157, 158], samarium [159, 160] and manganese [161, 162, 163].

1.1.5 SI‘A|407

A few publications on SrAl4O; phase is published so far. The structure was
first described in 1937 [68] and later refined in 1972 [164]. Moreover, high-
pressure phase (called 3-SrAl4O7) was discovered and described by Machida et
al. [165]. At a usual heating rate of 5°C/min SryAl;4O,s is easily formed at
1100-1150 °C, however, it is decomposed at temperatures higher than 1500 °C
[5]. On the other hand SrAl,O7, having a slow kinetics of formation, may be
crystallized directly at 900-1000 °C by slow heating [18].

14



Figure 1.8. (a) Unit cell of SrAl,O5 along the c-axis, (b) Local coordination geometry
environment of Sr** [37].

The SrAl4O; has a monoclinic crystal structure with space group C'12/cl
(Ne 15) and unit cell parameters a = 13.0389, b = 9.0113, ¢ = 5.5358 A and
£ = 106.12° [164]. The lattice consists of corner sharing AlO,4 tetrahedra and
strontium ions occupying one possible crystallographic site (Figure 1.8).

Synthesis routes used for the preparation of SrAl;O; include solidification
from high-temperature liquid state [68], Czochralski [164], floating-zone [74],
laser-heated pedestal growth [166], spray-drying [18], combustion [167, 168,
169], sol-gel [76, 170], solvothermal [171] techniques. It should be noted, that
conventional solid-state synthesis route, to our knowledge, has not been reported
for this phase and is claimed that such attempts result in a mixture of phases [18,
37].

SrAl,O; as a host for Eu?* shows broad emission band peaking somewhere
between 470 and 510 nm [37, 74, 167, 169, 172, 173, 174, 175]. The afterglow
times are a bit contradictory ranging from several minutes [172, 176] to more
than 1h [74] for Eu** co-doped samples, and from milliseconds [167] to few
minutes [172] only for Eu** doped specimens. Such results indicates that more
investigation of this system is required.

Additionally, other activators has been incorporated in SrAl;O; host. Pr’*
doped system showed the emission profile usual to praseodymium, but quantum
efficiencies achieved were less than 10 % [166, 177]. Study on SrAl;O7:Tm/Yb
system revealed that it is capable to undergo downconversion as well as upcon-
version depending on the excitation wavelength [168]. Copper doped aluminate

1s claimed to exhibit bright-green luminescence and might be suitable for LED
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applications [178]. Also, Dy** doped system has been studied and emission
peaks at 395, 510 and 800 nm has been observed [179, 180]. Another study has
found bright orange red emission at 598 nm in the SrAl,O7:Sm** system [181].
A study on SrAl,07:Pb** and SrAl,07:Ce* systems revealed emissions at 313
and 331 nm, respectively [182].

1.2 Inorganic phosphors

The strontium aluminates are known as persistent inorganic phosphors. In the
current chapter, the fundamental introduction to the phenomenon of lumines-
cence concentrating on photoluminescence and persistent luminescence will be

given.

1.2.1 Luminescence

In general, luminescence is emission of light by a substance, as a result of
radiative transition from excited to ground (relaxed) state. Thus, it can be con-
sidered a cold-body radiation, as opposed to incandescence which is a case of
thermal radiation — emission of electromagnetic waves from matter due to con-
version of thermal energy (kinetic energy of particles in matter) to electromag-
netic energy.

The process of luminescence begins with excitation — absorption of energy
which raises luminescent center from relaxed to excited state. Luminescence is

usually divided in to different types depending on how it was excited:

* chemiluminescence — excitation results from chemical reaction (or in the

case of electrochemiluminescence — from electrochemical reaction);
* bioluminescence — from biochemical reactions in living organism;
e electroluminescence — from electric current passing through the substance;
e cathodoluminescence — from interaction with electron beam;
* radioluminescence — from interaction with ionizing radiation;

e mechanoluminescence — from mechanical action on material. It can be di-

vided to subtypes of triboluminescence (when that material is scratched,
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crushed, or rubbed), fractoluminescence (when it is fractured), piezolu-
minescence (when pressure is applied) and sonoluminescence (interaction

with sound waves);
* photoluminescence — excitation results from absorption of photons;

* thermoluminescence — a special type of luminescence, when previously
absorbed energy is re-emitted as light upon heating of the material (the

phenomenon is distinct from that of black body radiation).

The following step in the process of luminescence is relaxation — return from
excited state to ground state by emission of radiation. Not every ion and ma-
terial shows luminescence, because there are two possibilities to return from
excited state — via radiative process or non-radiative process (the energy of the
excited state is used to excite the vibrations of the substance, i.e. to heat it).
In order to create efficient luminescent materials it is necessary to suppress this
non-radiative process [1].

In general, material that exhibits the phenomenon of luminescence is called
phosphor (not to be confused with the chemical element phosphorus). In the case
of inorganic phosphors, the system consists of a host matrix and a luminescent
center, often called an activator. Usually, activator is an ion, but in some cases

crystal defects can play the role of luminescence center.

1.2.2 Photoluminescence

Photoluminescence is, quite often, divided to fluorescence and phosphores-
cence. Fluorescence is luminescence which occurs essentially only during the
irradiation of a substance by electromagnetic radiation, while the term phospho-
rescence 1s used to describe long-lived luminescence [183]. The decay times as-
sociated are “fast” (1072 to 1073 s) and “slow” (1073 to 100 s), respectively [184].
And the mechanisms involved are quantum-mechanically allowed for fluores-
cence and quantum-mechanically forbidden (involving change in spin multiplic-
ity, typically from triplet to singlet or vice versa [183]) for phosphorescence [1].

The term fluorescence was coined in 1852, when it was experimentally demon-
strated that certain substances absorb light of a narrow spectral region (e.g., blue
light) and instantaneously emit light in another spectral region not present in the
incident light (e.g., yellow light) and that this emission ceases at once when the

irradiation of the material comes to the end. The name fluorescence was derived
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from the mineral fluorspar, which exhibits a violet short-duration luminescence
on irradiation by ultraviolet light [185].

The term phosphorescence originally derives from chemical element phos-
phorus, which emits a faint glow (white phosphorus allotrope), although later it
was realized that white phosphorus glows because the oxidation reaction occurs
(chemiluminescence) and not photoluminescence process [186].

The segregation of photoluminescence to fluorescence and phosphorescence
according to spin-allowed and spin-forbidden transition might be true with or-
ganic molecules, but in case of inorganic phosphors it is much more complex [1].
For example, in CaAl,0,4:Ce*" emission occurs due 5 f = 4d transition, which
1s allowed, so it should be fluorescence with short emission time, but actually
such system exhibit afterglow time up to 10h [187]. To avoid such confusions
it was proposed to use a single term luminescence instead of — usually theo-
retically inaccurate — fluorescence and phosphorescence [188] although some

confusion in terminology still exist.

Mechanisms of photoluminescence

In many cases, the process of photoluminescence is not as simple as absorp-
tion and emission of an activator (figure 1.9 a). For example, another ion (called
sensitizer) can absorb energy and become excited and then transfer this energy to
the activator (such process is called energy transfer, as shown in figure 1.9 b). A
special case of energy transfer is cross-relaxation (Fig. 1.9 c), where the original
system loses the energy by obtaining the lower state A5 (which may also be the
ground state) and another system acquires the energy by going to a higher state
A%, Cross-relaxation may take place between the same ion (being a major mech-
anism for quenching at higher concentration in a given material) or between two
differing elements, which happen to have two pairs of energy levels separated by
the same amount [189].

When relaxation from excited state occurs through several steps (of which
more than one is radiative transition) multiple photons of lower energy get emit-
ted (Fig. 1.9 d) through a process called quantum splitting. Such process enables
luminescence center to yield efficiency more than 100 % (for example, if one
photon is absorbed and two photons are emitted). Opposite process is upcon-
version — when more than one photon gets absorbed and one photon with higher

energy is released (Fig. 1.9 e).
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Figure 1.9. Simplified representation of some photoluminescence mechanisms. a) Ex-
citation and emission of activator; b) energy transfer; c) cross-relaxation; d) downcon-
version; €) upconversion. A denotes activator energy levels (black horizontal lines), S —
sensitizer, Ex — excitation energy transition (straight arrow — radiative transition), Em
—emission, E. T. — energy transfer (squiggly arrow — non-radiative transition), C.R. —
cross-relaxation, asterix (*) indicates excited state.

1.2.3 Persistent luminescence

A special case of luminescence is called persistent luminescence, and it can
be defined as emission obtained after the removal of an excitation source. In
scientific literature the phenomenon is also called phosphorescence, afterglow,
or LLP (short for Long Lasting Phosphorescence) [13]. The terminology some-
times can be confusing and the usage of a single term — persistent luminescence
has been suggested [10].

The property of conserving light has been known for millennium, as there
are some records about paintings which remained visible during the night. The
better documented case is the “Bologna stone” discovered in the 17 century by
an alchemist [13, 10]. Recently, it was showed, that the afterglow in Bologna
stone originated from Cu™ impurities in BaS [190].

During the 20" century ZnS (doped with copper and later co-doped with
cobalt) was the most widely used persistent phosphor, and several other sul-
phides were well known. Most famous products include luminous watch dials,

paint and glow-in-dark toys. But the extreme sensitivity to the moisture and the
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fact, that large concentrations of phosphors are required to yield sufficient light,
meant limited interest in such materials [13, 10].

In 1996 Matsuzawa et al. published an article on SrAl,O4:Eu**,Dy*" persis-
tent phosphor capable of emitting light up to 10 h after excitation light source
has been removed [11]. Soon another system of CaAl,O4:Eu** Nd** was de-
scribed [191]. Few years later a new silicate based persistent luminescent mate-
rial SlrgMgSizO7:Eu2+,Dy3+ was discovered [192] and then followed SrsAl;4055
doped with Eu** and Dy** [135]. Since then a vast variety of persistent lu-
minescent materials has been reported with different emission wavelengths and
afterglow durations. These persistent phosphors can be divided by an activator
ion (mostly Eu** based materials [13], but also other activators exist, including
Ce**, Tb*", Pr*, Dy**, Mn?*, Cr**, Cu* and other [14]), or by host material,
with largest groups being aluminates and silicates also including smaller groups
of sulfides, phosphates and nitrides [9].

