Ceramics International 46 (2020) 22108-22115

CERAMICS

INTERNATIONAL

Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

Trivalent gadolinium doped SrZrO; perovskite ceramic: Sol-gel synthesis,
paramagnetic centres, and luminescence studies

Check for
updates

N. Singh™', In-Won Kim™', S. Watanabe”, T.K. Gundu Rao", Vijay Singh™"*

& Department of Chemical Engineering, Konkuk University, Seoul, 05029, Republic of Korea
® Institute of Physics, University of Sao Paulo, SP, 05508-090, Brazil

ARTICLE INFO ABSTRACT

Keywords: Trivalent gadolinium (Gd®>*) doped SrZrO; perovskite ceramic has been prepared and their X-ray diffraction
Perovskite ceramic (XRD), Fourier-transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), electron para-
SrZrO3 magnetic resonance (EPR), and photoluminescence (PL) spectra are recorded. The existence of divalent and
Sol-gel tetravalent cations in SrZrOj along with a trivalent dopant ion provides an opportunity to study the effect of
]é?; " charge compensators on the system properties. The cubic phase is evident from XRD diffraction patterns of the

product. The SEM analysis suggests the formation of voids and pores in the ceramics caused by gases those
liberated during the process of sintering. The EPR technique has been used to investigate the un-doped and
Gd**-doped SrZrOs ceramics. The un-doped SrZrO; shows an axially symmetric EPR line with g = 1.94 and
g = 1.99, which is attributed to the Zr®™" jon. The Gd“—doped SrZrO5; shows dominant EPR lines with effective
g-values at 1.93, 2.04, and 2.35. Weak lines are observed at 2.72, 3.64, 6.08, and 15.5. At higher dopant
concentrations, a broad line with g.s ~2.1 is seen, together with low field lines. In the low field region of the EPR
spectrum, lines appear because of immediate environment distortions. Under the excitation of 273 nm, the
emission spectrum shows band ®P;,, — 8S;,, (313 nm). The emission at 313 nm suggests that the prepared
sample can be used as a narrow band UV radiation source. Emission and EPR analysis of the sample confirm that

Luminescence

Gd®* is distributed in both Sr** and Zr** sites in the SrZrO; matrix.

1. Introduction

Lanthanide and actinide ions-doped oxide ceramics with a per-
ovskite structure AMOs (A = Ca, Pb, Sr, Cd, Ba, M = Ti, Zr) are im-
portant materials because of their various physical properties, such as
superconductivity, magnetic, ionic conductivity, etc. [1-5]. A per-
ovskite structure has many applications in the field of solid oxide fuel,
cells, optical coatings, gas sensors, electronic ceramics, hydrogen sen-
sors, and filters [5-11]. Besides these applications, a perovskite struc-
ture can be used for high-level nuclear waste disposal [12].

Strontium zirconate (SrZrOs) associates with the perovskite oxide
family and it has a huge number of technologically important appli-
cations in the fields of solid oxide fuel, optical coatings, catalysts, gas
sensors, luminescent materials, refractory materials, proton conductors,
etc. [13-19]. Recently, much research has been performed on lantha-
nide and actinide ion-doped perovskite oxides. Sheetal [20] in-
vestigated SrZrOs;:Eu®* phosphor optical and structure properties.
Gupta et al. [21] reported visible light emitting Sm®*-, Eu®*-, and
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Dy3+—doped SrZrOs. Jin et al. [22] published luminescence studies of
long afterglow SrZrO5:Pr®* phosphor. SrZrO; doped with Eu®* phos-
phor was explored by Huang et al. [23] and Zhang et al. [24]. The
synthesis and optical characterization of SrZrOs;:Ce nanoparticles was
reported by Rétot [25]. SrZrOs; perovskite compounds doped with
Ce®**, Ho®*, Eu®", Dy*", Er®*, and Yb®" ions were prepared and in-
vestigated by several groups [26-30]. Recently, Gupta et al. [31] syn-
thesized a uranium (U) ion in SrZrOj perovskite and suggested that
zirconate-based perovskite materials are an apparent nominee for im-
mobilization of nuclear wastage.

SrZrO; belongs to AMO; family of perovskites and has a distorted
perovskite structure with the orthorhombic structure [32]. AMO;
compounds have larger cation occupies the A-site while the smaller
cations in M-sites. Sr ions are located in 8-fold coordination while Zr
ions have 6-fold octahedral coordination. The crystal structure in-
vestigation on SrZrO; perovskite are already discussed and reported in
the literature [32-35].

