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The luminescent properties of europium (Eu) doped BaAl,O,4 phosphors were strongly influenced by

post-annealing temperatures for blue-green persistent luminescence and latent fingerprints (LFPs). The

X-ray powder diffraction patterns of the BaAl,O4: 1 mol% Eu nanophosphor, annealed between 1000 and

1300 °C, indicated a hexagonal ferroelectric phase. The X-ray photoelectron spectroscopy (XPS) revealed
that the Ba atoms occupied two different sites in the BaAl,O4. The XPS and photoluminescence (PL)

results revealed the presence of Eu** and Eu?* states. The Eu-doped BaAl,O,4 showed the characteristic

red emission of Eu®* at 251 and 464 nm excitations, while excitations at 340 and 380 nm showed yellow-

ish-green emission. Strong evidence of energy transfer between a charge transfer band and the different

energy levels of Eu* and Eu®* ions was obtained. The existence of the Cr ion impurity in the aluminates
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1. Introduction

The alkaline earth aluminates are chemically and thermally
stable at room temperature (RT) and at atmospheric pressure.’
Barium aluminate (BaAl,0,) is one of the best aluminate
materials for making light-emitting diodes (LEDs) and for long
persistent luminescence (persL).”> Many studies were con-
ferred on various preparation techniques because the crystal-
lite or particle size greatly influences the luminescent
properties."”** The paraelectric-ferroelectric (PE-FE) phases
exhibit stuffed tridymite BaA1,0, and these phases have a hex-
agonal crystal structure.>® The structure is represented as a
derivative of tridymite with the corners sharing an AlO, tetra-
hedra that forms a three-dimensional framework where the
hexagonal channels are filled with Ba atoms. The structure of
the PE phase belongs to the P6;22 space group, with lattice
parameters of about a = 5.22 A and ¢ = 8.78 A and a unit-cell
volume of 207.43 A®.° Whereas the FE phase exhibit a super-
structure with space group P63, a = 10.47 A, ¢ = 8.82 A and a
unit-cell volume of 837.23 A®.® The difference is mostly identi-
fied by the configuration of the A1-O strings oriented along
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was confirmed with UV-VIS diffuse reflectance and PL spectroscopy. The present results suggested that
[Eu®*]5,, [EU**]'sa and O'; defects have introduced electron and hole traps in the host that acted as lumi-
nescent centers for persistent luminescence. LFPs detection using BaAlL,Oz:Eu®*/Eu®* phosphor showed
an excellent marking agent for applications in forensic science.

the c-axis. All the strings are equal in the PE phase while
straight and uneven strings alternate in an ordered behaviour
in the FE phase. This result in Bragg reflections that corres-
pond to double the a and b unit-cell parameters. It is due to
small atomic displacements from the real structure that lead
to a reduction of symmetry to P6;.> Horkner and Miiller-
Bushbaum® observed the FE phase from single crystal X-ray
diffraction (XRD) of BaAl,0, at low temperature and Huang
et al.® reported it from a powder form of BaAl,0,. The stoichio-
metry of a hexagonal BaAl,0, matrix showed complicated poly-
morphism as a function of temperature,”® when studied by
X-ray powder diffraction (XRPD).’

Oxygen interstitials or oxygen vacancies are created at alka-
line metal ion sites in the barium aluminate matrix after the
substitution of trivalent or divalent lanthanide ions.’ Oxygen
interstitials and oxygen vacancies act as hole and electron
traps located above the valence band and below the conduc-
tion band in the host. These traps store the absorbed energy,
that is responsible for improving the emission intensities and
persL. Bao-gai Zhai et al.'° studied the P6; phase of a BaAl,O,:
Dy*" phosphor and this phosphor displayed a broadband blue-
green emission with the maximum at about 490 nm. D. Jia
et al.* investigated on site dependent luminescence from a P6;
phase of Ce doped BaAl,0,. They observed emissions from two
Ba®" sites in BaAl,0, at 450 and 402 nm due to the 5d-4f tran-
reported photo-

sition of Ce®'. Biserka Grzeta et al’®
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luminescence (PL) studies of Eu-doped BaAl,0,. The prepared
material exhibited a P6; phase and displayed red PL emission,
that was characteristic of the Eu** ion in the non-symmetric
site, under UV excitation. Hermi F. Brito et al.'' reported on
combustion synthesized Eu** doped BaAl,0, that showed
structural distortions due to the size difference between the
Eu®" (coordination number (CN) 9, 1.30 A) and Ba®" (1.47 A)
ions. The result was that the Eu®" ion, at the Ba1 site, shifted
towards the nearest Ba®" ion along the unit-cell’s ¢ axis in the
channel formed by the interconnected AlO, tetrahedra. The
Ba®* ion also shifted marginally towards the Eu** ion along
this channel. As a result, the Eu-Bal distance decreased by
0.154 A. It can be expected that empty spaces existed in the
structure after the movement of Ba®>" and Eu®" ions within this
channel."™ M. A. Gomes et al.'® investigated the PL behaviour
of Eu doped BaAl,0, and they suggested that in materials that
were synthesized and annealed at 1200 °C, the Eu®* inhabited
a more symmetric site than in samples annealed at 600 °C.
The optical properties of rare earth oxide doped BaAl,O,
materials; however, is strongly influenced by the synthesis con-
ditions and the post-annealing temperatures.