The field of persistent luminescence is being more and more studied. How-
ever, many questions and problems related to the topic are still open. One
of the major uncertainties is the exact mechanism of the phenomenon (which
will be discussed later). Another problem is the lack of persistent lumines-
cent materials emitting in longer wavelengths, which is mainly caused by two
reasons: 1) it is difficult to obtain large enough crystal field in oxides to shift
emission of Eu** to the red region of the visible spectrum (or by using other
hosts/activators, stability is lost); 2) the sensitivity of human eye for red light is
much weaker than for green or even blue, so the intensity of emission has to be
much higher [13, 10, 14].

Mechanism of persistent luminescence

When Matsuzawa et al. published his article on SrAl,O4:Eu**,Dy>*, the pos-
sible mechanism of the process was also suggested [11]. The proposed model
quickly became popular and was used (and sometimes, still is used) to explain
afterglow in newly discovered compounds, although there was lack of evidence
to confirm such model and it involves highly improbable Eu* species (formation
would require huge amounts of energy) [10]. Later, in 2003 Aitasalo et al. sug-
gested new model, based on excitation of host material and energy transfer to
europium [193]. Dorenbos was not convinced of such models and in 2005 has

presented modified version of Matsuzawa’s mechanism, without requiring exis-
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Figure 1.10. The model mechanism of persistent luminescence for the Eu?* doped
materials: Sr3SiOs:Eu?" Nd** [200].

tence of Eu™ [194], although it is incapable to explain persistent luminescence
in non-co-doped meterials. Around the same time similar mechanism was pro-
posed by Clabau et al. but differing by two important aspects: 1) transport of
electrons between the traps and the luminescent centers happens through direct
transfer, not by migration through conduction band; 2) the nature of the traps is
oxygen vacancies, but not codopant ions [12]. In 2006, Aitasalo ef al. combined
suggestions from Dorenbos and Clabau models and described new model, but
the exact nature of the traps was not specified [195].

The exact mechanisms governing persistent luminescence in materials have
yet to be clarified [13]. An example of the model mechanism is given in fig-
ure 1.10. Although the mechanism is convincing, it lacks explanation on exact
nature of the traps and also it is not entirely quantitative since the energies of the
processes are only estimates because the values are based on data consisting of
broad band emission, excitation and absorption [10]. However, this model has
been used to describe persistent luminescence of Tb* [196, 197], Ti** [198],
Cr’* [199] and Cu* [190].
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The process starts with excitation of an electron from the 47 (%S, /2) ground
state to the excited 4 f65d" (2D) states of Eu**. Due to the proximity of the host’s
conduction band, some electrons can easily escape from the excited 4 f95d" lev-
els, directly or aided by thermal energy (kT), to the conduction band of Sr3SiOs.
The relatively long lifetime of the 4f°5d'(2D) = 4f7(®S;/5) emission of
Eu?* (~1ps) facilitates this charge transfer. The electrons then move further
quite freely in the conduction band until they meet a defect and are trapped.
The reverse process is initiated by the absorption of thermal energy allowing
the trapped electrons to escape back to the conduction band and populate the
4f95d"(?D) levels of Eu** (partially overlapping conduction band of Sr3SiOs).
The non-radiative (within the 4 f%5d! states) and finally the radiative relaxation
of Eu®" (from the lowest 4 f65d" state) takes care of producing the persistent lu-
minescence. Alternatively, retrapping of the electrons can occur in every step of
the process still lengthening the persistent luminescence [10].

The band gap value (for Sr3SiOs:Eu*: 6.0¢V) is easily found from the syn-
chrotron (or other VUV) excitation spectrum of Eu®*, as well as is the charge
(electron) transfer (¢~ [O(2 p)] + Eu** —— Eu?*) transition energy (3.2 ¢V) from
the excitation spectrum of Eu®*, used to estimate the Eu?* 85 /2 ground state
position. The excitation and emission energies can be obtained from the elemen-
tary photoluminescence studies. Finally, the trap energies are acquired from the

straightforward deconvolution of the thermoluminescence glow curves [10].

1.3 Rietveld refinement

Rietveld refinement method as a tool for precise analysis of X-ray diffraction
(XRD) measurement data was used in this work. Current chapter will provide
brief introduction to this method. In 1969, Hugo Rietveld suggested method of
profile fitting for nuclear and magnetic structures. This method does not use inte-
grated intensities, but directly employs the profile intensities obtained from step-
scanning measurements of the powder diagram [201, 202]. Full profile refine-
ment is computationally intense and employs the nonlinear least squares method,
which requires a reasonable initial approximation of many free variables. Some
unknowns, like background, scale factor, etc. may be simply guessed at the be-
ginning and then effectively refined as the least squares fit converges to a global

minimum [203].
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1.3.1 Origin of the powder diffraction patterns

XRD analysis is relatively simple and powerful tool suitable for the charac-
terization of crystalline materials. Crystalline materials can be defined as being
in solid state of matter and having atoms or molecules arranged in (theoretically
infinitely) regular, periodic manner. Such periodic structure of crystalline ma-
terials when illuminated by electromagnetic radiation (of wavelength similar to
interplanar distances, i.e. X-ray radiation) causes elastic scattering and (since
the structure is periodically regular) diffraction is observed. In powder XRD
measurements typically intensity as a function of an angle of diffracted beam
is recorded producing diffraction pattern. A powder diffraction pattern can be
considered as a set of discrete diffraction peaks superimposed over a continu-
ous background [203]. The diffraction peaks may be described by the following

components: position, intensity and shape.

Position of peaks in powder diffraction patterns

Position of a peak in diffraction pattern can be described by Bragg’s law:
2dsin @ = nA (1.1)

where d is interplanar distance between crystallographic planes, 6 is the scatter-
ing angle, n is a positive integer and X is the wavelength of incident wave [204].

The unit cell dimensions and the wavelength are the two major factors that de-
termine Bragg angles for the same combination of Miller indices. But in reality,
various instrumental and specimen features may affect the observed positions of
Bragg peaks. These factors are often known as systematic aberrations (distor-
tions), and they are usually assembled into a single correction parameter, A26.
For the most commonly used Bragg-Brentano focusing geometry A26 consist
of several factors, namely axial divergence, in-plane divergence, effective linear

absorption, specimen displacement and zero-shift error [203].

Intensity of peaks in powder diffraction patterns

The measured profile of a single powder diffraction peak is dependent on the
neutron or X-ray spectral distribution, the monochromator mosaic distribution,
the transmission functions of the Soller slits, and the sample shape and crys-

tallinity [201]. Considering all these factors, the integrated intensity in powder
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diffraction can be expressed as:

Ik = K X pupg X Lg X Py x Ag X Thpg X Epgg X | Fua|? (1.2)

where

K

Thii

Fhi

the scale factor. It is a multiplier required to normalize experimentally
observed integrated intensities with absolute calculated intensities. Scale
factor is a constant for a given phase and it is determined by the number,

spatial distribution and the states of the atoms in the unit cell;
the multiplicity factor. It is number of symmetrically equivalent reflections;
the Lorentz multiplier, which is defined by the geometry of diffraction;

the polarization factor. It is a multiplier, which accounts for a partial po-

larization of the scattered electromagnetic wave;

the absorption multiplier, which accounts for absorption of both the inci-

dent and diffracted beams and nonzero porosity of the powdered specimen;

the preferred orientation factor. It is a multiplier, which accounts for pos-
sible deviations from complete randomness in the distribution of grain ori-

entations;

the extinction multiplier, which accounts for deviations from kinematical
diffraction model. In powders, these are quite small and the extinction

factor is nearly always neglected;

the structure factor, which is defined by the details of the crystal structure
of the material: coordinates and types of atoms, their distribution among

different lattice sites and thermal motion [203].

In Eq. (1.2) intensity for a given Bragg peak [} is not an absolute maximum

value of the peak, but actually an integrated area under the peak and can be

determined from numerical integration as:

I = Y2 (¥~ b) (1.3)

1=1
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where [y is integrated intensity of a peak, ¢ is the total number of data points
measured within the range of the peak, Y,°* is absolute value of intensity ob-
served at point ¢ and b; is the background value at point ¢ [203].

The structure factor, F};, from equation (1.2) includes multiple contributions,
which are determined by the distribution of atoms in the unit cell and other struc-

tural features and can be expressed as:

Fu =Y. g7t (s) f7(s) exp[2mi(ha? + ky’ + 127)) (1.4)
i=1
where
n the total number of atoms in the unit cell and it includes all symmetrically

equivalent atoms;
S sin ‘ghkl / A

g’ the population (or occupation) factor of the jth atom (¢’ = 1 for a fully

occupied site);
i the temperature factor, which describes thermal motions of the jth atom;

f7(s) the atomic scattering factor describing interaction of the incident wave
with a specific type of an atom as a function of sin /X for X-rays or

electrons;
1 i=+v—1;

h, k, 1 are the Miller indices and z7, 3/, 27 are the coordinates of atoms in unit
cell [203].

Shapes of peaks in powder diffraction patterns

Peaks in measured diffraction patterns are not narrow vertical bars of differ-
ent intensities at given Bragg reflections (like in database), but are broadened
and having specific shape. The observed peak shapes are best described by the
so-called peak-shape function (PSF), which is a convolution of three different
functions: instrumental broadening, {2, wavelength dispersion, A, and specimen

function, W. Thus, PSF can be represented as follows:

PSF(60) = Q(0) @ A(6) ® T(6) + b(6) (1.5)

25



where b is the background function.
In general, three different approaches to the description of peak shapes can be

used:

1) empirical peak-shape functions, which fit the profile without attempting to

associate their parameters with physical quantities;

2) semi-empirical approach that describes instrumental and wavelength dis-
persion functions using empirical functions, while specimen properties are

modeled using realistic physical parameters;

3) fundamental parameters approach, all three components of the peak-shape

function (1.5) are modeled using rational physical quantities [205].