Trivalent gadolinium (Gd®") is one of the lanthanide metal ions
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Table 1
Detailed information of sample composition and starting materials.
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Sample composition Starting materials

SrZr05:0.01Gd Sr = 0.8464 g Zr
SrZr03:0.03Gd Sr = 0.8464 g Zr
SrZr03:0.05Gd Sr = 0.8464 g Zr
SrZr03:0.07Gd Sr = 0.8464 g Zr
SrZr03:0.09Gd Sr = 0.8464 g Zr
SrZr03:0.11Gd Sr = 0.8464 g Zr

= 1.0688 g CA =30738¢g Gd = 0.0180 g
= 1.0688 g CA=30738g Gd = 0.0541 g
= 1.0688 g CA =30738¢g Gd = 0.0902 g
= 1.0688 g CA =30738¢g Gd = 0.1263 g
= 1.0688 g CA=30738g Gd = 0.1624 g
= 1.0688 g CA =30738¢g Gd = 0.1985g

Sr= Sr(NOs)s, Zr=ZrO(NO3)>2H,0, C.A = CgHgO7, Gd = Gd(NO3)36H,0.

with a 4f” electronic configuration where all the seven unpaired elec-
trons contribute to its high electron spin. The Gd*>* ions in several hosts
have been investigated because of their UV radiation-emitting prop-
erties [36]. Ultraviolet radiation has been extensively used in several
applications, such as photolithography, UV curing, polymerization, and
chemical reactions [37-40]. Furthermore, UV light is useful in ster-
ilization, treatment of incurable skin diseases, and generation of vita-
mins D, and D5 [41-43]. It appears that Gd*™ in particular is a suitable
activator ion. The levels °P,,, to 8S,,, of the transition can give a
narrow band of emissions at around 312-315 nm, which is suitable for
treating many kinds of skin diseases [44,45]. In recent years, Gd3* has
been found suitable for the preparation of computed tomography con-
trast agents. It has been noticed that for radiosensitization enhance-
ment, Gd*>" is the most widely employed lanthanide element. Further,
Gd>* ion has interesting optical and electron paramagnetic resonance
(EPR)/electron spin resonance (ESR) spectroscopic properties. EPR/
ESR spectroscopy technique has high sensitivity and can substantiate
the data obtained from optical spectroscopy. Accordingly, Gd** can
also be used as a probe to acquire information about the local en-
vironment in any given host lattice. Keeping in view of the great de-
mand of UV emitting phosphors and to probe the local environment, the
present work was undertaken. Furthermore, a cursory glance at the
literature reports suggests that the EPR spectrum of Gd®>* ions in dis-
torted perovskite structure is poorly understood. In this context, we
have prepared Gd®* doped perovskite by sol-gel process and in-
vestigated the spectroscopic properties using EPR technique and tried
to correlate the data with observed optical properties. Further, EPR is
very sensitive for the paramagnetic ions in both the magnetic and
nonmagnetic substances. EPR also gives details of local environment,
site-occupation, structural symmetry, and oxygen vacancies adjacent to
paramagnetic ions. Due to the 4f” electronic configuration (3S,,,), Gd>*
ion EPR signals can be observed even at room temperature. The un-
derstanding of the Gd*™ ions site symmetries in a SrZrOs perovskite
ceramic would be of better support, and EPR could provide this
knowledge. SrZrOs lattice contains divalent Sr?* and tetravalent Zr*™*
ions. This could lead different kind of charge compensators when a
trivalent dopant ion like Gd®* ion is present in the lattice. These charge
compensators have the possibility of inducing distortions in their im-
mediate surroundings. These distortions could get reflected in the EPR
spectrum of the dopant ion.

