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Abstract:

In this manuscript, down-conversion nanopowders of SrGd,O, doped with different
concentrations of either Dy*" or Sm®" ions were examined in detail. All samples were
prepared via glycine-assisted combustion method, primarily burned at 500°C for 1.5 h and
additionally calcined at 1000°C for 2 h, at ambient room temperature. The XRD analysis
showed that all samples crystallize as single phase and the orthorhombic lattice SrGd,0O,.
TEM analysis determined high degree of crystallinity of samples with grain size of
approximately 200 nm for Dy** doped and 150 nm for Sm®*" doped SrGd,O,. For both
samples SAED confirmed that diffraction rings correspond to the hkl plane indices of
SrGd,0,, while EDS confirmed presence of Dy in crystal structure. Results of luminescent
characterization demonstrated all appropriate emission peaks related to either Dy*" or Sm**
dopant ions. Investigation of dopant concentration revealed that the lowest values of both
dopants have the most prominent emission peaks, while coordinates obtained from the CIE
diagram showed emission shifting with the change of concentration.
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1. Introduction

Rare earth luminescent materials have attracted immense attention over the last few
decades due to the electronic configuration of the rear earths (4f"5d™6s? (n=1-14, m= 0-1))
that gives these phosphors their unique optic, electric and magnetic properties [1].
Possibilities for rare earth phosphors implementation are vast, since they can be used in a
wide range of applications, such as temperature sensors, full-color displays, photoelectric
devices, solar cells, multimodal imaging probes, heavy metal ion detection etc [2]. Various
compounds (oxides, phosphate, fluoride, molybdate, vanadate etc.) are used as host i.e. matrix
for experimenting with the creation of new forms of phosphors [3]. Amongst all of the
possibilities, oxide-based materials have been found to be very suitable as hosts since they
have shown to greatly improve luminescent characteristics such as emission intensity, color
purity and quantum efficiency [4]. In order to acquire the full potential of luminescent
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performances, an appropriate combination of host and dopant i.e. activator must be
established [5,6].

Binary rare earth oxides with general formula ARE,O4 (A = Ca, Sr, Ba, RE =
trivalent rare earth elements) are gathering significant importance for examining luminescent
properties due to their specific optical, thermal and magnetic properties [7,8]. Particularly, for
us is interesting SrGd,0y,, although it has shown some very promising properties such as good
charge stability, excellent thermal stability, refractive index (n~2), high density (~7.3 g/cm®)
and high chemical robustness, it has not been extensively researched [9-15]. For these
reasons, along with its high-chemical stability and environmental-friendly characteristics,
SrGd, 0, represents an excellent candidate for an acceptable host material [13,16]. Also, some
authors indicated that the luminescent properties of a host material can be improved by
incorporating various metal ions. Wang et al. investigated photoluminescence properties of
SrGd,0,:Eu®* red phosphor synthesized by high-temperature solid-phase method [8]. The
authors experimented with various doping concentrations of Eu** (1-15 at%) and achieved the
best red emission at 611 nm, caused by *Dy—F, transition (Ae=267 nm) at 5at% Eu** dopant
concentration. Singh et al. [10] synthesized SrGd,O4:Eu®* phosphors via homogeneous
precipitation method followed by the combustion process and experimented with different
dopant concentrations (1-7 mol% Eu®") as well as with different processing temperatures
(800-1200°C) developing phosphors with strong red emission at 615 nm (Ae=264 nm). Sun et
al. [11] analyzed luminescence properties of scintillating phosphors based on SrGd,0O, doped
with Eu® and Dy*, synthesized by the solid-state reaction. Emission spectra of the
SrGd,0,:Dy*" phosphors showed strong blue and yellow emission peaks at 490 and 580 nm,
respectively, SrGd,04:Eu* showed emission peaks at 581, 593, 616, 657 and 710 nm, while
co-doping with both Eu** and Dy** enabled them to observe energy transfer from Dy** to
Eu®* ions. Zhang et al. [13] prepared their samples doped with Eu**and Tb®" ions by the solid-
state reaction, and observed that Eu** ions provided a typical red emission, whilst Tb*" doped
sample demonstrated green emission. In the presented literature all examples are down-
conversion (DC) phosphors, since the energy transfer occurs by following mechanism: a high-
energy photon is converted into two (or more) low energy photons [17]. For preparing our
samples combustion method was chosen due to the lower temperature requirement and higher
cost-effective ratio [18].