Fundamental parameters approach synthesizes line shape of a peak using pre-
cise initial parameters such as receiving-slit width, the receiving-slit length, the
X-ray source size, the angle of divergence of the incident beam, the X-ray at-
tenuation coefficient of the specimen and the crystallite size [205]. Such cal-
culations are computationally intense, but with increasing available power of
personal computers, this method is becoming more popular.

Nevertheless, empirical approach to fit peak-shapes is probably most com-
monly used, and the used functions are Gaussian, Lorentzian and pseudo-Voigt.

Gaussian function:

y(x) =G(z) = 2 ln—Qexp <—41n2x2> (1.6)

where H is full width of a peak at its half maximum (FWHM).
Lorentzian function:
2

y(w) = L(x) = (1.7)
H?2

And the pseudo-Voigt function:
y(x) =pV(x) =nl(z) + (1 -n)G(x) (1.8)

where 7 is the pV/(x) function mixing parameter (fractional contribution of func-
tion into mixture of two functions, 0 < n < 1). Pseudo-Voigt function is the
linear combination of Lorentzian and Gaussian of the same FWHM, so there are

two parameters characterizing the peak shape: pV (z) = pV(x,n, H) [206].
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Besides, more functions or modifications of previously mentioned functions
exist, such like Pearson-VII [207], Thompson-Cox-Hastings modified pseudo-
Voigt function [208] and other. More information from such improved functions
can be extracted, like crystallite size and microstrain [203].

The peak broadening (H or FWHM) as a function of angle 6 is described
so-called Caglioti formula [209]:

H=\Utan6 + V tand + W (1.9)

where U, V and W are the free variables.

Background in powder diffraction patterns

Background is unavoidable in powder diffraction and each pattern has a dif-
ferent background level, which originates from inelastic scattering, scattering
from air, sample holder and particle surfaces, X-ray fluorescence, incomplete
monochromatization, detector noise, etc [203]. In order to successfully carry out
precise analysis, background should always be accounted for.

During structural analysis the background can be handled manually (user se-
lects points where definitely there are no Bragg peaks) or automatically (math-
ematical functions are used to approximate background). Manual selection of
background is slower, but generally yields a more accurate background approx-
imation [203]. However mathematic algorithm is much faster and easier thus
functions like polynomial function (or modified versions, like Chebyshev poly-

nomial) are commonly used:

b= S Bn(26,)™ (1.10)

m=0o0r—1

where B,,, are background parameters that can be refined and N is the order of

the polynomial.

1.3.2 Structural refinement

In order to perform structural refinement, at least approximate structure of
material should be known. How to deal with totally unknown crystal structures

1s beyond the subject of this review.
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As seen from previous sections, diffraction patterns can be “synthesized” rel-
atively easily. Assuming that you have known crystal structure, all the crys-
tallographic planes with distances between (d-spacing) them can be calculated.
Having known d-spacing it is easy to tell where the peak in the pattern will be
from Bragg’s law (equation (1.1)). Employing equation (1.2) relative intensities
of these peaks can be estimated. Then the peak broadening can be achieved us-
ing one of the peak shape functions. And finally, add some background and you
have a diffraction pattern similar to measured one. Comparing the measured and
calculated patterns and achieving best fit by adjusting starting model of crystal
structure allows precise crystallographic parameters to be determined.

The commonly used methods of full pattern decomposition include Pawley
[210], Le Bail [211] and Rietveld [201, 202] methods. The main difference in
these methods is how the values of integrated intensities are treated — as free least
squares variables (Pawley), determined iteratively after each refinement cycle
(Le Bail) or included into all calculations as functions of relevant geometrical,
specimen and structural parameters (Rietveld) [203].

The main idea of Rietveld method is that experimental powder diffraction
data are utilized without extraction of the individual integrated intensities and all
structural and instrumental parameters are refined by fitting a calculated profile
to the observed data [203]. Fitting is performed using nonlinear least squares
minimization of the differences between the calculated and measured patterns.

The simplest form of the function minimized in the Rietveld method is:

M = Z w; (}/iobs . }/;calc)Q (111)
i=1
Taking into account multiple Bragg reflection overlaps and dual wavelength

(Kay + Kas), the expanded form of equation (1.11) becomes:

2
bi+ K> I {y;(;) + 0.5y, +Aa:j}]> (1.12)

J=1

M = sz (Y'iobs _

i=1

where b; is the background at the ith data point, K is the phase scale factor, m is
the number of Bragg reflections contributing to the intensity of the ¢th data point,
I; is the integrated intensity of the jth Bragg reflection, y;(x;) is the peak-shape
function, Az; is the difference in positions of K« and K «ay components in the

doublet, z; = 29;‘”0 — 20, and w; is the weight assigned to the ith data point.
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In the absence of a background and assuming that the measured intensity is only

affected by statistical errors, the weight can be given as:
w; = [y;bs}*l (1.13)

In practice, the weight is usually calculated without subtracting the back-
ground, which yet again emphasizes the importance to have it at practical mini-
mum [201, 202, 203, 206].

Sequence of the refinement

The parameters to be refined are usually selected by the user. Automatic com-
puter algorithms exist, but grate care should be taken when using such since
the outcome might be far from realistic. Moreover, refining all parameters at
once also might lead to trouble due to the complexity of the problem and many
possibilities for an out-of-control least squares.

One of the most common problems encountered during refinement (not in-
cluding software related problems like crashing program) is converging to false
minimum. When minimizing the function like in equation (1.11), several min-
ima might exist and obtained answer might be not the global minimum (see
figure 1.11).

To avoid such case (or reduce the risk), it is recommended to vary the starting
model in significant ways and see if the same minimum is reached [212]. Also,
the refinable parameters should be “swiched-on” in sequence, which depends on
many variables, such as data quality, accuracy of the starting model, knowledge
of instrumental contributions, etc. Here the experience of the crystallographer

steps in. However, “textbook™ guidelines of the sequence are as follows [212]:
e scale factor;
* specimen displacement or zero shift error;
* linear background (first background parameter);
* crystal lattice parameters;
* more background parameters;

* W parameter of the FWHM (see equation (1.9));
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Figure 1.11. Nonlinear least squares minimization, when the initial approximation
(zg) is located near a false minimum. The arrows represent the possible outcomes of
two least squares cycles and z;,,,. marks true solution (global minimum) [203].

* atomic coordinates x, v, 2;

preferred orientation;
* population (site occupancies) and isotropic displacement (B) parameters;
* other peak shape parameters (like U and V');

* anisotropic displacements.

Quality of the refinement

While solving the crystal structure using Rietveld (or other) method you al-
ways end up with the answer, but you can never be certain if this answer is
correct. To assess the obtained results, first of all the refined parameters should
be verified if they make physical sense. Another important factor is how well
calculated pattern fits experimental results. The quality of the fit is quantified
using various figures of merit, but none of them is a substitute for the plots of
calculated and measured diffraction patterns plotted using the same scale and

supplemented with the difference (observed minus calculated intensities) plot.
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Nevertheless, statistical figures of merit are provided with the refinement data
and the most common of them are profile residual, ?,,, weighted profile residual
R,,p, Bragg residual, Rp, expected residual R.;,, and goodness of fit, x? (chi-
squared).

The profile residual (or reliability) factor:

n

>

_ =1
Rp —

obs calc
Y7 =Y

x 100 % (1.14)

n

Z Y;obs

1=1

Weighted profile residual:

n 1/2
Z w; (Y;obs o Y;calc)2
Ryp = | =, : x 100 % (1.15)
: Y;O s
3w (Y1)

Expected weight profile residual:

1/2

Regp = | 5L | % 100% (1.16)
Z w; (Y;obs>
=1

Bragg residual:
= b l
Z:l ];) s ];a c
Rp=1= x 100 % (1.17)

S b.
o
21

Goodness of fit (chi-squared):

i w; (}/Z_obs . }/Z_calc)2

— Ruy1?
2 =1 wp
— = 1.18
X n—op [Rexp] ( )

In equations (1.14)—(1.18) (adapted from [203, 206]), the following notations

have been used:

n the total number of points measured in the powder diffraction pattern;

Y°’  the observed intensity of the ith data point;
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Y% the calculated intensity of the ith data point;
w; the weight of the 7th data point;

n — p is the number of degrees of freedom, where p is the number of refined

parameters;

1 ngs the “observed” integrated intensity of the jth Bragg peak, which has been
calculated after Y, have been partitioned according to the calculated

intensities of the contributing Bragg peaks;
calc : : ;
I the calculated intensity of the jth Bragg peak.

As noted earlier, care should be taken when comparing residuals. The paradox
is that the better quality of data the higher x? or R, is obtained (refinement is
“worse”), since larger dataset is more complicated to be fitted perfectly, even
though the model obtained from that data should be of higher quality [213].
Thus, the most important way to determine the quality of a Rietveld fit is by
viewing the observed and calculated patterns graphically and to ensure that the

model is chemically plausible [213].
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2 Experimental

2.1 Materials and reagents

The used materials were strontium nitrate, Sr(NO3), (99 %, Aldrich), stron-
tium carbonate, SrCO5 (97.5 %, AlfaAesar), strontium acetate, Sr(CH3;COO),
(98 %, Aldrich), aluminium oxide, Al,O3 (99.5 % NanoDur™, AlfaAesar), alu-
minium nitrate nonahydrate, AI(INO3); - 9 H,O (98 %, Aldrich), calcium carbon-
ate, CaCOj3 (99 %, CarlRoth), barium carbonate, BaCOj3 (98.5 %, Aldrich), boric
acid, H3BOj3 (99.8 %, CarlRoth), cerium oxide, CeO, (99.9 %, Aldrich), cerium
nitrate hexahydrate, Ce(NO3)3 - 6 H,O (99 %, Merck), europium oxide, Eu, O3
(99.99 %, Tailorlux), dysprosium oxide, Dy,05; (99.9 %, CarlRoth), acetone,
(CH3),CO (98 %, Eurochemicals), glycerol, HOCH,CHOHCH,OH (99 %, Stan-
dard), ethane-1,2-diol, HOCH,CH,OH (99 %, Aldrich), acetic acid, CH;COOH
(98 %, Lachema) and distilled water.