The sol-gel procedure is accepted as one of the important methods
for synthesizing various ceramic powders [46-48]. It has several ad-
vantages over conventional solid-state methods, such as better homo-
geneity, easier control of composition, and low processing tempera-
tures. Taking this point into consideration, we prepared SrZrOs;:xGd
(x = 0.01 = x < 0.11) using the sol-gel technique, and X-ray dif-
fraction (XRD), scanning electron microscope (SEM), Fourier transform
infrared (FTIR), EPR and photoluminescence techniques were used to
characterize the prepared samples. Investigations of the correlation
between EPR and optical studies of synthesized Gd-doped SrZrO; per-
ovskite ceramics are very important in efforts to design SrZrOs per-
ovskite ceramic-based material, as well as exploring it for other lan-
thanides.
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2. Experimental

SrZrO5:xGd (x = 0.01 < x < 0.11) ceramic is synthesized through
sol-gel procedure. For the preparation of samples, strontium nitrate (Sr
[NOs],) (Sigma Aldrich, purity: 99%), zirconium nitrate oxide dihy-
drate (ZrO[NO;3]>2H,0) (Kanto chemical, purity: 99%), gadolinium
nitrate hexahydrate (Gd[NO3]3-6H,0) (Sigma Aldrich, purity: 99.9%)
and citric acid (C¢gHgO7) (Junsei, purity: 99.5%) are used as received
without any further purification. The sol-gel synthesis involves dis-
solution of metal nitrates ion precursors in a suitable solvent and ob-
taining gel by addition of a chelating agent (citric acid). Usually, a
certain ratio of metal nitrate and citric acid is used to get respective
metal oxides. In this investigation the citric acid to total metal ion ratio
is 2:1. Configuration of the samples and initial substances are described
in Table 1. First, all starting compounds are measured in a beaker
(100 ml) and liquified with a 10 ml of de-ionized water over a stirrer.
The milky sol is collected after 1 h of stirring. Then the sol is stored in
an oven of 110 °C temperature till it formed dried xerogels. Afterward,
the brown gel is transferred into a china dish and calcinated in a 400 °C
hot furnace up to 2 h. Later, the preheated black residuals powder is
finely crushed and post heated at 1050 °C for 4hr in air. The endmost
powders are used for the characterization.

The phase formation investigation of the powders is checked by
powder X-ray diffraction (XRD) analysis with a RIGAKU Miniflex-II
diffractometer. CuKa radiation (A = 1.5406 10\) is used as an X-ray
source. The diffractometer is operated at 40 kV and 30 mA. The pat-
terns of XRD are carried out on a fixed scan rate of 5°/minute using the
range 10 to 80° of 20. A S-3400 (Hitachi, Japan) SEM is utilized for the
morphology investigation. The vibrational modes of the prepared
ceramic are checked by Rx1 instrument (PerkinElmer) in the range of
400-4000 cm™'. The photoluminescence excitation and photo-
luminescence studies are conducted by employing a RF-5301PC (SHI-
MADZU), spectrofluorophotometer (Xenon lamp equipped). By oper-
ating an ESR (JEOL FE1X) spectrometer of 100 kHz field modulation in
X-band frequencies, the EPR spectra are collected.

3. Results and discussion
3.1. X-ray diffraction studies

The XRD patterns of un-doped SrZrO; and SrZrOs;:xGd
(x = 0.01 = x < 0.11) ceramic synthesized by the sol-gel method are
shown in Fig. 1. All the samples crystallized in the cubic symmetry in
the space group of Pm3m. The diffraction peaks observed in the sam-
ples of SrZrO3;:xGd (x = 0.01 < x < 0.11) matched well with the
powder diffraction standards references (JCPDS Card No. 76-0167),
confirming the single cubic phase of SrZrO;. These peaks can be in-
dexed as (100), (110), (111), (200), (210), (211), (220), (300), (310),
and (311) diffractions. From the diffraction pattern, it is observed that
the host structure is not significantly altered by the incorporation of
Gd3* ion. Due to the fact that Gd®>* (1.05 A) and Sr** (1.18 A) have
somewhat similar ionic radii, it is assumed that Gd*>* ions can replace
Sr** ions. The FWHM (full width at half maximum) of the energetic
diffraction peak was considered for the calculation of the crystallite size
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Fig. 1. XRD patterns of SrZrO;:xGd (x = 0.01 < x < 0.11) ceramics.

Table 2
Full width at half maximum (FWHM) and crystallite size of the SrZrO;:xGd
(x = 0.01 = x < 0.11) ceramics.

Sample composition FWHM (%) Crystalline size (nm)
SrZr05:0.01Gd 0.2677 32.13
SrZr03:0.03Gd 0.3085 27.90
SrZr03:0.05Gd 0.2790 30.85
SrZr05:0.07Gd 0.2854 30.15
SrZr03:0.09Gd 0.2666 32.28
SrZr03:0.11Gd 0.3891 22.12

using the Scherrer's expression, D = 0.9\./[(cos6, where, the incident X-
ray wavelength is A with 0 as the Bragg's diffraction angle, and {3 called
the FWHM of (110) peak. The crystallite size was estimated to be in the
approximate 22.12-32.28 nm range and is listed in Table 2 along with
FWHM for all the samples.

