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Abbreviations

IR Infra Red

PL Photo Luminescence

RE  Rare Earth

SEM Scanning Electron Microscopy
UV  Ultra Violet

XRD X-Rays Diffraction

15.1 Applications of Vanadate Matrices as Efficient Hosts for
Luminescent RE3+ Tons

Vanadate matrices are well-known hosts for luminescent rare-earth (RE) ions
since the middle of the twentieth century, when YVO4:Eu?t crystals became into
mass usage as red phosphor for luminescent lamps, cathodoluminescent tubes, and
oscillotrons [1-3]. The main reasons for the application of just vanadate matrix
for mentioned purpose were high radiation and temperature hardness of oxides and
high efficiency of RE** luminescence in vanadate matrix [3—6]. Excellent optical
characteristics and other interesting structural, electrical, magnetic, and thermal
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properties of vanadates have attracted wide research attention to development of this
class of compounds for the last decades [7—11]. These compounds are chemically
stable and nontoxic [12—14]. As a result, vanadate compounds have been considered
for applications in many new areas and various technical and research fields
involving chemistry and biology, optoelectronics, and renewable energy generation.
Usually, each new practical application requires modifications of characteristics of
materials due to special needs just of this application. Considering and comparing
requirements from various areas of application, we can formulate the main direction
for development of new vanadate compositions with improved usage characteristics.

Traditional application of vanadate materials as red phosphors for cathodolu-
minescent tubes is currently extended to wide area of applications of vanadate-
based luminophors for various color imaging and lightening systems. The most
promising direction is creation of new materials for converting violet and blue
LED emission into white light [15—-18]. Such application requires development of
new compositions with enhanced efficiency of excitation from violet spectral range
around 400 nm, whereas REVO4 matrices usually have only edges of excitation
located near 350 nm (Fig. 15.1) [19-21]. Replacement of the RE cations with
alkaline earth (AE) cations (Ca>*, Sr**, Ba?T) in the RE vanadate nanoparticles
was proposed recently to achieve arising of excitation effectiveness near 350—
450 nm [22-25]. Similar behavior of excitation property was reported previously
for several vanadate compounds. In fact, intensity and locations of excitation
band of luminescence depend on material composition, concentration, and type
of the AE cations. Maxima positions of this band were reported from 380 nm for
Zn3V,0g [25], 385 for Eu;_,Ca,VOy4 [23], 389 nm for CayKZn,(VOy4)3 [24], 393
for LipCarScV301,:Eu3t [22] to 405 nm for Laj_,_yEu,Ca,VOy4 [26] (Fig. 15.2).
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Nature of this excitation band is under discussion. It was ascribed to transitions
in the vanadate groups [25], to presence of AE oxide impurity phases [22, 27],
and to AE-induced defects [26]. It should be also noted that this excitation band
is located in the range of f-f transitions in the Eu’* ions, and sometimes it can
be unrecognized in the spectra of the RE-doped vanadates [22]. Thus, additional
complex investigation is needed to study AE effect on the RE ions luminescent
properties in the vanadate matrices. So, development of new compositions with
enhanced efficiency of excitation from violet range is an actual task in creation of
vanadate compositions perspective for application in WLED devices.

The range of actual and potential biological applications of vanadates includes
fluorescent probes for single molecule tracking, drug delivery and activation, protein
detection, fluorescent bio labeling [14, 28, 29]. Some of these applications are
used for investigation of living tissues and for therapy of diseases. In particular,
singlet oxygen as an effective destroyer of cancer cells is used for the photodynamic
therapy of tumors. The singlet oxygen could be produced at the decay of excited
electronic states of some oxygen generating molecules, effective excitation of which
is possible only from the near infra-red spectral region where absorption of living
tissues is low. It is also carried out search of intermediating materials which are
effectively excited by soft X-ray and can transfer excitation energy to oxygen
generating molecules. Some oxide materials and orthovanadate compounds among
them were considered as promising transferring media taking into account their
stability in various neighboring and high absorption cross-section.

From the medical and biological points of view, materials for such applications
should be safe to human body and have maximally possible high efficiency of energy
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transformation in order to decrease X-rays irradiation of patients. As the vanadate
compounds are known as nontoxic materials, the main task for development of
improved compositions for biological and medical applications is to increase
luminescence emission efficiency without incorporation of some toxic agents.

Global demands in energy sector have also attracted attention to possible
applications of luminescent nanoparticles in renewable energy sources, in particular,
in solar energy. In this connection some vanadates have been proposed for creation
of luminescent down-shifting coatings for silicon solar cells [30—33]. Currently,
the most sold at the marked commercial silicon-based solar cells have efficiency
of solar light to electrical energy conversion about 15%. The large part of the
solar energy losses is associated with spectral mismatch of solar cells sensitivity
and energy distribution in the solar spectrum. In order to cover this mismatch,
“up” (from infrared (IR) to visible (VIS)) and “down” (from ultraviolet (UV)
to VIS) conversions of solar photons are applied [34—-37]. Considerable research
efforts were devoted for the last years to development of materials for effective
conversion of solar radiation, in particular dye-sensitization of solar cells that
provides a low cost solution [38]. However, dye colors have tendency to degradation
under UV irradiation; therefore, UV light is usually blocked by filters, and high-
energy photons are not available for down-conversion. Possibility of luminescent
absorbers application for adoption of UV light to working range of silicon solar
cells was recently considered on the basis of thin inorganic crystalline films doped
with RE ions [39, 40]. The RE-doped oxides are perspective candidates for this
role due to their excellent thermal, mechanical, and optical properties. Various
vanadate compositions such as multi-RE doped YVO4 and Eu or Sm doped LaVOy4
vanadate nanoparticles were considered as promising materials for adaptation of
incident solar light to spectral sensitivity of silicon solar cells. Arising of the above-
described excitation band around 400 nm is a very desirable feature suitable for this
application. Decreasing of cost is also especially important for materials proposed
for covering of silicon solar cells.