2.2 Synthesis methods

An aqueous sol-gel synthesis method was used in order to obtain undoped
and cerium-doped various strontium aluminates, namely SrAl,O4, Sr3Al;Og,
SrAl;019 and SryAlj4055. Also, conventional solid-state synthesis was used
for the preparation of Sry_,)M,Al;4025 (where M = Ca or Ba) and SrAl,O;

samples.

2.2.1 Sol-gel

The Sr—Al-0 and Sr—Ce— Al-O precursor gels were prepared via aqueous
sol-gel synthesis route. Stoichiometric amounts of metal salts (i.e. Sr(NOj3),,
AI(NO3)3 - 9H,0 and Ce(NO3); -6 H,O) were dissolved in 0.2 M acetic acid
solution and complexing agent (1,2-ethanediol or glycerol) was added. The

beakers were closed with a glass lid and solution was stirred at ~60 °C for 1 h.
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After removing a lid the clear solution was slowly evaporated at the same tem-
perature. A viscous sol and then yellowish gel have formed during the sol-gel
processing. The gels were dried at ~120 °C in the drying oven overnight, thor-
oughly ground in agate mortar and initially heated for 8h at 800 °C in air. The
obtained white powders were thoroughly ground in agate mortar. In case of
Sr4Al14055, additional amount of fluxing agent (boric acid) was mixed in. Then

the samples were annealed in the furnace at 900-1600 °C for 10 h.

2.2.2 Solid-state

The Sr4Al14025, Sru_nCa,Al140z5, St4_xBa,Al14O0z5 and SrAl,O7 samples
were prepared using conventional solid-state reaction synthesis. Stoichiometric
amounts of starting materials (SrCO3, BaCO3 or CaCOj3 and nanosized Al,0O3)
with additional amount of fluxing agent (H3BO3) were mixed in agate mortar
(using small amount of acetone as mixing medium). In the case of SryAl;4O5s
phase and its related compounds, the obtained precursor blends were annealed
twice — first time at 1000 °C for 4 h and second time at 1300 °C for 8 h with addi-
tional grinding in agate mortar after each heat treatment. In the case of SrAl;O;
phase, the precursor blends were sintered in a furnace using step heating pro-
gram. First, temperature was raised to 550 °C with heating rate of 10 °/min.
Then the temperature was raised to 950 °C with heating of 0.5 °/min. After heat-
ing for 4 h at the same temperature, the samples were cooled slowly (1 °/min) to
800 °C. Finally, the heating furnace program ended and samples cooled down to

room temperature.

2.3 Instrumentation and characterization
techniques

2.3.1 Powder X-ray diffraction analysis

Powder X-ray diffraction (XRD) measurements were performed at room tem-

perature on four diffractometers:
e DS Bruker AXS diffractometer (Cu K « radiation: A = 1.5418 A);

* Rigaku SmartLab diffractometer working in parallel beam (6/260) geom-

etry, using 2.5° Soller slits and Cu K« radiation. Samples were spun at
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30 rpm, measurements were taken at step of 0.02° and at speed of 4 s/step;

* Rigaku MiniFlex II diffractometer working in Bragg-Brentano (6/26) ge-
ometry, the data were collected at a step of 0.01° and at speed of 0.06 s/step

using Cu K, radiation;

* Bruker D8 Advance diffractometer, the data were collected at a step of
0.01° and at speed of 0.06 s/step using Cu K « radiation.

Rietveld refinement was performed on the data using the software FullProf
or TOPAS software package provided with the Bruker instrument. The refined

parameters are as follows:
* Scale factor
» Sample displacement
* Background
* Lattice parameters
* Peak shape parameters
* Atomic coordinates
* Preferred orientation
* Atomic displacement parameters
e Asymmetry

* Site occupancies (for Ca or Ba substituted Sr4Al;4055)

2.3.2 Scanning electron microscopy

The scanning electron microscopy (SEM) analysis was performed under vac-
uum in the specimen chamber of EVO 50 XVP or Hitachi SU-70 scanning elec-

tron microscopes.
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2.3.3 Infrared spectrscopy

The infrared spectra in the range of 4000-400 cm ™! were recorded on Perkin-
Elmer FT-IR Spectrum BX II FTIR spectrometer. Samples were prepared as
KBr pellets (1.5 %). The infrared spectra in the range of 2500-500 cm™! were
recorded on PerkinElmer Frontier FT-NIR/MIR spectrometer with GladiATR
attachment for Attenuated Total Reflection (ATR) sampling.

2.3.4 UV-Visible Spectroscropy

The UV-Vis diffuse reflectance spectra were recorded on PerkinElmer Lambda
35 UV-Vis spectrophotometer with an integrated 50 mm sphere attachment or on
Shimadzu UV-3600 spectrophotometer equipped with integration sphere. BaSOy4

was used as a reflectance standard.

2.3.5 Photoluminescence measurements

Excitation and emission spectra were recorded on PerkinElmer LS-55 fluores-

cence spectrometer equipped with Hamamatsu R928 photomultiplier.

2.3.6 Thermogravimetric analysis

Thermogravimetric analysis (TG) was performed with PerkinElmer STA6000
apparatus. Measurements were collected by heating from 30.0 °C to 995.0 °C at
heating rate of 10 °C/min under flow of synthetic air (20 mL/min).
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3 Results and Discussion

3.1 Sol-gel synthesis of undoped and
Ce-doped SrAl,O,4

The XRD patterns of the Sr—Al—O acetate-nitrate-glycolate gels which cor-
respond to the nominal chemical composition of SrAl,O4 and heated from 700
to 1200 °C for 10 h are shown in figure 3.1. The diffraction pattern of the ob-
tained powder at 700 °C were of lower intensity due to partial crystallization of
precursors gel. However, the formation of few crystalline phases (Sr3Al,Og and
SrCO3) could be detected from the XRD pattern. The phase composition of the
samples obtained at 8001200 °C were qualitatively the same regardless the an-
nealing temperature. The formation of spinel crystal structure strontium alumi-
nate starts at 800 °C. The XRD pattern of the sample heated at 1100 °C shows the
formation SrAl,O,4 and Sr3Al,Og crystalline phases. According to XRD analy-
sis, synthesis performed at 1200 °C yields monophasic crystalline monoclinic
SrAl,O4 sample.

Monophasic SrAl,O4 sample was characterized by high resolution powder X-
ray diffraction analysis and obtained data were analyzed employing Rietveld re-
finement method. The original crystallographic data of SrAl,O4 (ICSD#160296)
were used as a starting model. Rietveld analysis results are shown in figure 3.2.
The refinement smoothly converged to the structure close to the starting model
based on X-ray powder diffraction data. Calculated unit cell parameters (¢ =
8.43924(46) A, b = 8.82158(46) A, ¢ = 5.15140(28) A and 3 = 93.3769(13)°)
are close to ones published in literature [36]. The obtained results evidently con-
firmed that sol-gel derived SrAl,O4 sample obtained at 1200 °C is monophasic.

FTIR analysis of synthesized samples is important both for the control of the
reaction process and the properties of materials obtained. Figure 3.3 shows the
FTIR spectra of SrAl,O4 ceramics obtained at 800 and 1200 °C. The synthe-

sized ceramics show several intense broad bands. Strong absorption bands aris-
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Figure 3.1. XRD patterns of sol-gel derived SrAl,O, synthesized at different temper-
atures.

ing from O—H stretching and bending vibration of water due to the exposure
of the samples to the atmosphere occur at ~3500-3400 and ~1600cm™!, re-
spectively [214]. Importantly, in the 1000-500 cm ™! fingerprint region, several
sharp bands are typical metal-oxygen absorptions (Sr—O and Al-O stretching
frequencies), probably characteristic for the spinel-type compounds [215]. The
spectra of strontium aluminate samples show the strong peaks at ~1500 cm™!.
The exact origin of this peak, however, is not very clear. It is known, that typical
carbonate vibrations are ~1470-1390 cm ™! (triply degenerated stretching mode)
and ~880-850 cm ™! (doubly degenerated stretching mode) [216]. So, the bands
located at ~1500 cm™! could not be assigned to the metal carbonates formed
as intermediates during high-temperature treatments. It is well known that alu-
minum and strontium carbonates (Al,(CO3); and SrCOj3) decomposes at lower
temperatures [217, 218, 219].

The SEM images of SrAl,O4 ceramics calcined at 800 and 1200 °C are shown
in figure 3.4. The particles obtained at 800 °C seem to be micro-sized solids
with particle size about ~10-15um and they are partially fused to form hard
agglomerates (~30-50 pm in size). With increasing temperature up to 1200 °C
the formation of spherical crystals with regular size is evident, i.e. the SEM

images revealed agglomerated grains of different size ranging from 1 pum to 2 pm.
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Figure 3.2. The observed (circles) and calculated (solid line) powder XRD patterns
of sol-gel derived SrAl,O4 sample after Rietveld refinement. The vertical bars located
just below the background level indicate calculated positions of Bragg peaks for /.

The curve the bottom part of the plot represents the difference between observed and
calculated intensities. Goodness of fit indicators: X2 = 0.45; Ry = 7.05.
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Figure 3.3. FTIR spectra of SrAl,Oy4 synthesized at different temperatures.

The particle size does not change and no progressive change in morphology
was observed with changing chemical composition or crystal structure of sol-gel
derived strontium aluminates.

The XRD patterns of the SrAl,O04:Ce, specimens annealed at 1200 °C tem-
perature for 10 h are shown in figure 3.5. As seen, in all cases the SrAl,04:Ce,
phase is dominating and only minor amount of impurity phases has formed. The
XRD patterns of SrAl,O4:Ce, samples with smaller concentrations of cerium
(0.25-1.00 mol%) contained additional peak located at approximately 26 = 32°.
However we were not able to attribute this peak to any crystalline phase. Inter-
estingly, this peak disappeared with further increasing concentration of cerium
in SrAl,O4:Ce,. On the other hand, the XRD patterns of SrAl,O4:Ce, samples
with higher concentrations of cerium (2.00-3.00 mol%) showed the negligible
formation of CeO, phase. The small diffraction peaks attributable to ceria phase
are visible at 26 ~ 33°.