3.2. Scanning electron microscope studies

To investigate the surface morphology of the synthesized powder,
scanning electron microscopy studies were carried out. Fig. 2 shows the
SEM images of SrZrO5:0.09Gd ceramic. The sample synthesized through
the sol-gel mechanism are homogeneous aggregates, dense, small, irre-
gularly shaped and distributed over the surface (see Fig. 2a and b). The
irregular shape and size of the sample's particles can be associated with
the non-uniform distribution of temperature during the sintering process.
From Fig. 2 (c, d), it was observed that particles are highly interconnected,
and the images clearly reveal both larger and smaller particles. The par-
ticles also contain voids and pores, which is most likely because of the
release of a great amount of gas at the time of sintering procedure.

3.3. FT-IR studies

Fig. 3 depicts a SrZr03:0.09Gd typical FT-IR spectrum of the
ceramic, in range of 400-4000 cm ™. In the spectrum a strong band is
displayed at around 541 cm ™! that correlates to Zr-O stretching vi-
bration. Zhang et al. [49] reported the band at around 569 cm ™ 1 for the
SrZrO; crystals prepared by a facile hydrothermal process. The ob-
served bands at 1431 cm ™! and 1463 cm™' can be related to the
stretching vibrations of the nitrate ion (NO3)" [50]. The spectrum does
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not show a broad O-H band at around 3400 cm ~ !

the sample is free from water.

, which indicates that

3.4. Electron paramagnetic resonance studies

An EPR spectrum collected at room temperature of un-doped SrZrO;
is given in Fig. 4. A sharp line is noticed in free-electron region along
with a low-intensity line (at g ~ 4.2). The lower field line may be as-
cribed to a Fe** ion present in the starting compounds used to prepare
the ceramic. The defect center correlated to the line seen in the free-
electron region is identified from the axially symmetric g-tensor with
principal values g = 1.94 and g, = 1.99. The center does not display
any hyperfine structure. In a study of commercially available samples of
ZrO, at room temperature, Wright and Barklie [51] report the ob-
servation of a defect center attributable to Zr>* center. The center is
described by an axially symmetric spectrum with principal values
g = 1.961 and g = 1.976. A number of studies have reported the
observation of Zr®* center which include pure zirconia powder [52],
yttria stabilized zirconia [53], Y3Als04, single crystal [54], nuclear
glasses [55], YAG with Zr doping [56], Zr doped ScPO, and YPO, [57],
polycrystalline ZrF, [58] and microporous Zr- silicates [59]. These
systems accommodate the Zr ion in sites with low symmetry and with
high co-ordination numbers such as six-fold coordinated site, seven-fold
and eight-fold coordinated sites. The observed g-values (<2) in these
systems are expected from a d* ion and g, < g can be observed if the
ion is situated in a distorted octahedral site [60]. Based on crystal field
theory it has been suggested that g, ~ g. and (g - 8.) ~ -A/A [61]. Here,
A is the constant of spin-orbit coupling (A. ~ 500 cm ™ in case of Zr®™*
ion) and the splitting across the E (cubic crystal field) and T, levels is A.

SrZrO; is one of the many compounds which belong to the AMO;
family of perovskites. These compounds have a large cation at A-site
while a smaller ion occupies the M-site. Oxygen ions serve as a bridging
ligand connecting M-site cations to form a 3-d cage-like framework. The
basic blocks which build the structure are Sr ions which have eight-fold
coordination and Zr ions with six-fold coordination [SrOg and ZrOg]
[62]. In SrZrOs, there are divalent Sr*>* ions and tetravalent Zr** ions.
As tetravalent ions are present in the lattice, there will be a partial
replacement of Sr** ions with Zr** ions because of antisite cation
disorder. In crystals, an antisite cation exchange or disorder is a point
defect. Theoretical estimations anticipate such disorders can exist in a
crystal lattice [63]. The fine structure of X-ray absorption and the dif-
fraction studies have confirmed the presence of such defects [64,65]
and they are also directly observed by advanced scanning electron
microscopy [66]. Because of cation disorder and non-stoichiometry,
oxygen vacancies may form in the lattice. It may be cited that theore-
tical estimations advise the ease of oxygen vacancy formation in lattices
with cation exchange disorder in comparison with a lattice without any
such disorder [67].