For the last years, nanosized orthovanadates have been also considered as main
perspective photocatalytic material in systems for visible light-driven photocatalytic
water splitting. The widely used photocatalyst TiO, is active only under ultraviolet
light irradiation [41, 42], while bismuth, cerium, and lanthanum orthovanadates are
of a special attention as the most promising visible light-driven photocatalysts [43—
45].

Summarizing, the wide range of vanadate compounds applications have attracted
significant research efforts to development of new vanadate compositions with
improved characteristics depending on requirements of various practical tasks.
In particular, increase of excitation efficiency under light from near UV and
violet spectral ranges is needed for solar energy conversion applications, whereas
biological applications require light transformer materials safe to human body with
high efficiency of energy transformation in order to decrease X-rays irradiation of
living tissues. These goals can be achieved by isovalent and heterovalet doping of
the basic REVO,4 compositions. In the present work we give overview of our 5-
years research activities in these directions together with description and discussion
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of new results. The LaVO4 matrix is used as basic for the study in order to
achieve desirable cost decrease as the La reagents are among the cheapest RE
reagents. Besides, the LaVO4 matrix is characterized by one more unique for the
orthovanadate compounds feature that is described in the next paragraph.

15.2 Feature of Lanthanum Vanadate Crystal Matrix
Compared to Other Rare-Earth Vanadates

It is known that all the rare-earth orthovanadates (REVQ4) crystal compounds
crystallize in the so-called zircon structure [46]. This rule has one exception and this
exception is lanthanum vanadate (LaVO,), which is dimorphic and can be stabilized
in zircon or monazite crystal structures [47].

The zircon crystal structure is characterized by a tetragonal symmetry with space
group [41/amd (Z = 4). In this structure, the La and V cations are located at high-
symmetry positions; those can be described as formed by isolated VO4 tetrahedral
units surrounded by the La atoms forming eight-vertex LaOg polyhedrons. Each of
V atoms is surrounded by four equivalent oxygen atoms forming the perfect VOu
tetrahedrons with T4 local symmetry of oxygen surrounding and V-0 distances near
1.7 A (Fig. 15.3). In the LaOg dodecahedron, the La atoms are coordinated by eight
oxygen atoms with identical four short bond lengths (2.2 A) and four long bond
lengths (2.5 A) with Dog local symmetry of oxygen surrounding [47—49]. Each VO,
and LaOg polyhedron units are running parallel to the crystallographic c-axis. Each
of the chains is joined laterally by edge-sharing LaOg dodecahedra.

The monazite structure (space group P21/n, No. 14, Z = 4) is another crystal
structure adopted by LaVO4 [50]. At ambient conditions this crystal structure is
observed only for LaVO4 among the REVO, family but can be obtained for several
REVO;, vanadates at high pressure [51]. In the monazite structure, the V and La
atoms are four- and ninefold coordinated, respectively, with Cs local symmetry of
oxygen surrounding for both the cations. The distorted VO4 tetrahedrons only share
corners and edges with the LaOg polyhedrons (Fig. 15.3).

Dimorphism of the LaVO4 can be an essential advantage in the search of
compositions with certain spectroscopy characteristics needed for one of the
mentioned purposes, because luminescent properties of the RE3* ions are known to
be dependent on symmetry of crystal surrounding [49, 52-54]. It is also important to
note here that isolated arrangement of the VO tetrahedrons is a common feature for
both the crystal structures which allows description of lattice vibrations as internal
and external modes of this unit [55].
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Fig. 15.3 Crystal structures of the LaVOy in zircon (left) and monoazite (right) phases shown in
the form of atoms and bonds (top) and in the form of vanadate tetrahedrons and La atoms (bottom)

15.3 Methods of the Orthovanadate Nanoparticles Synthesis

As methods those could be successfully used for the synthesis of the orthovanadates
nanoparticles, several authors have reported solid-state [20, 56], coprecipitation [21,
57], hydrothermal [58], solution combustion [59], and sol-gel synthesis [26, 60].
These methods could satisfy various reactivities of the compounds, homogenization,
morphology, and sizes of nanoparticles; therefore, it was important for us to use
various methods at the beginning of our work to find those ones that will allow us
to achieve the best results in the noted above goals.
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15.3.1 Solid-State Method

The Lay 03 (99.99%), V205 (99.99%), and Eu; O3 (99.99%) powders were selected
as the starting materials. For a typical process, all starting materials were weighed in
the calculation stoichiometric ratio, and well mixed in the agate mortar. The mixed
samples were calcinated using step-by-step heating (the step was 100 °C) up to
680 °C with 1 hour temperature exposure and intermediate grinding for each step.
The final products were sintered for 6 hours at 900 °C (Fig. 15.4a).