Figure 3.6 demonstrates the reflection spectra of SrAl,04:Ce, ceramic pow-
ders produced by sol-gel method. As seen, the reflection spectra qualitatively
are almost identical regardless the substitutional level of cerium. In UV range

the strontium aluminate samples show a significant increase of reflection up to
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Figure 3.4. SEM micrographs of SrAl,O4 ceramics annealed at 800 °C (left) and
1200 °C (right).
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Figure 3.5. XRD patterns of SrAl,04:Ce, ceramic samples synthesized at 1200 °C.
The concentration of cerium from bottom to the top is ¢, = 0.25, 0.50, 0.75, 1.00, 2.00
and 3.00 mol%. Impurity phases: (?) unknown; (x) CeO,.

41



80

70

60 —

50

40 1 SrAl O, undoped

SrCe Al O

0.0025° 2 4

SrCe. Al O

0.005" 2 4

SrCe Al O

0.0075" "2 4

SrCeO_mA1204
SrCe Al O

002" 2 4

SrCe Al O

003" "2 "4

30

Reflectance (%)

20

e LA e o o o B LA e e e o LA L e
250 300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 3.6. Reflection spectra of SrAl,04:Ce, samples as a function of Ce concentra-
tion.

400 nm. From this point the reflection is almost constant, i.e. not wavelength
dependent. However, broad absorption bands could be detected between 575 nm
and 700 nm. These results clearly show that optical properties of SrAl,O4:Ce,
are quite different from the Ce-doped garnet samples [24,66,67]. In the case
of garnet materials, from 400 nm the reflection abruptly decreases and again in-
creases starting from 455 nm. And only in the higher wavelength region (from
~545 nm) the reflection is almost constant.

Attempts to measure photoluminescence of SrAl,04:Ce, were unsuccessful.

3.2 Sol-gel synthesis of undoped and
Ce-doped Sr;Al>,0¢

The XRD patterns of Sr—Al—O precursor powders which correspond to the
nominal chemical composition of Sr;Al,O¢ and sintered from 700 to 1200 °C
for 10 h are shown in figure 3.7. According to the XRD analysis, the formation
of Sr3Al,Og along with SrCOj5 has started already at 700 °C. Fully crystallized

single-phase oxide Sr3Al,O¢ with well pronounced cubic crystal structure has
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Figure 3.7. XRD patterns of sol-gel derived Sr3Al,Og¢ synthesized at different temper-
atures.

formed already at 800 °C (PDF#00-024-1187). The initial studies of XRD pat-
terns of these samples calcined in the temperature range of 800-1200 °C sug-
gested Sr3Al,Og to be the only one crystalline component.

In order to prove monophasicity, the Sr3Al,O¢ sample was characterized by
high resolution powder X-ray diffraction analysis and obtained data were anal-
ysed employing Rietveld refinement method. The original crystallographic data
of Sr3Al,O¢ (ICSD#71860) was used as a starting model. Rietveld analysis re-
sults are shown in figure 3.8. During structure refinement it was noticed, that not
all diffraction peaks observed in the XRD pattern are covered. Therefore, two
additional phases, namely SrAl,O4 (ICSD#160296) and SrAl,O; (ICSD#2817)
were added to the starting model. The refinement smoothly converged to the
structure close to the starting model based on X-ray powder diffraction data.
Therefore, it was determined that the phase of interest (Sr3Al,Og) makes only
about 60 % of the specimen. This was impossible to determine without Rietveld
refinement, because cubic Sr3Al,Og structure gives very intensive reflection at
20 = 31.9° and it becomes difficult to separate low intensity peaks from back-
ground noise.

The FTIR spectra of Sr3Al,Og samples synthesized at different temperatures

are shown in figure 3.9. The envelope of three broad absorption bands in the
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Figure 3.8. The observed (circles) and calculated (solid line) powder XRD patterns
of sol-gel derived Sr3;Al,O¢ sample after Rietveld refinement. The vertical bars located
just below the background level indicate calculated positions of Bragg peaks for K.
The curve the bottom part of the plot represents the difference between observed and
calculated intensities. Goodness of fit indicators: X2 = 0.40; Ry, = 10.81.

region of 1000-500 cm ™! presented in Fig. 3.9 is well resolved. The both FTIR
spectra of Sr3Al,Og samples are almost identical. Besides, they are very simi-
lar to FTIR spectra of SrAl,O,4 ceramics (Figure 3.3). The spectra of Sr3Al,Og
samples also show the strong peaks at ~1500 cm~!. However, the existence of
non-decomposed metal carbonates in the product synthesized at 1200 °C tem-
perature is very unlikely. Therefore, the origin of this absorption band is not
clear.

Figure 3.10 show the surface features of the Sr3Al,O¢ powders calcined at
different temperatures. From these SEM images it is evident that Sr3 Al,Og pow-
ders are also composed of plate-like crystallites having a similar size and the
tendency to form agglomerates. The SEM micrographs of the samples annealed
at higher temperature exhibit clustered grains made up of several tiny crystallites
with a defined microstructure.

The XRD patterns of Sr3Al,O¢:Ce, powders sintered at 850 °C for 10 h are
shown in figure 3.11. As seen. the main crystalline phase is cerium-doped stron-

tium aluminate Sr3Al,O¢ without the formation of any impurity phases (without
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Figure 3.10. SEM micrographs of Sr;Al,Og ceramics annealed at 800 °C (left) and

1200 °C (right).
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Figure 3.11. XRD patterns of Sr3Al,O4:Ce, ceramic samples synthesized at 850 °C.
The concentration of cerium from bottom to the top is z¢. = 0.25, 0.50, 0.75, 1.00, 2.00
and 3.00 mol%.

measuring on high-resolution equipment).

Figure 3.12 shows UV-Vis reflection and photoluminescence measurements
data of undoped (Sr3Al,O¢) and Ce3+—d0ped strontium aluminate (Sr3Al,Og:Ce)
samples having different concentration of certum. The difference in the optical
properties of doped and undoped samples is clearly visible. From the reflection
spectra we can see that cerium ions increase absorption in the region of around
300 nm. Excitation spectra of sol-gel derived strontium aluminates shows maxi-
mum at 268 nm. As seen, the intensity of excitation bands increases monotoni-
cally with increasing concentration of cerium.

The measured emission spectra show a broad emission band peaked at 480 nm.
Again, the measured emission intensity increases with increasing amount of Ce>*
in the series of samples up to 3 % of cerium. The obtained results are in a good
agreement with the study of Sr3;Al,O¢:Ce compounds, synthesized using solid

state reaction [95].
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Figure 3.12. Reflection, excitation (Ao, = 480nm) and emission (Aex = 268 nm)
spectra of Sr3Al,Og and Sr3Al;Og:Ce samples.

3.3 Sol-gel synthesis of undoped and
Ce-doped SrAl;2019

The formation of SrAl;;O9 phase in the temperature range of 700-1200 °C
was initially found to be very problematic. In order to determine suitable param-
eters of the preparation of SrAl;;0;9 aluminate, a series of Sr—Al—-O precursor
gels were annealed at high temperatures ranging from 1200 to 1600 °C. The
XRD patterns of calcined at different temperatures Sr— Al—O precursor samples
are shown in figure 3.13.

As seen from figure 3.13, the samples annealed at highest temperatures (1500—
1600 °C) are single phase SrAl;;O;9 compounds. The synthesis products ob-
tained in the temperature range of 1200-1400 °C contained SrAl;;O9 as the
main phase, but also impurity phases, such as SrAl,O4 and Al,O3. To prove
the formation of monophasic SrAl;;O;9 at 1500 °C, this sample was analyzed
more precisely. The high resolution X-ray diffraction data were collected and re-
fined using Rietveld technique. The original crystallographic data of SrAl;;O9
(ICSD#43155) were used as a starting model. Results of the Rietveld refinement
are shown in figure 3.14.

During refinement it was noticed, that not all diffraction peaks presented in

the XRD pattern are covered. Therefore, crystallographic data of SrAl,O,4 phase

47



1200 °C

|

(o)

2-Theta (Degree)

\ o
*** l 0
= | 1300°C ‘
< L4l 0
2 & kg ’ (0]
g 1400 °C ‘ | ‘
=]
= % k% o 0
1500 °C W |
1600 °C |
; I lll Ij' n_. ll‘ " ‘l .
20 30 40 50

Figure 3.13. XRD patterns of SrAl;;O9 samples annealed at different temperatures.
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Figure 3.14. The observed (circles) and calculated (solid line) powder XRD patterns
of sol-gel derived SrAl;;O;9 sample after Rietveld refinement. The vertical bars located
just below the background level indicate calculated positions of Bragg peaks for /.
The curve the bottom part of the plot represents the difference between observed and
calculated intensities. Goodness of fit indicators: X2 = 0.30; Ryp = 5.58.
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(ICSD#160296) were added to the starting model. The refinement smoothly
converged to the structure close to the starting model based on X-ray powder
diffraction data. It was determined that the second phase makes up only traces
(less than 1 %). Thus, the sol-gel derived SrAl;;O;9 sample can be considered
as monophasic.

Figure 3.15 shows UV-Vis reflection and photoluminescence measurements
data of undoped and Ce** doped strontium aluminate SrAl;,0;9 samples having
different concentration of cerium. In the reflection spectra it is visible that Ce>*
1ons originate absorption peaks at around ~226 nm, ~244 nm and ~274 nm. Ex-
citation and emission maximum of SrAl;;O;9:Ce samples are clearly visible at
260 nm and 317 nm, respectively. These results are similar to the luminescence
measurements of Sty 9sCegosMgoosAli1.95019 [104]. Interestingly, the photolu-
minescence spectra of SrAl;;09:Ce samples shows, that the highest intensity
was observed when cerium concentration reaches 2 %. With increasing concen-
tration of cerium the decreasing of the emission intensity is observed due to the
concentration quenching [220].