To the best of our knowledge, so far only two papers have proposed a synthetic route
and analysis of luminescent properties of SrGd,0,:Dy>*[10,13] and no manuscripts published
on SrGd,0,:Sm* phosphors. The motivation for the selection of dopant ions for our system is
as follows: Dy3+ ions are expected to give enhanced blue (4F9,2—>6H15,2 transition, ~490 nm)
and yellow emission (*Fg,—°H1g, transition, ~580 nm) [2, 5, 9] while Sm* is supposed to
give yellow (465/2—>6H13/2 transition, =570 nm), orange (4G5,2—>6H7/2 transition, ~600 nm) and
red emission (*Gs;,—°Hg), transition, ~650 nm) [3,4,6]. In this work, for the first time, we
present Sm** and Dy*" doped SrGd,0, phosphors synthesized via glycine-modified
combustion method assisted with structural, morphological and luminescence characteristics
of as-synthesized nanopowders were investigated as well as the influence of various dopant
concentrations.

2. Materials and Experimental Procedures
2.1 Synthesis procedure

Chemicals used without previous purification for synthesis were strontium nitrate
(Puratonic 99.9 %), gadolinium nitrate hexahydrate (Acros Organics 99.9 %), dysprosium
nitrate pentahydrate (Sigma Aldrich, 99.9 %), samarium nitrate hexahydrate (Acros Organics
99.9 %), citric acid (Kemika 99 %) and glycine (Kemika 99.5 %).
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SrGd,0, doped with Dy** (1, 3, 5 and 7 at%) and Sm*" (0.25, 0.5, 1 and 2 at%) were
synthetized by the citrate sol-gel method with glycine as a fuel, followed by thermal treatment
in air. Firstly, gadolinium nitrate hexahydrate, Gd(NO3);*6H,0 was dissolved in deionized
water together with dysprosium nitrate hexahydrate, Dy(NOs);*6H,O or samarium nitrate
hexahydrate Sm(NOs);*6H,0 and strontium nitrate, Sr(NOs), was dissolved separately. The
next step of the synthesis was addition of citric acid to both solutions, which were then left on
a hot plate with constant magnetic stirring for half an hour. Then the solutions were mixed,
glycine [NH,CH,COOH] was added to the solution, and the temperature was increased to
120°C. After approximately 1 h a wet gel was produced and subsequently burned in the
furnace at 500°C for 1.5 h. Finally, the samples were calcined for 2 h at 1000°C.

2.2 Characterization methods

The phase composition of thermally treated Sm®* and Dy*" activated SrGd,0,
powders was determined using X-ray diffraction (Rigaku Ultima IV, Japan). The X-ray beam
was nickel-filtered CuKa; radiation (A = 0.1540 nm, operating at 40 kV and 40 mA). The
XRD data were collected from 20 to 70° (26) with the 0.02 step size at a scanning rate of
5%min.

The samples for TEM investigation were prepared by dispersing the powder in
ethanol, and after dispersion a drop of the solution was placed on a carbon-coated copper grid
and dried in air. Structural characterization of the samples was done by transmission electron
microscopy (TEM) in conventional and high-resolution modes, using an FEI Talos F200X
microscope (Thermo Fisher Scientific, 168 Third Avenue,Waltham, MA USA) operated at
200 keV. To investigate the presence of dopant ions in samples, energy-dispersive X-ray
spectroscopy (EDX) was performed.

Photoluminescent properties measurements of the Sm*" samples were taken on a
Horiba Jobin Yvon Fluorolog FL3-22 spectrofluorometer at room temperature, with a Xe
lamp as the excitation light source. The luminescence spectra of the Dy** doped samples were
measured with SpexFluorolog spectrofluorometer with Xenon lamp as the excitation source.