15.3.2 Coprecipitation Method

The LayO3 and Eu,O3 starting materials were first dissolved into concentrated
nitric acids. The stoichiometric ratios of the rare-earth nitrates solutions were mixed
homogenously. After being stirred for half an hour the pH value was adjusted to
about 7.0-8.0 with ammonia solution. Simultaneously, the NazVOy4 solutions were
added into the solutions of La(NO3)3 and Eu(NO3)3. After this, the solutions were
stirred until they became homogeneous. After being deposited for several days, they
were filtered and dried in a drying box and the precursors were achieved. Then,
they were thoroughly homogenized and calcinated in a muffle furnace using step-
by-step heating up to temperature 680 °C with 1 hour temperature exposure and
intermediate grinding for each 100 °C. Then the samples were heat-treated for
6 hours at 900 °C (Fig. 15.4b).

15.3.3 Sol-Gel Synthesis

Stoichiometrically calculated amounts of La(NOs3)3, Eu(NO3);, NH4VO3, and
Ca(NOs3), were used as a starting compound. The necessary quantities of the
reagents were gradually mixed by 100, 20, 10, and 5 ml pipettes in a 250 ml
beaker. The solution system was homogenized using a magnetic stirrer. The content
of metal ions in their solutions was estimated out by the trilonometric method:
solution of calcium nitrate was established by direct titration with murexide; the
concentration of rare-earth ions in their respective nitrate solutions was established
by direct titration with xylenol orange [61]. The NH4 VO3 solution was titrated by
using a hydroquinone with sulfuric acid before switching from blue to green and
red. Ferroin was used as an indicator. At the next stage, a complexing agent was
added to prevent the sedimentation process from the reaction mixture of a similar
composition using the deposition method. Then 5 g of citric acid were dissolved in
a 100 ml glass by distilled water, in which it was heated and added to the reagents
solution. Such a mixture was poured into a graphite cup and placed on a sand bath.
The solution gradually evaporated and turned into a gel, and then a powder. The
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Fig. 15.4 Schematic diagram
showing the experimental
process for solid-state (a),
coprecipitation (b), and
sol-gel [26] (c) synthesis of
the vanadate nanoparticles
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Fig. 15.4 (continued)

fine-grained powder was calcined for 5 hours at a step-by-step heating with 100 °C
steps up to 680 °C temperature (Fig. 15.4c).

15.4 Phase Composition of the Synthesized Nanoparticles

Phase compositions and crystal lattice parameters of the synthesized samples were
determined using X-ray diffractometer (XRD) DRON-3M (Cug,-radiation with a
Ni filter). The diffraction patterns were taken with a 2 deg/min step.

The XRD analysis has shown that all the synthesized samples Laj_Eu,VO4
are single phase. XRD patterns of synthesized pure LaVO4 are well matched
with a standard card of monoclinic LaVO4 (JCPDS PDF2 50-0367) for all the
applied methods of synthesis (Fig. 15.5). Thus, crystal structure of pure LaVOy4
is monoclinic (space group P2{/n, monazite structure family).

Crystal structure of the Lag osEug o5 VO4 samples synthesized by the coprecip-
itation method is also monoclinic. Further increase in the quantities of europium
impurities (x = 0.1) leads to formation of two phase mixtures (the monoclinic
and tetragonal). Finally, the crystal structure of Lag7Eug3VO4 sample with a
high substitution degree, x = 0.3, is tetragonal, belonging to the I41/amd space
group. Thus, increasing Eu* ions concentration in Laj_Eu,VO4 compositions
synthesized by coprecipitation method leads to stabilization of the tetragonal phase.
Crystal structures of the Laj_Eu,VO4 samples with x > 0.1 are tetragonal (space
group I41/amd zircon structure family) for solid-state and sol-gel methods of
synthesis. Therefore, presence of europium ions with concentrations from x > 0.1
leads to change of the crystal structure from monoclinic to tetragonal [20, 21].

The XRD patterns of the La;_,_yEu,Ca,VO4 (x < 0.2, y < 0.2) samples are
shown in Fig. 15.6. The Lag 9Eug 05Cag 05 VO4 sample with low concentration of the
Ca”* and Eu’t impurities is also attributed to the monoclinic structure. Proximity
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of the Ca?* (1.12 nm), La*t (1.16 nm), and Eu®* (1.066 nm) ions radii provides
an opportunity for calcium and europium ions incorporation into three plus cation’s
sites. Besides, we see that small quantities of the Ca®t(x < 0.1) and Eu’" ions
(y <0.05) can enter into the crystal lattice without change of the monoclinic LaVO4
structure. Increasing concentrations of the Eu’tand Ca’Timpurities lead to the
formation of the monoclinic and tetragonal phase mixture. The Lag gEug>Cap2VO4
sample becomes related to tetragonal structure, belonging to the I41/amd space
group. This result is in agreement with the standard card of tetragonal LaVOy4
(JCPDS PDF2 32-0504) (see Fig. 15.5) [26]. Therefore, increasing the europium
and calcium ions concentration in Laj_,_yEu,Ca,VOy4 (x, y < 0.2) solid solutions
leads to the change of the crystal structure with the formation of two phase
compositions and subsequent stabilization of the tetragonal at x =y = 0.2.
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Fig. 15.6 XRD patterns of 20 25 30 35 40 45 50 55
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15.5 Chemical Elements Analysis of the Ca-Doped Vanadate
Nanoparticles