In comparison with luminescent properties of Sr3 Al,Og:Ce samples (emission
peaked at 480 nm), the emission band of SrAl;,0;9:Ce samples is shifted to the
blue-UV region (317 nm).

3.4 Sol-gel synthesis of undoped and
Ce-doped SI‘4A|14025

In order to study the behaviour of Sr—Al-O gels during thermal decomposi-
tion, thermogravimetric measurements were firstly recorded. The TG curves of
starting materials and corresponding gels are shown in figure 3.16. As we can
see from Fig. 3.16, the Sr— Al—0O gels with and without boric acid (flux) decom-
pose almost at the same rate up to 180 °C. The main decomposition of the gels
occurs in the temperature range of 180-350 °C. As seen, both gels undergo the
same mass loss in this range, although addition of flux causes more rapid pro-
cess. Moreover, starting from temperature of 350 °C different mass loss of two
gels clearly is visible. The weight loss for the gel with flux is approximately 6 %
greater than for the gel without flux. Although after decomposition of strontium
nitrate in the temperature range of about 600 to 700 °C the difference between

mass loss of two gels lowers to approximately 3 %, it is still higher than theo-

50



—SrA112019

SI‘A1120192C61%

—SI'A1120192C62%

—SI'A1120192C63%

Reflection
e = = = Excitation -
S e F mission g
> o
= Q
k= ¢)

> -" oo o oo oo
v T v 1

200 300 400

Wavelenght (nm)
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spectra of SrAl;,019 and SrAl;,0;9:Ce samples.
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Figure 3.16. TG curves recorded for starting materials (dotted lines) and SryAl;4O5s
gels prepared with and without flux (solid lines).

retical weight loss caused only by decomposition of additional boric acid, which
is approximately 1 % (2.5 % by weight added to the gel, which on its own un-
dergoes ~45 % weight loss). Therefore, the TG analysis data confirm that boric
acid is involved in the process of formation of strontium aluminate. Also, from
TG curves the temperature of final annealing of Sr— Al—O gels could be selected
higher than 900 °C.

For the fabrication of Sr4Al;4O,5 phase, St— Al—O precursor gels were heated
at different temperatures in the range of 1000-1600°C. FTIR spectra of the
Sr4Al14O,5 powders obtained after annealing of Sr—Al-O gels obtained with
and without boric acid at different temperatures are shown in figure 3.17. Appar-
ently, all FTIR spectra are very similar. The most important feature is that several
intensive absorption bands are determined in the regions of 2400-2200 cm ™! and
900-500 cm™!. Bands at ca. 2350 cm™! belong to carbon dioxide from atmo-

sphere [214]. The last ones may be attributed to the stretching modes of the
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Figure 3.17. FTIR spectra of Sr—Al-O gels prepared without boric acid (at left) and
with boric acid (at right) and annealed at different temperatures.

Sr—O0 and/or Al-O0 vibrations. Moreover, the FTIR spectra of all specimens do
not exhibit the band at ~1405 cm™?, assignable to ionic carbonates. Thus, the
observed M —O vibrations in the FTIR spectra let us to conclude that crystalliza-
tion process was rather similar for the both studied systems independent on the
annealing temperature.

For comparison, the FTIR spectra of two SryAl40,s samples obtained at
1200 °C without flux and using boric acid in the synthesis procedure are shown
in figure 3.18.

The intensity of absorption lines located in the region of 900-500cm ™! is
different for two samples prepared by two slightly different synthesis routes.
This might be associated with existence of different similar aluminate phases in
the samples. The clear answers should be received after characterization of the
samples by XRD analysis.

Scanning electron microscopy measurements revealed that SrgAl;40,5 sam-
ples prepared without and with addition of flux show different morphology. The
SEM micrographs of sol-gel derived strontium aluminates are presented in fig-
ure 3.19.

The solids prepared without boric acid consist of irregular shape and size
(from 200 nm to 1 um) particles. Most of the particles are necked to each other
forming small agglomerates. On the other hand, the sample fabricated using
boric acid in the synthesis processing consisted of hexagonal platelet shaped
crystallites (see Fig. 3.19). Interestingly, the particle size and particle size distri-
bution of both synthesis products are very similar. Nevertheless, the SEM results

support above conclusions made analysing FTIR spectroscopy data, that the use
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Figure 3.18. FTIR spectra of Sr—Al-0 gels prepared without and with boric acid and
annealed at 1200 °C.
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Figure 3.19. SEM micrographs of SryAl;4O,s strontium aluminate samples prepared
without flux (left) and with addition of flux (right) and annealed at 1200 °C.
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Figure 3.20. XRD patterns of Sr4Al140,5 samples prepared at different temperatures
without addition of boric acid. The vertical lines at bottom correspond to standard XRD
pattern for SrAl,Oy4 phase.

of boric acid as fluxing agent in the sol-gel synthesis of Sr4Al;40,5 has an impact
on phase composition of the end product.

Results of powder X-ray diffraction analysis of the samples prepared without
addition of boric acid as a flux and annealed at different temperatures are shown
in figure 3.20.

As we can see, annealing of Sr—Al-O0 gels at 1000 °C did not yield very crys-
talline sample, and monoclinic SrAl,O4 and cubic Sr3Al,Og are the dominant
crystalline phases. With increasing the annealing temperature up to 1600 °C the
samples with higher crystallinity have formed. However the dominant phase
was SrAl,O4 at any selected synthesis temperature. Moreover, other strontium
aluminate phases, such as Sr3Al,Og, SrAl;;019 and SrAl;O; have formed dur-
ing annealing the samples at elevated temperatures. Thus, the desired strontium
aluminate Sr4Al;4O;s phase has not formed in whole temperature range used in

these experiments.
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Figure 3.21. XRD patterns of strontium aluminate samples prepared at different tem-
peratures with addition of boric acid. The vertical lines at bottom correspond to standard
XRD pattern for SrsAl140,5 phase.

However, in the case when additional boric acid has been used as a fluxing
agent in the synthesis procedure, totally different results have been obtained
(Figure 3.21). Again, annealing of the samples at 1000 °C did not yield very crys-
talline sample and the dominant phase was cubic Sr3Al,Og along with SrAl;Oy.
With increasing the temperature up to 1100 °C, however, not only crystallinity of
the specimen has increased but the diffraction lines of desired Sr4Al;40;5 phase
became visible in the XRD pattern. Interestingly, the strontium aluminate sample
annealed at 1300 °C resulted in monophasic SryAl;4O,5 compound. However, at
higher temperatures (1400 °C) the Sr4Al140,5 phase partially decomposed with
formation of SrAl,O4 and SrAl;,0,9 impurity phases. As seen from figure 3.21,
the monoclinic SrAl,Oy4 is already dominant crystalline phase in the samples
obtained at 1500-1600 °C.

To prove that single phase SrsAl;4O,5 annealing compound has been syn-

thesized at 1300 °C, the XRD studies on this sample were performed in detail.
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The XRD data obtained by measuring with high resolution diffractometer were
analysed using Rietveld refinement method. The original crystallographic data
of Wang et al. [133] were used as a starting model for Rietveld refinement of
X-ray diffraction data collected at room temperature. The refinement smoothly
converged to the structure close to the starting model based on X-ray powder
diffraction data. The obtained results evidently confirmed that sol-gel derived
Sr4Al140;5 sample obtained at 1300 °C using boric acid as a flux in the process-
ing is monophasic (see Fig. 3.22).

The series of cerium-doped SryAl140;,5:Ce, samples having different con-
centrations of Ce were prepared using the same synthesis method using deter-
mined optimal synthesis parameters that yield single phase strontium aluminate
SryAl14055. As we can see from figure 3.23, it was possible to prepare monopha-
sic SryAl140,5:Ce, samples up to concentration of cerium reaching r = 0.05.
With further increasing cerium concentration (x = 0.1) the diffraction line at-
tributable to the side phase of cerium oxide (CeQO,) appeared in the XRD pattern
of the end product. As seen, the intensity of this diffraction line evidently in-
creases with increasing the cerium amount. As a result, the maximum cerium
concentration = (.05 could be introduced without changing phase composi-
tion of synthesized product.

Photoluminescence excitation and emission measurements revealed that all
Sry_Al140,5:Ce, samples had excitation maximum at ~330 nm and emission
spectra had double peak with maxima at ~360 nm and ~380 nm (Figure 3.24).

The broad emission band is attributable to [Xe]5d' — [Xe]5f' transition of
Ce™* ions. It turned out that emission intensity slightly increases with higher
concentrations of cerium what is in line with excitation spectra. The highest PL
intensity was determined for the sample with x = 0.0025. Higher doping con-
centrations resulted in lower PL intensities because of the concentration quench-
ing. Moreover, the emission maximum of the prepared phosphors is much blue
shifted than conventional YAG:Ce phosphors (560 nm) [221].

3.5 Solid-state synthesis of SrjAl14025

Different temperatures and fluxing agents (H;BOj3, AlF;, SrCl,) were tested in
order to obtain single phase SrsAl;40,5. Some of the results are presented in fig-

ure 3.25. In all samples the SryAl140,5 phase was formed, but none of these syn-
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Figure 3.22. The observed (circles) and calculated (solid line) powder XRD patterns
of sol-gel derived SrsAl;140,5 sample after Rietveld refinement. The vertical bars located
just below the background level indicate calculated positions of Bragg peaks for /.
The curve the bottom part of the plot represents the difference between observed and
calculated intensities. Goodness of fit indicators: X2 = 3.07; Ryp = 6.87.
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Figure 3.23. XRD patterns of Sry_,Al;40,5:Ce, samples. The vertical lines at bottom
correspond to standard XRD pattern for SrgAl;4O,5 and CeO, phases.

59



-

Sr, Ce Al,O,, Y x=0.0025
x=0.0025——> x=0.005

x=0.005— ¥ x=0.001

-" o
-====¢-“'

S o
o o

%
‘.“““.‘-

x=0.01

Intensity (a.u.)