3. Results and Discussion
3.1. X-ray powder diffraction (XRD)

Fig. 1. presents XRD diffractograms of SrGd,O, doped with different concentrations
of Dy* (1, 3, 5 and 7 at%) and Sm** (0.25, 0.5, 1 and 2 at%). The XRD analyses showed that
all samples crystallize as single phase and all diffraction peaks are well indexed to the
orthorhombic lattice SrGd,O, (space group Pnma, JCPDS Card No.:01-072-6387, ICSD:
96232). Change in the peak position was not observed, suggesting that the incorporation of
dopant ions didn’t affect the crystal structure. Unit cell parameters (a, b, c) were calculated
from XRD patterns and are presented in Table 1. The structure of SrGd,O,4 is comprised of
dodechacedron SrOg aligned with a-axis and double octahedral Gd,O, framework with
channels propagating parallel to the c-axis. Samples doped with Dy*" showed shrinkage of
unit cell in the c-direction suggests that the Gd** ions are replaced by smaller dopant ion
(Gd**= 0.938A, Dy*=0.912 A). In the case of Sm*" (Sm**= 0.958 A), small amounts of
dopant didn’t influence the size of unit cell, since the change of unit cell parameters are
negligible.
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Fig. 1. XRD patterns of SrGd,0, doped with different concentrations of a) Dy** (1, 3, 5 and 7
at%) and b) Sm®* (0.25, 0.5, 1 and 2 at%).

Tab. I Lattice parameters (a,b,c) of SrGd,0, doped with different amounts of Dy/Sm.

a(A) b (R) c (A
1 at% Dy 10.126 (8) 3.472(3) 12.069(16)
3 at% Dy 10.125419 3.476222 12.059116
5 at% Dy 10.111534 3.471762 12.042487
7 at% Dy 10.119769 3.476988 12.049204
0.25 at% Sm 10.086(16) 3.466(5) 12.058(19)
0.5 at% Sm 10.113(13) 3.464(2) 12.038(11)
1 at% Sm 10.10(3) 3.460(3) 12.031(14)
2 at% Sm 10.119(9) 3.465(3) 12.023(13)

3.2. Transmission-electron microscopy (TEM) investigation

For further analysis, grain size and crystallinity of obtained powders were
investigated by TEM. Samples with the highest concentration of dopants (7at% Dy and 2 at%
Sm) were chosen. Fig. 2. presents sample with 7 at% Dy with the grain size of approximately
200 nm, where HRTEM confirmed high crystallinity (Fig. 2b), and the lattice spacing of 0.28
nm which corresponds to (104) d-spacing (JCPDS Card No.: 01-072-6387, ICSD: 96232).
Fig. 3. presents sample with 2 at% Sm where grain size is up to 150 nm with high crystallinity
(Fig. 3b). Selected area electron diffraction (SAED) of both samples (Fig. 2¢c and 3c)
confirmed presence of diffraction ring associated with (004), (302), (410) and (206)
crystallographic planes of SrGd,O, phase, confirming that the pure phase was successfully
synthesized. The EDS analyses confirmed presence of Sr, Gd and O in both samples.
However, because of small concentration of Sm, the presence of this dopant wasn’t
confirmed, and in the case of Dy, small energy peaks (Fig. 2d.) indicated by arrows could be
observed confirming that single phase SrGd,O, with incorporation of the dopant in matrix
crystal structure was synthetized.
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Fig. 2. TEM investigation of 7 at% Dy*" co-doped SrGd,O, particles: a) agglomerate at low
magnifications; b) HRTEM image with (104) lattice planes; ¢) SAED of SrGd,0,d) EDS
Dy*" co-doped SrGd,O, nanoparticles.

0O

Fig. 3. TEM investigation of 2 at% Sm*" co-doped SrGd,0, particles: a) agglomerate at low
magnifications; b) HRTEM image with (104) and (401) lattice planes; ¢) SAED of SrGd,0,
d) EDS Sm*" co-doped SrGd,0O, nanoparticles.