On the basis of the previous conclusions mentioned earlier, center I
showing an axial spectrum (Fig. 4) and g-values less than the value of
free-electron in SrZrOs is tentatively analyzed as a Zr®* center. A Zr®*
ion occupying a site which deviates from octahedral symmetry displays
an axial g-tensor. In the perovskite AMOj structure, A ions occupy holes
which are situated between the MOg octahedra. The radius of M ion
determines hole size for A ion. In the particular case of M ion being
Zr**, the hole radius of is 0.160 nm [62] as determined from the ionic
radii given by Shannon and Prewitt [68]. In twelve-fold coordinated
sites, the Ba®* ion radius is 0.160 nm. In the case of BaZrOs, the cubic
perovskite displays practically no distortion. Here, in 12-fold co-
ordinated sites, the radius of Ba2™ ion is 0.160 nm. On the other hand,
in SrZrOs, the Sr>™ ion has a smaller jonic radius (0.144 nm) than the
undistorted structure's hole (0.160 nm). The presence of a small ion
causes lowering of symmetry as compared to the perovskite structure of
ideal case. Further, there will be distortions of ZrOg octahedra caused
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Fig. 2. SEM images of SrZr0O3:0.09Gd ceramic.
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Fig. 3. FT-IR spectrum of SrZrO;:0.09Gd ceramic.

by the presence of oxygen vacancies in lattice because of the antisite
disorder. These vacancies cause oxygen rearrangements which are
closer to ion of Zr**. Distortions ensuing from these causes result in g-
tensor of the Zr®* ion being axial in nature.

Fig. 4 illustrates the room temperature EPR spectrum of Gd*>* doped
SrZrO5; ceramics. This spectrum is dominated by relatively high-in-
tensity lines with effective g-values at gess ~1.93, 2.04, 2.35 and 2.72.
There are low-intensity lines at g ~3.64, 6.08 and 15.5. Usually, a
simple spectrum is observed with main EPR line near g ~2.0023 for S-
state ions Gd®>* and Eu®*. This spectrum results from experiencing a
weak crystal field by the ion located at relatively undistorted sites in the
lattice. In cases where the surroundings are distorted as it is in zeolites
and glasses, the spectrum looks different with three EPR lines observed
at an effective gog of 2.0, 2.8 and 5.9. This kind of spectrum is called as
a U-spectrum and is typical in distorted systems of the Gd®* ions. When
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concentration of dopant Gd®>* ion is increasing, a wide line appears
(line width ~ 1130 G) superimposed on the distinct narrow lines. The
corresponding EPR spectrum with increasing the concentration of do-
pant is displayed in Fig. 4.

Apart from disordered systems like glasses and zeolites, there are
examples where a spectrum of U-spectrum kind has been noticed [69].
The origin of U-spectrum lies in the crystal field which varies from one
Gd®* site to the other. Essentially, a distribution of crystal field is
created by distortions varying from one site to the other.

The type of EPR spectrum that can be observed under different
conditions and also the discussion of U-spectrum has been reported by
Brodbeck and Iton [70]. According to them, lines near to g ~2.0 region
are expected for the case of an ion facing a weak crystal field and lo-
cated in a relatively undistorted environment. In distorted surround-
ings, the ion of Gd®>* experiences stronger crystal field (intermediate
crystal field according to Brodbeck and Iton notation) and now lines in
the low field region will occur.

In an eight-fold coordination Sr®* ion has an ionic radius of 1.26 A
[71]. The ionic radius of Zr** ion in a 6-fold coordination is 0.72 A.
Besides, Gd®* ion has an ionic radius of 0.938 A in 6-fold and 1.05 A in
8-fold coordination. Zhang et al. [49] have studied SrZrO; doped with
the Yb®* ion. Sr?* ion (ionic radius: 1.26 f\) has a lager ionic radius
than the ionic radius of Yb®™ ion (0.87 ;\). On the other hand, the ionic
radius of Yb®* is larger than the ionic radius of Zr** ion (0.72 [o\). On
doping with Y™, if Yb®* is located at Sr®™ sites, then the unit cell
constant would show a decreased value. If ion of Yb®* occupies sites of
Zr**, then there would be increment in the unit cell constant. Zhang
et al. [49] observed that the values of lattice constant are lower in the
doped sample than in an un-doped sample. This led them to conclude
that Yb®* ion most likely occupies Sr>* sites in SrZrOs. In the present
case, the ionic radius of the Gd** ion is smaller than the Sr?* ion ra-
dius. Therefore, on the basis of observations of Zhang et al. [49], there
is a strong possibility that Gd®* ion is located at Sr>* sites in SrZrO3. In
this context, it may be mentioned that in a study of Eu®>* doped SrZrOs
ceramic, PL results of Huang et al. [23] showed that Eu®t ion occupies
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Fig. 4. EPR spectra of pure SrZrO; and SrZrOz:xGd (x = 0.01 < x < 0.11)
ceramics. Center I seen in pure SrZrOj; is due to Zr®* ion.