Chemical elements analysis was performed for the Ca-doped Laj_,_yEu,Ca,VOy4
samples in order to confirm arrangement of the Ca>*cations in vanadate nanoparti-
cles with LaVOy crystal structure, where cation sites usually have 3+ charge. We
have investigated 3—5 various agglomerates or grains for each sample using the
EDS tool of MIRA3 TESCAN Scanning Electron Microscope. Monitoring area
from which information about content of atoms has been taken was larger than
e-beam size, and it was near (30 — 40) x (30 — 40) wm. We have found that
La, Eu, Ca, V, and O are the main components of the samples. The measured
contents of the La>* ions in the synthesized samples were quite close to the expected
compositions [26]. Total contents of the Eu>* and Ca® ions are also close to the
expected compositions. However, the predicted simultaneous fourfold increase of
ions Eu’T and Ca®* content (from 0.05 up to 0.20 at. %) is not implemented for the
actual synthesized samples. We have observed that when the content of the Eu’*
ions increases by ~10 times, the content of the Ca>* ions increases only by ~ 2-3
times. This is due both to specific of the samples (heterogeneity of sizes, shapes, and
thickness of grains of powder, etc.) and features of the method (a significant error
for light elements, the effect of electron beam on oxide surfaces, etc.). This result
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will be taken into account in the discussion of the synthesized compounds spectral
properties.

15.6 Morphology of the Vanadate Nanoparticles Synthesized
by Different Methods

Influence of method of synthesis on morphology of the La;_,Eu,VO4 was studied
on comparison of SEM images of nanoparticles synthesized by coprecipitation and
sol-gel methods. The images were obtained from MIRA3 TESCAN microscope.
SEM images of the samples in Figs. 15.7 and 15.8 show as large areas up to ~2 x 2
pm for general view of samples as well as small separated areas up to ~ 0.8 x 0.8 .

Coprecipitated samples consist of nanoparticles that are agglomerated in grains
of different sizes from tens of nanometers to 1 micron. There are many pores
and cavities between nanoparticles in grains. Each of the samples consists of
nanoparticles of similar shapes and sizes; the latter are increased with increasing
of Eu concentration from 20-40 nm for x = 0.1 to 50-70 nm for x = 0.3 (Fig. 15.7).
The shapes of nanoparticles have slightly distinguished round-polyhedral forms.

Sol-gel samples consist of nanoparticles that are densely agglomerated in solid
grains with sizes about 0.5-2.0 microns (Fig. 15.8). Sizes of nanoparticles vary from
40 to 60 nm for samples of all the concentrations. Dependence of morphology on
Eu concentration for the sol-gel nanoparticles was not observed. The shapes of
nanoparticles cannot be analyzed correctly due to high rate of agglomerization.
Thus, we should make a conclusion that coprecipitation allows us to obtain
nanoparticles with lower rates of agglomeration and smaller sizes of nanoparticles
for the samples with low Eu concentration. Note that the described differences in
morphology of the nanoparticles can affect their spectral properties.

The SEM images of the La;_,_yEu,Ca,VO,4 samples are shown in Fig. 15.9
[26]. The samples are formed by nanoparticles of size from 20 to 100 nm. The
Lag 9 Eug 05Cag.05VO4 samples with low concentration of the Eu and Ca impurities
consist of grains of 0.1-0.2 . size; those are formed by nanoparticles of 10-20 nm
size (Fig. 15.9c). The nanoparticles of larger size, ~ 100 nm, are characteristic for the
samples with higher concentration of dopants, Lag gEug 1Cag.1 VO4. Most of them
have polyhedral shapes with clearly defined edges and angles between them (Fig.
15.9d). The particles with the observed polyhedral shapes have to be assigned to
the crystal system of lower symmetry. Thus, the observed polyhedral shapes can
be regarded as a manifestation of the monoclinic phase in the studied samples.
The next increase of the Eu’t and Ca®>* dopants concentrations also generates
particles of ~100 nm sizes (Fig. 15.9¢). Despite the poor quality of this image, it
is possible to conclude that the shapes of the particles are closer to the cylinders
and rods. The same shapes are observed for the samples of the highest dopants
concentration, Lag gEug2Cag,VOs (Fig. 15.9f). However, it should be noted that
size of the particles is smaller for these samples; it is preferably 30—60 nm.
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SEM HV: 10.0 kV
View field: 2.00 jam
SEM MAG: 181 kx

SEM HV: 10.0 KV
View field: 0.800 pm
SEM MAG: 451 kx

SEM HV: 10,0 kV
View field: 0.800 pm
SEM MAG: 451 kx

SEM HV: 10.0 kV
View field: 0,800 ym
SEM MAG: 451 kx

WO: 1.62 mm
Det: InBeam

WD: 1.51 mm MIRA3 TESCAN|

Det: inBeam 200 nem.