Wavelenght (nm)

Figure 3.24. Excitation (A, = 385nm) and emission (Aex = 330nm) spectra of
Sryq_Al14055:Ce, samples.
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Figure 3.25. XRD patterns of SryAl;40,5 samples prepared using different fluxing
agents: A — 0.1 mol% H3BOj3 annealed at 1400 °C; B — 0.1 mol% H3BOj3 annealed at
1300°C; C — 0.1 mol% AIF; annealed at 1300°C; D — 0.1 mol% SrCl, annealed at
1300 °C. Vertical bars represents Sr4Al140,5 phase (PDF#01-089-8206); * — represents
SrAl,O4 phase (PDF#04-010-5403); o — represents SrAl;O; phase (PDF#04-007-5368).

thesis routes produced single phase strontium aluminate Sr4Al;4O5s. Fig. 3.25 D
shows XRD pattern of the sample produced using strontium chloride as a flux.
Evidently, that the main crystalline phase in this sample is SrAl,O4 (most inten-
sive characteristic peaks are marked *). The XRD pattern of the sample produced
with AlF; fluxing agent (Fig. 3.25 C) gives the strongest peaks characteristic to
the SrAl,O7 phase (noted by o symbol), but the traces of SrAl,O4 and SryAl14055
can also be identified.

The syntheses with boric acid used as a fluxing agent produced the best results.

However, it was still visible that other phases (mostly SrAl,O,4) were present in
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Figure 3.26. X-ray diffraction pattern of SryAl140,5 refined employing Rietveld
method. Sample prepared using 2.5 wt % of H;BOj3 as a fluxing agent.

the synthesis products. With increasing amount of boric acid as a flux (2.5%
wt.), the single phase samples have formed. It is evident from figure 3.26 that
this sample contains only single phase SryAl1405s.

The original crystallographic data of Wang et al. [133] was used as a starting
model for Rietveld refinement of X-ray diffraction data collected at room tem-
perature employing Rigaku Smartlab diffractometer. The refinement smoothly
converged to the structure close to the starting model based on X-ray powder
diffraction data. Therefore, it is determined that Sr4Al;4O,5 phase can be synthe-
sized by the solid state reaction method at 1300 °C for 8 h. The crystallographic
details are provided in Table 3.1.

There are several reports that deal with influence of boric acid to luminescence
properties [156, 150], and a study on the role of boric acid in the synthesis of
calcium aluminate claims that at lower concentrations of H3BO; acts as a fluxing
agent, but at higher concentrations it behaves as one of the reactants and produces

aluminoborate complexes [222].
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Table 3.1. Structural parameters?® for SryAl;40,5° refined from X-ray powder diffrac-

tion data collected at room temperature (orthorhombic space group Pmma (Ne 51))

Atom X y zZ Biso Occupancy
Srl 0.13778(4) 172 0.03410(29) | 0.653(42) 172
Sr2 | 0.12050(4) 0 0.11412(29) | 0.604(39) 172
All | 0.18493(10) | 0.19391(32) | 0.62819(69) | 0.705(85) 1
Al2 | 0.06618 (9) | 0.32226(41) | 0.50941(64) | 0.258(61) 1
Al3 1/4 0.29568(44) | 0.13145(99) | 1.004(108) 172
Al4 0 0.16716(52) 0 0.325(91) 172
AlS 0 0 172 0.511(129) 1/4
Al6 0 172 0 0.692(145) 1/4
O1 | 0.04318(17) | 0.15995(57) | 0.32646(139) | 0.178(131) 1
02 | 0.13719(19) | 0.32013(54) | 0.50168(108) | -0.152(114) 1
03 | 0.18892(16) | 0.23191(63) | -0.02292(96) | 0.736(149) 1
04 1/4 0.23210(81) | 0.47352(117) | -0.313(197) 172
05 | 0.03844(28) 0 0.83407(192) | 1.015(211) 1/2
06 | 0.05061(25) 172 0.33679(174) | 0.040(200) 172
07 | 0.16581(26) 0 0.58172(151) | -0.185(182) 1/2
08 | 0.04243(16) | 0.33552(57) | 0.85534(143) | -0.479(116) 1
09 1/4 172 0.10010 1.100(314) 1/4

4 — Numbers in parentheses are standard deviations of last significant digits. Values with

no standard deviation shown were not refined.

b _ Cell parameters: a = 24.76881(70), b = 8.47839(25), ¢ = 4.88379(14) A; Figures

of merit: R, = 5.75%, Ryp = 7.46 %, R.xp = 3.96 %, x* = 3.55
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Figure 3.27. XRD patterns of Sry_,Ca,Al;40,5 samples. Vertical bars represents
Sr4Al140,5 phase (PDF#01-089-8206).

3.5.1 Partial substitution of Sr* by Ca?*

To investigate how partial substitution of strontium by calcium alters lattice
parameters of SryAl140,s, a series of samples Sry_,Ca,Al;40,5 with x¢, = from
0 to 2.2 were prepared. As seen from XRD data (Fig. 3.27), the single phase
compounds can be obtained with substitution up to xc, = 1.4. With increasing
concentrations of Ca, the secondary phase of CaAl,O7 is forming.

These results agree with Suriyamurthy et al. study, which claims that at z¢, =
3.2 SryAl140,5 phase is barely detectable and CaAl,O7 phase is dominant, also
that for x¢, > 2, the emission maximum is shifted towards the blue region [150].
This is due to formation of other phases than SryAl140,5. (note: z in this report
corresponds to = = Sr/Ca).

Previously refined SryAl140,5 data were used as a starting model for Rietveld
refinement. The Ca”* ions were introduced to the crystal structure with occu-
pancy of 0 and constrained with Sr** occupancy of 0.5, by a factor of —1. Crys-
tallographic data of CaAl;O; (ICDS#14270) were used for the refinement when
second phase was present (samples with xc, > 1.4). Refined lattice parameters
a, b, c and cell volume V' are summarized in figure 3.28.

As expected, substituting Sr** with Ca** (ionic radii 117 and 99 pm, respec-
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Figure 3.28. Refined structural parameters for Sry_,Ca,Al;4O,5, where x = from 0 to
2.2 (presented on x axis in all diagrams).

tively) the unit cell volume and lattice parameters monotonically decreases. The
changes slow down when the critical Ca* concentration is reached and it is not
possible to obtain the single phase compounds.

Table 3.2 summarizes refined occupancies of all Sry_,Ca,Al;40,5 samples.
Constrains with factor of —1 were used for Sr1-Cal and Sr2—Ca?2 pairs.

Except for lowest calcium concentrations, Sr2 site is at least two times more
likely to be substituted by calcium. As it is visible from Fig. 3.29, Fig. 3.30
and Fig. 3.31, the Srl (represented as red circles with squared patterns) sites are
surrounded by AlOy-tetrahedra and the Sr2 (represented as red circles) sites are
surrounded by more complex AlO4-tetrahedra and AlOg-octahedra system. Sr2
sites are more preferred to be substituted by a smaller Ca** ion probably because

these sites are less spacious than Sr1 sites.

3.5.2 Partial substitution of Sr>* by Ba**

To investigate how partial substitution of strontium by barium alters lattice pa-
rameters of SryAl140;s, a series of samples Sry_,Ba,Al;40,5 with xp, = from 0

to 1 were prepared. As seen from figure 3.32, that barium substitution has much
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Table 3.2. Refined® occupancies of Sry_,Ca,Al140,5. (All atoms have multiplicity of
4.)

X= 0 0.05 0.1 0.2 0.3 0.5 0.7

Srl 0.5 0.468(5) | 0.478(4) | 0.483(3) | 0.473(2) | 0.458(4) | 0.444(4)
Cal 0.0 0.032(5) | 0.022(4) | 0.017(3) | 0.027(2) | 0.042(4) | 0.056(4)
Sr2 0.5 0.487(5) | 0.490(4) | 0.445(3) | 0.436(2) | 0.395(4) | 0.367(3)
Ca2 0.0 0.013(5) | 0.010(4) | 0.055(3) | 0.064(2) | 0.105(4) | 0.133(3

X= 1 1.2 1.4 1.6 1.8 2 22

Srl || 0.425(5) | 0.415(3) | 0.405(4) | 0.393(3) | 0.387(3) | 0.370(3) | 0.353(5)
Cal || 0.075(5) | 0.085(3) | 0.095(4) | 0.107(3) | 0.113(3) | 0.130(3) | 0.147(5)
Sr2 || 0.314(4) | 0.242(2) | 0.238(3) | 0.233(3) | 0.222(3) | 0.220(3) | 0.212(4)

Ca2 || 0.186(4) | 0.258(2) | 0.262(3) | 0.267(3) | 0.278(3) | 0.280(3) | 0.288(4)
? — Numbers in parentheses are standard deviations of last significant digits.

Figure 3.29. Visualization of Sr4Al140,5 crystal structure. Srl sites are represented as
red circles with squared patterns, Sr2 sites as red circles, oxygen atoms as blue circles,
AlQy sites as green tetrahedral, AlOg sites as yellow octahedral.
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. Projection of SryAl140,5 crystal structure (perpendicular to ab-plane).
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Figure 3.31. Projection of SryAl4Oys crystal structure viewed perpendicular to be-

plane.
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Figure 3.32. XRD patterns of Sry_,Ba,Al;4O,5 samples. Vertical bars represents
Sr4Al;40,5 phase (PDF#01-089-82006).

more expressed effect on the formation of strontium aluminate phase. Much
smaller amount of barium in comparison with calcium promotes the formation
of side phases. Starting with xp, = 0.2 the traces of SrAl,O4 and SrAl;;O9
are detectable in the XRD patterns. These phases become dominant crystalline
phases at higher concentrations of barium substitution. This agrees with previ-
ously mentioned study of substitution effects on the luminescence where authors
claim that from xp, = 0.4 to xp, = 1.2 there are other phases present in addition
to SryAl;4055 [150].

Previously refined SryAl140,5 data were used as a starting model for Rietveld
refinement. The Ba* ions were introduced to crystal structure with occupancy of
0 and constrained with Sr** occupancy of 0.5, by a factor of —1. Crystallographic
data of SrAl,O4 (ICDS#160296) and SrAl;,0;9 (ICSD#43155) were used for
refinement when second phases were present (samples with g, > 0.1). The
refined lattice parameters are summarized in figure 3.33.