two sites in SrZrO; viz., Sr?* and Zr**. As the ionic radius difference
between Sr** and Eu®* is the same as Eu®>* and Zr**, Eu®* ion may
occupy either Zr** sites or Sr** sites. In another study on SrZrOs:Eu*
phosphor, Gupta et al. [21] inferred on the basis of time-resolved
emission data that Eu®" ion is located at more than one site in the
phosphor. Thus, a possibility is there that Gd®>* ion may be located at
Sr2* as well as at Zr* ™ sites in SrZrOs.

In a study of the effects of doping rare-earth (RE) ions (Gd®* and
Sm>*) on the thermo-physical properties of LaMgAl;;0;9 (LMA)
phosphor, Jiansheng and Yanli [72] have concluded based on XRD re-
sults that the RE ions substitute La®* sites in LMA. They further ob-
served chemical bonds strengthening and also shortening of bonds with
increased RE ion concentration in the lattice. These observations re-
sulted from their Raman investigations of LMA system. They conclude
that the presence of Gd®>* ions with smaller ionic radius at the sites of
La®>* ion which has higher ionic radius results in distortions of the LaO,
network leading to local distortions. If there are distortions in the im-
mediate neighborhood of Gd*™ ion, then the crystal field observed by
the ion will increase. According to Brodbeck and Iton [70], in the lower
field region of the spectrum, EPR lines will now appear. In SrZrOs,
Gd** ion with smaller ionic radius substitutes Sr>* with higher ionic
radius, a situation similar to Gd** ion LMA system. Therefore, in lower
field region distinct lines are expected which is in agreement with EPR
spectrum observed in low dopant concentration SrZrO;:Gd ceramic.
Fig. 4 shows the changes in the EPR spectrum with increasing dopant
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concentration. A wide line (line width about 1130 G) and an approx-
imate g-value of 1.945 appear and increase in intensity with Gd ion
concentration. The broad line is speculated to be due to Gd** ion si-
tuated at the Zr** site in the SrZrO; ceramic. Broad EPR line suggests
that the Gd®>* ions in the second Zr*" sites are close to one another
which results in dipolar interaction across the ions. It is observed that
the intensity of Gd>* lines at Sr** sites (distinct low field lines) do not
change with increase of dopant Gd®>* concentration. On the other hand,
the broad line most likely coming from Gd®* ions at Zr*™ sites increase
in intensity with increasing dopant concentration. This suggests that at
higher concentrations, Gd*>* ion prefers Zr*™ sites and there is selective
occupation of cation sites in SrZrOs lattice.

3.5. Photoluminescence studies

Fig. 5 displays the emission and excitation spectra of the SrZrO3:xGd
(x = 0.01 = x =< 0.11) ceramic. Fig. 5a shows the photoluminescence
excitation spectra of samples obtained by monitoring the strongest
emission at 313 nm of the Gd** ion. The excitation spectra are a bunch
of several narrow bands and a weak broad band. The weak wide band
centered at about 228 nm may be because of the host lattice absorption.
Huang et al. [23] observed a very sharp and intense peak at 229 nm,
which they attributed to transfer of charge from the oxygen ligands to
the central zirconium atom within the ZrOs>~ group. It was observed
that the set of bands in 240-290 nm range corresponded to the char-
acteristic Gd®* transitions from the ground state of 8S,,, to the excited
states of °Dj and °I;. The bands at 244, 246, 252, 273, 275, and 278 nm
can be ascribed to the 857/2 — 6D5/2, 3/2> 857/2 — 6D7/2’ 857/2 — 6D9/2,
8872 = s 2, 13/2, °S7/2 = ®lo 2, ®l172, and 88,5 — °I, 5 transitions of
the Gd®¥, respectively [69,70]. The noticed band agree well with the
previous observations [32,73,74]. Fig. 5b describes the fitted excitation
spectra with six Gaussian peaks and the fitted data. The intensity of the
band at 273 nm is found to be maximum compared to other bands;
therefore, it was chosen for collecting the emission spectra of the
ceramic.