Fig. 15.7 The SEM images of the La;_,Eu,VO4 nanoparticles synthesized by coprecipitation

method x = 0.1 (a, b), 0.2 (¢), 0.3 (d)

Thus, we can say that the change of the powder samples composition is
accompanied by the changes in the size and morphology of their constituent
particles. These changes are consistent with the XRD data on the structure and
phase composition of the samples. Therefore, the SEM data can be interpreted
as indicating that the samples of higher dopants concentration are mixtures of
monoclinic and tetragonal phases and the content of the latter increases when the
content of europium and calcium ions increases.
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MIRA3 TES

Fig. 15.8 The SEM images of the La;_,Eu,VO4 nanoparticles synthesized by the sol-gel method
x=0.1(a,b),0.2(c), 0.3 (d)

15.7 Infrared Spectroscopy

Infrared spectra (IR) of the samples were recorded in the 400-400 cm™! range on
Perkin Elmer IR spectrometer using the KBr pellet method.
The view of the IR spectra in the range of 400-1100 cm~! (Fig. 15.10) is typical
for the LaVOj4 IR- absorption spectra measured previously in this range [62—64].
It is well known that the bending (v, and v4) and stretching vibrations (v and
v3) of O-V-O bonds of the VO43~ anion form IR absorption spectra of various
orthovanadates in the range 400-700 and 700-1100 cm™!, respectively [65, 66].
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SEM HV: 10.0 KV SEM HV: 10.0 kY WD 1,66 mm

View field: 0,630 pm 200 View feld: 0.511 pm Det: inBeam 100 nm
SEM MAG: 573 kx SEM MAG: 707 hx

Fig. 159 The SEM images of the Laj_,_yEu,Ca,VO4 synthesized by sol-gel method
x=y=0.05,0.1,0.15,0.2

In fact, measured by us spectrum of the un-doped LaVOj, contains separated weak
band located in the range 400-700 cm™!, while the main wide band is located in the
range 700-1100 cm ™! (Figs. 15.10 and 15.11). Sharp peak at 434 cm™! and blurred
band centered near 550 cm ™! compose IR spectra of this sample in the former range.
The main peak at ~ 778 cm™! and three strongly overlapped other ones located at ~
820, 850, and 880 cm™! form wide band (Fig. 15.11, curve 1). (All the mentioned
peaks are marked by arrows close to curve 1 in Fig. 15.11, and their positions are in
Table 15.1).

In the spectra of the La;_;Eu,VO4 samples synthesized by various methods,
there are two main strong peaks at 859 and 892 cm~!. This fact is consistent with
the results published for the tetragonal LaVOy4 [65, 67]. We find that t-LaVO4 has
similar vibrational peaks positions with m-LaVOy (see the table), but as it can be
seen from Fig. 15.10, deformation vibrational peaks v4 for t-LaVO, have lower
intensity than for the m-LaVOy4. Also, increased number of vibrational peaks in
the range 750-900 cm~! is observed for m-LaVOy for all the applied methods of
synthesis (see arrows in Figs. 15.10 and 15.11). Thus, six or seven peaks can be
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Fig. 15.10 IR absorption
spectra of the Lag 9Eug 1 VO4
nanoparticles synthesized by
«» coprecipitation method; ...,
sol-gel method; .,
solid-state method; and
LaVOy4 nanoparticles
synthesized by solid-state
method

Fig. 15.11 IR absorption
spectra of the LaVOy (1),
Lag gEug.1Cag.1 VO4 (2), and
Lag ¢Eu.2Cap2VO4 (3)
nanoparticles synthesized by
sol-gel method

T,%

T,%

T.%

T.%

100

0. V. Chukova et al.

100

0 . ,

LaO,BEuUJVOll

LaD.SEu0,1V04

100

600

T
800

A
Wavenumber, cm

T

1000

T,% ]
50 1

T.% |

400

T T T
600 800 1
Wavenumber, cm-1

000

distinguished there, and shape and structure of the band become very similar to
the ones previously published on the IR absorption spectra of the LaVOy4 [65, 67].
The exact assignment of spectral components to a certain type of modes is difficult,
especially that concerning stretching vibration range. Due to the low Cg symmetry
of the VO43~ molecular anion in monoclinic LaVOy, four IR lines lying close to
each other can appear in this range of spectra. Our experimental findings are in
good agreement with the theoretical prediction noted above. Mentioned fact causes
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Table 15.1 IR peaks positions (in cm™!) and their attributions to vibration modes in the VO,
vanadate groups

Lagg9Eug1VOy | LaggEug1VOy | LaggEug1VOy4 Vibration
LaVOy4 | Solid state Coprecipitation | Sol-gel LaggEug 1Cap.1VO4 | modes
434 440 439 440 439 Vg

553

778 783
820 800 803 801 802, 821
850 821 820 821 835; 854 V3

858 859 859
880 889 890 890 875 \%
1026 920 922 924 918; 978

strong overlapping of the lines, that is why they are revealed as one complex wide
band.

Doping with calcium ions causes a distortion of certain amount of vanadate
groups. As a result, additional peaks near 553 cm™! appear in the spectrum. Besides,
as we have shown above all co-doped samples are a mixture of monoclinic and
tetragonal LaVOy4 phases and contribution of the phases depends on the dopants
concentration. The VO43~ molecular groups possess Dpq symmetry in tetragonal
LaVOy4. So, two lines of E, and Aj, symmetry can be found in the range of
stretching vibrations if morphology of the VO43~ groups corresponds to an ideal
tetragonal lattice structure. Really, neighbor environment and symmetry of some
V043~ groups in tetragonal lattice are also deformed by Ca?* ions and all of
V043~ internal vibrations can occur in the IR spectra. As previously have been
reported the calculated [68] and measured [67] peaks positions of the IR- absorption
lines for tetragonal LaVOy4 are close to those for monoclinic LaVO,. Thus, the
eight lines can form the range of stretching vibrations, we suppose. Change of the
phase composition leads to mentioned changes of the shape of the IR bands and
their positions. Regarding published theoretical and experimental data a possible
assignment of all measured features was made (Table 15.1). Additional studies are
necessary in order to clarify the origin of the bands that are in the ranges 500-
700 and 900-1000 cm ~!. We can only note that similar features were previously
observed in the IR absorption spectra of some Ca containing orthovanadates [69,
70].