As expected, substituting Sr** with Ba** (ionic radii 117 and 135 pm, respec-
tively), the lattice parameters and unit cell volume increase. From the concen-

tration of xp, = 0.4 and above (not shown) the refinement for Sr;Al;4O;s phase
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Figure 3.33. Refined structural parameters for Sry_,Ba,Al;4O,5, where x = from 0 to
0.4 (presented on x axis in all diagrams).

became very complicated and the uncertainties increased considerably, because
the fraction of phase of interest is too small.

Table 3.3 summarizes refined occupancies of Sry_,Ba,Al;40,s samples. Con-
strains with factor of —1 were used for Sr1-Bal and Sr2-Ba?2 pairs.

From this data it seems that Sr1 site is more preferred by barium ions, although
more investigation is necessary in order to confirm this assumption. As one can
see from Fig. 3.29, Fig. 3.30 and Fig. 3.31, and, Srl site is more spacious than

Sr2 site, so it seems logical that Ba**, possessing a larger ionic radius, should

Table 3.3. Refined® occupancies of Sry_,Ba,Al140,5. (All atoms have multiplicity of
4))

X= 0 0.05 0.1 0.2 0.4

srl [ 0.5] 0.4886) | 0.465(7) | 0.511(7) | 0.424(27)
Bal || 0.0 | 0.012(6) | 0.035(7) | -0.011(7) | 0.076(27)
Sr2 | 0.5 | 0.5106) | 0.486(7) | 0.473(7) | 0.523(26)
Ba2 || 0.0 | -0.010(6) | 0.014(7) | 0.027(7) | -0.023(26)

4 — Numbers in parentheses are standard deviations of last significant digits.
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prefer this site.

3.6 Solid-state and sol-gel synthesis of
SI‘A|4O7

Different amount of fluxing agent was used during the solid state synthesis
of SrAl4O7. As seen in figure 3.34, the XRD pattern of sample prepared with-
out boric acid consists of broad peaks attributable to SrAl,O4 phase. The XRD
patterns of the samples fabricated with a flux exhibit the formation of SrAl;O;
as the main crystalline phase. Under closer investigation, it can be seen that the
XRD pattern of sample prepared with 2.5 % of fluxing agent still has distinguish-
able diffraction peaks belonging to SrAl,O,4 phase (notice the triplet of peaks at
20 =~ 30°). These results suggest that the required amount of boric acid during
the synthesis is at least 5 % by weight.

Moreover, the sol-gel synthesis route was also used in order to prepare the
monophasic aluminate samples. In figures 3.35 and 3.36 the XRD patterns of
sol-gel derived SrAl;O; samples using 1,2-ethandiol or glycerol as complex-
ing agent in the processing and different amount of boric acid are shown. Al-
though the synthesis of SrAl;O7 using sol-gel route was successful, only one
attempt yielded monophasic compound. The monophasic SrAl;O; was obtained
using glycerol as complexing agent in the sol-gel preparation and adding 1.5 %
of H3;BOj3. Insufficient amount of flux once again resulted in the formation of
monoclinic SrAl,O4 phase. On the other hand, the additional aluminoborate
side phase of SrAl,B,07; has formed when an excessive amount of boric acid
was used.

It is evident, that the proper amount of fluxing agent is crucial for the forma-
tion of monophasic compounds. In the sol-gel synthesis, however, it is difficult
to control the gel/flux ratio as the gels might contain different amount of Sr and
Al for the same mass of gel since the decomposition of organic part of the gel
might differ from sample to sample. Therefore, the solid-state synthesis route
was chosen for the future experiments as it yields monophasic compounds more
consistently, i.e. the results are reproducible.

Europium-doped samples of SrpogsAl4O7:Eug o, were prepared using solid-
state synthesis with different amount of boric acid. Their PL spectra are pre-

sented in figure 3.37. Apparently, the photoluminescence of the sample prepared
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Figure 3.34. XRD patterns of solid state synthesis of SrAl,O; samples prepared with
different amount of boric acid. Red bars represent SrAl;O; (PDF#00-072-1252), blue
bars represent SrAl,O4 (PDF#00-034-0379).
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Figure 3.35. XRD patterns of sol-gel derived SrAl;O; samples prepared with differ-
ent amount of boric acid and using 1,2-ethandiol as complexing agent. Black bars rep-
resent SrAl;O; (PDF#00-072-1252). The crystalline phases are marked: * — SrAl,Oy4
(PDF#00-034-0379), & — SrAl;B,07 (PDF#00-047-0182) and # — Sr3Al,O¢ (PDF#00-
024-1187).
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Figure 3.37. Excitation (\;; = 485nm) and emission (Aex = 370nm) spectra of

SrAl4O7:Eug g, samples prepared by solid state synthesis using different amount of boric
acid.

with 5 % addition of fluxing agent is the most intensive. As established previ-
ously, this amount of boric acid is sufficient for the synthesis of monophasic
SrAl4O7. The PL spectrum of the sample prepared without a flux exhibits emis-
sion profile strongly different from the rest because of this synthesis resulted in
the formation of SrAl,O4 compound.

According to the results published on other strontium aluminate phases [11,
137], the co-doping with dysprosium increases the photoluminescence and af-
terglow of europium. Firstly, the optimal ratio of co-dopants was determined by
preparing the samples of SrAl;O7:Eu,Dy with Eu to Dy ratioof 1 : 1,1 : 2 and
1 : 3. As seen in figure 3.38, the sample with molar ratio of Eu : Dy =1 : 2
exhibits the most intensive photoluminescence.
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Figure 3.38. Excitation (\;; = 467nm) and emission (Aex = 291 nm) spectra of
SrAl4O7:Eug 2,Dy, samples prepared by solid state synthesis.

The initial doping of europium was 0.02 parts per mole. This amount was
chosen according to the literature on other strontium aluminates [223, 61]. The
samples with higher doping concentration of europium while keeping ratio of
Eu : Dy fixed to 1 : 2 were also prepared. The PL spectra of obtained samples
are given in figure 3.39. Evidently, with increasing level of Eu** doping the
intensity of photoluminescence decreases due to concentration quenching.

In conclusion, the SrAl;O7:Eug 02,Dyo.04 sample prepared by solid-state syn-
thesis shows the most intensive photoluminescence. Moreover, all Eu-doped and
Eu,Dy-co-doped samples exhibit afterglow visible by the naked eye. The mea-

surements of this property are currently under investigation.
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SrAl4O7:Eu,, Dy, samples prepared by solid state synthesis.
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Conclusions

1)

2)

3)

4)

5)

6)

Monophasic SrAl,O4 was successfully synthesized using aqueous sol-gel
synthesis route after annealing of Sr—Al-O precursor gel at 1200 °C for
10 h. SEM analysis revealed the formation of plate-like SrAl,O4 particles.

During the sol-gel synthesis of cerium-doped SrAl,O,4 a negligible amount
of unknown impurity phases has formed when low concentration of Ce
(0.25-1.00 mol%) was used, and formation of CeO, phase was determined
with increasing concentration of Ce (2.00-3.00 mol%). The SrAl,O4:Ce,
samples showed absorption of light in UV region, however, no any photo-

luminescence was detected.

Sr3Al,O¢ phase was also successfully synthesized using aqueous sol-gel
synthesis route. However, the closer XRD analysis employing Rietveld
method revealed the formation of additional phases. Ce-doped Sr3Al,Og¢
samples exhibited photoluminescence with broad band emission at around

480 nm with excitation maxima at 268 nm.

Monophasic SrAl;;0;9 samples were successfully synthesized using aque-
ous sol-gel synthesis route after annealing of Sr—Al—-O precursor gel at
1500 °C. SrAl;,019:Ce specimens showed photoluminescence in UV range
with excitation and emission maximums peaking around 260 and 317 nm,

respectively.

Monophasic Sr4Al;40,5 was fabricated by sol-gel synthesis at 1300 °C but
only using a flux (boric acid). Monophasic Sr4Al;40,5:Ce, samples with
x = 0.00-0.05 were also prepared using the same sol-gel synthesis route.

At higher concentrations of cerium the side phase of ceria has formed.

PL measurements revealed that emission spectra of SryAl;40,5:Ce, sam-
ples shows double peak with maxima around 360 and 380 nm, while exci-

tation maxima is centred around 330 nm. The highest intensity of emission
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7)

8)

9)

10)

11)

was observed at x = (0.0025. With increasing amount of cerium, the inten-

sity decreased due to concentration quenching.

Monophasic Sr4Al;4O,5 was prepared via conventional solid state reaction
route after annealing starting mixture at 1300 °C for 8 h and 5 wt % of boric

acid as fluxing agent.

Partial substitution of Sr by calcium in Sry_,Ca,Al;4O,5 and by barium
in Sry_,Ba,Al;40,5 was possible up to x = 1.4 and x = 0.1, respec-
tively. While at higher concentrations the mixtures of different phases were
formed.

Structural samples revealed that Sr2 site is more likely to be substituted
by Ca than Srl site, however, in Ba case the observation was opposite.
The unit cell parameters decreased in Sry_,Ca,Al;40,5 and increased in

Sry4_,Ba,Al140,5 with increasing the substitutional level.

An aqueous sol-gel synthesis of SrAl4O; resulted in monophasic com-
pound after annealing of Sr—Al—O precursor gel at 950 °C. In the sol-gel
processing glycerol was used as complexing agent and 1.5 % of boric acid
was added as fluxing agent. The monophasic SrAl;O; was prepared at
the same temperature and by solid state synthesis when slow heating rate
(0.5°C/min) and 5 wt % of boric acid were used.

Eu**-doped and Eu**,Dy**-co-doped SrAl;O; samples prepared via solid
state synthesis route were annealed in reducing CO atmosphere. Photo-
luminescence measurements showed emission maxima at around 470 nm.
The highest intensity was achieved when concentration of Eu was 0.02

molar parts and Eu:Dy ratio was 1 : 2.
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