The emission spectra of various Gd** ion concentrations in SrZrOs
are recorded in the 305-325 nm range with the excitation at 273 nm
(Fig. 5 (c)). The emission spectra show several bands at 307, 313, 316,
and 321 nm. The emission band at 307 nm can be associated to °Ps,, —
8S,,, transitions of the Gd** ion. The emission bands at 313, 316, and
321 nm can be associated to the °P, o —> 857/2 transitions of the Gd®*
ion. The emission spectra reveal that the intensity of 313 nm and
316 nm bands varies by increasing the concentrations of Gd>*. As the
Gd®* concentration increases, the intensity of the 316 nm band in-
creases more than the 313 nm band (Fig. 6a). Therefore, Gd®" ion is
possibly situated at the Sr?* and Zr** sites in SrZrOs ceramic. The
FWHM of the emission band at 313 and 316 nm does not show the
systematic trend as the Gd®>* ion concentration increases (Fig. 6b).
Interestingly, in a manner similar to the FWHM of the X-ray diffraction
peaks, the FWHM of the emission bands at 313 and 316 nm did not
display a systematic trend. The emission intensity of 313 nm and
316 nm bands increases as the Gd®** increased up to 0.09 mol, and
thereafter the intensity decreases (Fig. 6a). This can be associated to the
result of common concentration quenching mechanism. The PL spectra
reveal that the optimum Gd®*-doped contents of SrZrOs;:xGd
(x = 0.01 < x =< 0.11) ceramic is 0.09 mol. In many cases, the con-
centration quenching mechanism of RE ions is generally because of
transfer of the non-radiative energy process in between RE ions. The
concentration quenching may take place via exchange interaction or
electric multipolar interaction. The R, (critical distance) for non-ra-
diative energy transfer can be used to calculate the correct mechanism
responsible for concentration quenching. The R, of energy transfer es-
timated by the following formula:
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where, V indicates volume of unit cell of SrZrO5 (552.175 (&)%) [75], Xe
denotes Gd*™ critical concentration at the occurrence of concentration
quenching (0.09) and in unit cell (4) the number of Z ions are denoted
by N. For non-radiative energy transfer the calculated critical distance
was 14.30 A. The value of critical distance R, express that there has no
occurrence of energy transfer, because of the exchange interaction, but
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the energy transferred among the nearest-neighbor ions is due to the
multipolar interaction. Fig. 7 depicts the energy level layout for the
Gd*™ ion. From this figure, it can be seen that Gd*" ions are excited
from 88 state to °I state. Afterward, ions relax to the level of the °P state
by the process of non-radiative energy transfer. Finally, the ions from °P
state relax to the 8S state of Gd®>* and give the UVB emission.

4. Conclusions

Varied concentrations of Gd*>*-doped SrZrO; perovskite ceramic is
synthesized through the sol-gel procedure using citric acid. The phase
purity of the un-doped and doped SrZrOs is justified by X-ray diffrac-
tion, which shows pure cubic phase products with perovskite structure.
SEM images of the obtained ceramic clearly show the presence of
porous formations because of gases liberated in the course of sample
synthesis. The FTIR spectrum exhibited the broad band located at
around 541 cm ™! attributed to Zr—O stretching vibration. The presence
of the smaller ionic radius Gd** ion induces lattice distortions in the
immediate vicinity of Gd®* ion. The larger crystal field resulting from
these distortions makes EPR spectrum lines appear in low field region.
Emission spectroscopic studies displayed a UV radiation emission at
around 313/316 nm which is associated to gadolinium stabilization in
the trivalent oxidation state in SrZrO; ceramic. Based on PL and EPR
data, the doped Gd** ions prefer to occupy Sr** as well as Zr**
crystallographic sites in SrZrO3 ceramic. This study determined that the
optimum concentration of the Gd®* ions, which will provide the
greatest optical output, will be 0.09 mol. The PL results of the
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Fig. 7. The energy level diagram of Gd** ions.

synthesized Gd®*-doped SrZrOs ceramic indicate that prepared sample
may be utilized for the production of UVB radiation in UV fluorescent
lamps.
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