In any cases, we are able to state that observed IR spectra confirm that anionic
sublattice of studied vanadates is built by VO43~ molecular anions.

15.8 Reflectance Spectroscopy

Reflectance spectroscopy of the samples was performed using Perkin Elmer Lambda
950 spectrometer. The powder samples were pressed in a sample holder and then
spectra of diffuse reflection were measured. In the used mode, the monochromator
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is placed before the samples and all light reflected from the powder samples are
collected by photometric sphere. In experimental solution luminescence of the
investigated samples could give additional contribution in the recorded spectra and
this possibility should be taken into account under analysis of the obtained spectra.

Reflection bands of the undoped LaVOy4 nanoparticles are observed in the 250—
500 nm spectral range (Fig. 15.12). Maxima of the reflection bands are placed
near 300 and 315 nm for the nanoparticles obtained by coprecipitation and sol-
gel methods, respectively. The 50% reflection is observed near 340 and 350 nm,
respectively. Adding of the Eu™ activator ions causes weak narrow peaks at 536,
465, and 395 nm. Also strong decrease of the 300 nm band with increase of the Eu3t
concentration is observed. It is accompanied by appearance of the additional peak at
280 nm and increase of the reflection around 250 nm for the samples obtained by all
applied methods of synthesis. This effect was also observed for the sol-gel samples
co-doped with Ca?* ions. Spectra of the Ca>*-co-doped samples contain also two
additional wide reflection bands around 400 and 500 nm. The bands are strong and
can achieve at the spectral maxima up to 70-80% reflection compared with the main
300 nm band.

The main band at 300 nm can be attributed to the inner O>~ = V3T charge
transfer transitions in the VO43~ vanadate groups [71-74]. The narrow peaks at
536, 465, and 395 nm are caused by TFy — 5D2,3,4 f+f transitions in the Eu’t
ions. The wide bands around 400 and 500 nm that were observed for the Ca>*-co-
doped samples should be connected with transitions in Ca-induced defect centers.
Their structure will be discussed below together with discussions of luminescence
properties. Decrease of the 300 nm band with increase of the Eu®* concentration is
obviously connected with contribution of the luminescence emission in the recorded
spectra, and it should be discussed together with the analysis of the excitation
spectra.

15.9 Luminescent Spectroscopy

15.9.1 Dependencies of Luminescence Properties
of the Laj_Eu,VO4 Nanoparticles on Methods
of Synthesis

Luminescence spectra were investigated using ACTONi (500) monochromator with
grating 150 grooves/mm (blaze @ 300 nm), slit on 50 micron and liquid Nj — cooled
CCD registration as well as DFS12 monochromator with grating 600 grooves/mm,
and slit on 50 micron and FEU-79 photomultiplier registration. Luminescence
spectra were excited with 325, 405, 478, and 532 nm diode lasers or powerful Xenon
lamp [see for additional details 75, 76].
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Fig. 15.12 Reflection spectra
of the investigated vanadate
nanoparticles
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Emission of the La;_,_yEu,VO4 samples was observed in the 550-730 nm
spectral range and they consist of narrow spectral lines (Fig. 15.13). Undoubtedly,
those lines are caused by radiation transitions in Eu* ions. Peculiarities of fine
structure of the spectra and their intensities depend on method of synthesis and
on the Eu** concentration. This is clearly demonstrated in Fig. 15.13 using laser
excitation with 325 nm. The similar effect was also observed before at synchrotron
excitations with shorter wavelengths [20]. At 300 nm excitation, the peaks located
at 587, 621, 687, and 698 nm are the best seen for the samples with the lowest
Eu concentrations. Then they disappear at x = 0.1 for the samples obtained by the
solid-state method, whereas these lines are clearly revealed at concentration x = 0.1
for the samples obtained by the coprecipitation method (Fig. 15.3b, curve 2). For
the samples with x = 0.3, the noted lines disappear for the samples obtained by both
methods of synthesis. It was also shown previously that structure of emission spectra
of the Laj_,_yEu,VO4 nanoparticles does not essentially depend on excitation
wavelength [20].