3.3. Luminescent properties

Fig. 4. illustrates the luminescence excitation and emission spectra of Dy*" doped
SrGd,0, samples recorded under room temperature. One representative excitation spectrum
(3 at% Dy*") obtained with emission at 578 nm is placed in Fig. 4a, while emission spectra,
obtained with excitation of 315 nm, with different concentrations of Dy** are shown in Fig.
4b. The emission spectra of the phosphors recorded at 315 nm excitation wavelength exhibit
two dominating emissions at 490 and 581 nm, corresponding to *Fo/p—Hisp and *Fop—C°H13
transitions, respectively. The *Fg,—®Hss), transition is magnetic dipole transition and so less
sensitive to the coordination environment. The *Fg,—°Hi3, transition belongs to a forced
electric dipole transition, which is allowed only in the case that the Dy** ions are located at
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the local sites with non-inversion center symmetry. Although f—f transitions are forbidden by
the Laporte parity rule, most of the transitions in (RE)** ions occur at the electric dipole (ED)
order due to the admixture of the 4f" states with opposite parity excited states 4f"*5d, as a
result of the lack of inversion symmetry [19-21]. Comparing the intensity of emissions, it can
be said that the yellow emission (‘“Fo,—°Hiso) is stronger than the blue emission
(4F9,2—>6H15,2), indicating that Dy3+ is located in a more non-centrosymmetric position in the
SrGd,0, host. Several samples were prepared in order to investigate the optimum dopant
concentration in this host matrix. As one can see the highest intensity is obtained with the
lowest dopant concentration and a further increase in Dy** concentration subsequently
decreases the peak intensity.

The schematic energy-level diagram together with the CIE diagram of Dy** doped
SrGd,O, are depicted in Fig. 5. Looking at Fig. 5a it is observable that after excitation at 315
nm Dy3+ ions are promoted to the *M ), state and afterward non-radiative transition to *Fg,,
blue (at 490 nm, ®His,) and yellow (at 581 nm, °His,) emission are visible [20]. As a
consequence, the Commission International del’ Eclairage (CIE) chromaticity coordinates,
determined from emission spectra alter as it is shown in Fig. 5b. The X, Y values of (0.44,
0.42), (0.44, 0.42), (0.36, 0.35), and (0.35, 0.35) are determined for 1, 3, 5 and 7 at% of Dy**
doped SrGd,0,, respectively. Samples with 1 and 3, as well as 5 and 7 at%, have the same
and almost the same coordinates, implying that concentration of dopant equivalent to or
higher than 5 at% leads to the emission shifting.

(a) (b)
6000
120001 —— 1 at% Dy
SrGd,0,: 3 at% Dy ——3at% Dy
. Em=578 nm 10000+ 5 at% Dy
S 40004 5 ——7 at% Dy
© c 8000
= - Ex=315nm
£ 2
@ G 6000+ o s
c
o 5 F,—~H
€ 2000+ £ 40001 o2 1512
2000 jJ\
0- ol A X
300 350 400 450 400 450 500 550 600
Wavelength, nm Wavelength, nm

Fig. 4. Excitation (a) and emission (b) spectra of Dy*" doped SrGd,O,.
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Fig. 5. Schematic energy-level diagram with characteristic emissions (a) and CIE diagram (b)
of Dy** doped SrGd,O..
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The luminescence excitation and emission spectra of Sm** doped SrGd,O, samples
recorded at room temperature are shown in Fig. 6. One representative excitation spectrum (1
at% Sm>") obtained with emission at 614 nm is placed in Fig. 6a, while emission spectra,
obtained with excitation of 407 nm, with different concentrations of Sm*" are shown in Figure
6b. In the emission spectra, one can see the characteristic peaks of Sm*" ions at 575, 615 and
655 nm which corresponds to the appropriate energy transitions from 4Ggpy t0 yellow ®H; 5,
orange ®H,,, and red ®Hg, emissions, respectively. It is obvious that transition 4G —Hy
have the most prominent intensity, comparing with the other transition bands, which is in
good relation with the literature data [22,23]. Moreover, it is noticed that the concentration of
dopant significantly influences the intensity of emission spectra, so with the lowest
concentration of Sm** (0.25 at%), the persuasively highest emission intensity is obtained.

a b
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Fig. 6. Excitation (a) and emission (b) spectra of Sm** doped SrGd,O..