The observed dependencies can be assigned to transformation from monoclinic
phase to tetragonal phase (see XRD analysis Chapter above). Really, the observed
luminescence lines in the 580—720 nm spectral range are by the Dy — "F; (J =0,
1, 2, 3, 4) electron radiation transitions in the inner 4/ shell of the Eu3" ions. The

Fig. 15.13 (a) Emission
spectra of the La;_,Eu, VO4 a
nanoparticles synthesized by
solid-state method,

Aex = 325 nm, x = 0.05 (1), A, = 325 nm
0.1(2) and 0.3 (3). (b) 7 La, Eu VO,
Emission spectra of the solid state

La;_,Eu, VO4 nanoparticles
synthesized by
coprecipitation method,

Aex = 325 nm, x = 0.05 (1), .
0.1 (2) and 0.3 (3). (¢)
Emission spectra of the
La;_,Eu, VO4 nanoparticles

synthesized by sol-gel 3 J J M /J UL
method, Aex = 325 nm, 1 T
x=0.05(1), 0.1 (2) and 0.3
3
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"F; energy levels may be split in the crystal field on the 2j + 1 sub-levels, but some
of possible transitions can be forbidden by the symmetry rules [77]. If the Eu3*
ions occupy the site of the La3* ions in tetragonal LaVOy crystal lattice (I141/amd
space group), they have Dyy site symmetry. In such a case, group theory predicts
no luminescence peaks from 5Dy — "Fy transition, two lines from the Dy — "F,
and three lines from the Dy — ’F, transitions. If the Eu’T ions occupy the site of
the La* ions in monoclinic LaVOy crystal lattice (P21/n space group), they have
C; site symmetry. In this case, group theory predicts manifestation of all possible
transitions: one luminescence peak from the 5Dy — ’Fy transition, three lines from
5Dy — ’F}, and five lines from the Dy — "F, transitions [48, 49].

It is clearly seen from Fig. 15.13 that noted expectations are exactly realized for
the investigated nanoparticles. So, for the samples with low europium content, we
have observed three lines in the J = 1 range and five lines in the J = 2 range
(marked by the arrows in Fig. 15.3, curves 1). (Lines in the J = 3 range have
weak intensity, lines in the J = 4 range are strongly overlapped, that is why it is
difficult to separate for these ranges all spectral components of emission transitions.)
Thus, properties of luminescence spectra for vanadates of the noted composition
obtained by both methods reveal monoclinic structure of their lattice. Therefore, for
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Fig. 15.13 (continued)
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these compositions the Eu* ions are impurities substituting the La3* ions without
changes of crystal lattice. With increasing of the europium content, transformation
of crystal lattice structure from monoclinic to tetragonal occurs. This is reflected in
transformation of spectra; structure of those at 0.1 < x < 0.3 corresponds to high
symmetry coordination of the Eu’T ions by oxygen ions.

It has to be emphasized that transformation of the spectra with increasing of
the Eu*t concentration takes place with different rates for compounds synthesized
by the different methods. For the samples obtained by solid-state method, we
have observed at x = 0.1 the spectra that completely corresponded to the Eu’™
arrangement in tetragonal vanadate structure (Fig. 15.13a), whereas for the same
vanadate obtained by coprecipitation and sol-gel methods spectral lines character-
istic for monoclinic vanadates remain also at x = 0.1 (Fig. 15.13b and c). These
effects should be more prominent for the Ca-doped samples, where co-existence of
monoclinic and tetragonal phases is observed up to x = 0.15 (Fig. 15.5).
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15.9.2 Influence of Ca-Doping on Luminescence Properties
of the Sol-Gel Laj_Eu,VO4 Nanoparticles

Structure and intensity of the Laj;_,_yEu,Ca,VO4 samples emission depend on
impurity concentration (Fig. 15.14) and excitation wavelength (Fig. 15.15 [26]).
For the LaggEug 1Cap 1 VO4 sample, which is just a mixture of monoclinic and
tetragonal phases (see Fig. 15.5), the photoluminescence (PL) lines at 586, 592.5,
607, 611, 614, 618, 649, 697, and 702 nm (marked by the arrows in Fig. 15.15,
curve 2) are observed at all the applied Aex. (We call this set of the lines as “first
set.”) Note also that the ratio of intensity of the lines at 611, 614, and 618 nm
changes if A¢x varies. Besides, intensive lines at 580, 590, 591.7, 595.6, 608.7,
and 622 and lines near 645, 651, 655, 706, and 708 nm (marked by arrows with
asterisk at Fig. 15.15, curve 3) are distinctively observed in the spectra measured
at Aex = 405 nm. (We call this set of the lines as “second set.””) So, the measured
emission spectra are the superposition of two sets of luminescence lines. Since we
have shown above that the sample LaggEug Cagp1VOys is just a mixture of two
crystalline phases, we have first to suppose that these sets are related to emission
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Fig. 15.14 (continued)
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of Eu3™ centers in monoclinic and tetragonal phases as it was described above for
the Ca-free La;_,Eu,VO4 nanoparticles.

With the intent to clarify this assumption we performed study of the lumines-
cence spectra dependence on the samples composition at the same excitation wave
length, Xex = 405 nm (Fig. 15.14b). We found that the emission spectra of the
samples where x = 0.1 and 0.15 are very close to each other. This finding agrees
with the statement that these samples are the mixture of two phases. Tetragonal
phase dominates in the Lag¢Eup2Cag2VO4 sample, and we see that “second set”
of the luminescence lines also dominates in the spectrum of this sample, but we
see also that mentioned before line at 618 nm is vanished in this spectrum. Thus, we
concluded that not only competition between content of the crystal phases influences
luminescence behavior. Let’s discuss this question in more detail.

So, it was not surprising that accounting the spectra in Fig. 15.15 in sum we have
found one line for the "Dy — ’F (spectral range 570585 nm), five lines (586,
592.5, 590, 591.7, 595.6 nm) for the "Dy — 'F; (spectral range 585-600 nm), and
seven lines (607, 614, 618, 608.7, 611, 614, 622 nm) for 5DO — TF, transitions
(spectral range 600—-650 nm), as this figure shows the luminescence spectra of the
sample which is mixture of the monoclinic and tetragonal phases. This statement
also concerns the spectra 1 and 2 in Fig. 15.14b, as they also represent luminescence
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Fig. 15.15 Emission spectra
of the Lag gEug.;Cag 1 VO4
nanoparticles at Aoy = 532 (1,
5), 473 (2), 405 (3), and

337 nm (4) [26]
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of the mixture, x = 0.1 and 0.15, respectively. It was surprising that we see
intensive line from the Dy — ’Fy transition for the Lag¢Eug>Cag, VO, sample
which represents only a tetragonal crystal structure (Fig. 15.14b, curve 3). Thus, we
supposed that spectral transformations shown in Figs. 15.14 and 15.15 are related
also to role of Ca®™ cations, as their concentration increases by 2-3 times when
going from x = 0.1 to 0.2 (see Sect. 3.2).

In fact, obtained results mean that at least two different types of luminescence
centers formed by the ions Eu®* in the sample of tetragonal structure contribute to
the PL spectra. We ascribed the above-mentioned spectral lines to emission of type
I (“first set” of lines) and type II of the centers (“second set” of lines). Emission line
from the Dy — ’Fy transition (580 nm) was observed only for the type II centers,
and the most intensive lines of the Dy — ’F, and "Dy — "F4 transitions for these
centers are located at 622 and 708 nm, respectively. For type I centers, the most
intensive lines are located at 614 and 697 nm. These spectral features allow us to
do assumption that types I and II of centers are characterized by different symmetry
of the Eu**t ions environment: the type I centers are characterized by higher site
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symmetry and the type II centers are characterized by lower site symmetry in the
crystal lattices [77]. We supposed that type I centers are formed by the Eu** ions in
their regular positions in the crystal lattice (Dyq symmetry).

As for the type II centers, we suppose that they can be formed by Eu’* ions
disturbed by defects generated as a result of Ca>* cations incorporation into LaVOy
crystal lattice. Taking into account that above-noted lines of type II centers (e.g.,
lines at 622 and 708 nm) were not observed for the Ca®>*-free sample (Fig. 15.13),
we concluded that the most possible origin of the type II centers is the Eu3* ions
disturbed by Ca-induced defects. In the case of the doped with calcium LaVOy4
lattice, the Ca®>* dopant has to replace the La3* ions. Then, effective “—1” charge
arises. Charge compensation of mentioned “—1” charge is needed, as the crystal has
to be electroneutral. This compensation can be achieved via the formation of one
oxygen vacancy, [Vo]**, on each two Ca?*/La3* replacements. Thus, for the Ca>*
dopants arrangement in the LaVOy crystal lattice, we should expect that some of
the Eu’* ions are under effect of both neighbor Ca>* cations and oxygen vacancy.
Thus, we can assume that such Eu’T ions are just the type II of the luminescence
centers, and their local symmetry is lower if comparing to symmetry of the type I
centers. Taking into account that >Dy — ’Fy transition emission line (near 580 nm)
is observed in the spectra (Figs. 15.14 and 15.15), the symmetry of type II centers
may be C; or Cg [47-49]. The C; symmetry of the Eud+t surrounding in the 141/amd
space group of orthovanadates can be achieved only by equal distortions of two
oxygen positions. Therefore, we assume that case of the Cs symmetry of the Eu3*
surrounding at the type II centers is more probable.

The observed differences in excitation spectra measured in the emission lines
corresponded to different types of centers (614 and 622 nm for type I and II centers,
respectively) confirm the made above assumptions [26]. The wide band at 320 nm
was more intensive in the excitation spectra of type I centers. The 320 nm band was
also observed in the spectra of the Lag 9Eug 1 VO4 sample (Fig. 15.16, curve 2). This
band is caused by electron transitions in the vanadate VO43~ groups. Therefore,

Fig. 15.16 Excitation spectra
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the type I centers are better excited through the matrix than type II centers, which
confirms our assumptions about relation of the type I centers with the Eu** ions in
the regular positions in the crystal lattice.

15.10 Conclusions

The Laj;_y+Eu,VO4 (0 < x < 0.4) nanoparticles were synthesized by solid-state,
coprecipitation, and sol-gel methods. The La;_,—yEu,Ca,VO4 (0 < x, y < 0.2)
nanoparticles were synthesized by sol-gel method. Phase composition of the sample
depends on the x, y values.

Increasing concentration of europium, Eu3+, and calcium ions, Ca2+, in
La;_ yEuyCa,VOy4 solid solutions causes changing of the crystal structure from
monoclinic to tetragonal.

Phase transformation and especially Ca** ions influence IR spectroscopy and
luminescence behavior of studied compounds, as Ca®t ions impact both VO3~
molecular groups conformation and La** and Eu?* ions nearest neighborhood.

Emission of the investigated samples is observed in the 550-730 nm spectral
range and it consists of narrow spectral lines. These lines are caused by the
5Dy — ’F; electron transitions in the Eu™ ions.

The Eu3™ ions form two types of emission centers in the samples under study.
The assumption was made that type I centers are formed by the Eu’t ions in
their regular positions in the crystal lattice, while the type II centers have complex
structure, and they consist of Eu3* ions, Ca?*t cations, and oxygen vacancies.
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