The schematic energy-level diagram with visible emissions and CIE diagram for the
Sm*" doped SrGd,0, phosphor are presented in Fig. 7. One can see that after the ions of Sm*®*
are pumped with the excitation at 407 nm, they are promoted to the °Ps, state and afterwards
non-radiative transition to *Gs,, yellow (at 575 nm), orange (at 615 nm) and red (at 655 nm)
emissions are visible. As in the case of Dy*', the Commission International del’ Eclairage
(CIE) chromaticity coordinates for Sm** was determined from emission spectra alter as it is
shown in Fig. 7b.

The X, Y values of (0.57, 0.37), (0.51, 0.35), (0.52, 0.35), and (0.48, 0.34) are
determined for 0.25, 0.5, 1 and 2 at% of Sm*®* doped SrGd,O,, respectively. Variation in
dopant concentration evidently shifts the emission color, and with the 0.25 at% of Sm*, the
most intense orange color is obtained.
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Fig. 7. Schematic energy-level diagram with characteristic emissions (a) and CIE diagram (b)
of Sm** doped SrGd,O..
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4. Conclusion

Two newly down-conversion SrGd,O, based luminescent material doped with
different concentrations of Dy** and Sm®* was prepared by the combustion method with
glycine as fuel and citric acid as a chelator. The XRD of all obtained samples confirmed that
single phase orthorhombic SrGd,0, was successfully synthesized. Calculated lattice
parameters showed that dopants were successfully incorporated in the crystal lattice of the
host. We confirmed that by incorporation of Sm®* ions in SrGd,0, matrix, emission spectra
demonstrated three characteristic peaks that are assigned to the ‘Gs, to yellow He),, orange
®H,,, and red ®Hg, transitions, placed at 575, 615 and 655 nm, respectively. Emission spectra
for the samples doped with Dy** showed two dominant characteristic peaks that correspond to
blue *Fg,—°His, and yellow *Fg,—°Hiz, emissions, found at 490 and 581 nm, respectively.
Also, investigation of optimum dopant concentration showed that in both cases (Dy** and
Sm®) the lowest concentration provides the highest luminescent intensity and that these
samples exhibit ability for emission color tuning.
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Caxcemax:. Y osom pady, demamHo cy uchumauu ,,down ‘- KOHEepMOPCKU HAHONPAXOBU
SrGd,0, Oonupanu  pasmunumum  konyenmpayujama Dy u  Sm**. Ceu ysopyu cy
NPURPEMBEHU MEMOOOM Cazopesarba y3 Nomoh enuyuna, npeeHcmeeno cnamenu Ha 500
cmenenu moxom 1.5 cam a 3amum mepmuuxku mpemupanu wa 1000 cmenenu 2 cama Ha
cobnoj memnepamypu. Auanuza ougppaxyuje 3paxa (XRD) je noxazana oa ceu ysopyu
Kpucmanuuty Kao jeonogasna u opmopomdbuuxa pewemra SrGd,O4  Ananuzom
mpancmucuone — erekmpoucke  muxpockonuje (TEM) ymephen je e6ucox cmenen
KPUCTAIUHUHOCTIU Y30paKa éenuyune 3pua 00 npubnuxcio 200 nm 3a Dy** donupane u 150
nm 3a Sm>* donupane yzopre SrGd,Ou. 3a 06a ysopka SAED je nomepouo da ougpaxyuoru
npcmenosu 00206apajy unoexcuma hkl pasnuma SrGd;Oq4, 0ok je EDS nomepouo npucycmeo
Dy y xpucmannoj cmpyxmypu. Pe3yamamu nymunucyenmue xapaxmepuzayuje noxasai cy
cee odzoeapajyhe emucuone nuxose koju ce oonoce na Dy** wmu Sm** donammmue jowue.
Hcnumusaree xonyenmpayuje 0onanma nokasaio je 0a Hajuudice spedHocmu 0ba 0onanma
UMajy HajucmaxkHymuje emucuore nukoge, 00K Koopouname Oobujene uz CIE dujacpama
HOKA3YJy nomeparse eMucuje ca npoMeHoOM KoHyeHmpayuje.

Kuwyune peuu: "down" xoneepsuja, nymunecyenyuja, SrGd,Q,, cunmesa cazopesarva.
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