Therefore, in this work, the BaAl,0,:Eu (1 mol%) phosphor
was prepared with a solution combustion method and
annealed at different temperatures that ranged from 900 and
1300 °C, for 2 h in air. The influence of the different annealing
temperatures on the materials’ crystal structure, purity, par-
ticle size, morphology, elemental distributions, bandgap evalu-
ation, surface chemical oxidation states and identification of
defects were studied with XRPD, field emission scanning elec-
tron microscopy (FE-SEM), energy dispersive X-ray spec-
troscopy (EDS), UV-vis diffuse reflectance, X-ray photoelectron
spectroscopy (XPS) and electron paramagnetic resonance
(EPR) spectroscopy. The oxidation states of the Eu ion and the
luminescent properties were studied by PL spectroscopy. The
PL intensities were correlated with substitutional cation site
symmetries. The persistent luminescence of BaAl,0,:Eu*"/Eu’*
was systematically investigated via its PL emission, excitation
and decay curves and thermoluminescence. Additionally, the
optimized phosphor was potentially employed as the finger-
print detection.

2. Experimental methods

2.1. Synthesis

BaAl,0,:xEu (x = 0.01 mol%) was prepared using the solution
combustion synthesis. The detailed synthesis was discussed in
the authors’ previous work.'® The synthesized powders were
grounded with an agate mortar, then annealed in an alumina
crucible at various temperatures (900-1300 °C) for 2 h in air in
steps of 5 °C min~". Finally, the naturally cooled samples were
grounded thoroughly to obtain a fine powder. For convenience,
the phosphor annealed at 900, 1000, 1100, 1200 and 1300 °C
were denoted as Euy;-BAO-900, Eu,;-BAO-1000, Eug -
BAO-1100, Eu,-BAO-1200 and Eu,;-BAO-1300, respectively,
from this point onwards in the manuscript.
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2.2. Characterizations

Phase purities and crystal structures of the materials were ana-
lysed using the XRPD patterns. The XRPD patterns were
recorded at RT, using a Bruker D-8 advance (Germany) powder
X-ray diffractometer, with Cu K, radiation (1.5406 A) at 40 kv
and 40 mA, in the 20 range of 15 to 70° with a 0.0066° step
size and a scan speed of 0.4° min™". The morphology and the
microstructure of the Eu,;-BAO samples were characterized
using a FE-SEM (JEOL JSM-7800F, Japan). The elements and
elemental mappings of the materials were obtained using EDS
connected to the FE-SEM. The surface chemicals were studied
by XPS using a PHI 5000 Scanning ESCA Microprobe equipped
with a monochromatic Al K, X-ray source (1486.6 eV) at RT.
The details of the XPS instrument and the measurement con-
ditions were discussed in the authors’ previous work.'* The
unresolved peaks were separated by using Multipack version
V8.2C, 2007-9-04 program with Gaussian-Lorentz line profiles
and Iterated-Shirley backgrounds.

The diffuse reflectance (DR) spectra were obtained using a
UV-vis spectrometer (PerkinElmer, Lambda 950, USA) equipped
over the range of 200-800 nm using with a BaSO, powder as a
standard reference with a 150 mm diameter integrating sphere.
The photoluminescence excitation (PLE) and PL (200-900 nm)
spectra were measured at RT using a Varian Cary Eclipse fluo-
rescence spectrophotometer (Agilent Technologies, USA) with a
150 W Xe lamp as the excitation source. The PLE, PL, PL decay
curve and persistent luminescence of the materials were ana-
lysed using a FS5 Spectrofluorometer (Edinburgh, UK) at RT. PL
decay for the Eu®" of the materials were measured using a
FLS980 system with an excitation at 340 nm. The colour
chromaticity coordinates of the Eu,1-BAO phosphors were pre-
formed using an Osram-Sylvania colour calculator (GOCIE-V2,
CIE-1931) programme.

The X-band ESR measurements were carried out using a
JEOL spectrometer JES FA 200 equipped with an Oxford
ESR900 gas-flow cryostat with temperature control (Scientific
instruments 9700). The microwave power was constantly main-
tained at 30 mW while the frequency was set at 9.4 GHz.
22 mg powder of each phosphor were separately irradiated by
UV radiations with an 8 W, 254 and 360 nm UV lamp at RT.
After irradiation the phosphors were placed in the dark for
10 min and maintained at RT. TL glow curves of the UV irra-
diated phosphors were then observed at a heating rate of 5 °C
s™' using a TL Reader (model: TL/OSL1008; Nucleonix
Systems, India) in the temperature range of 30-450 °C. Glow
curve deconvolution (GCD) with the general order kinetic func-
tion was applied to deconvolute the broad TL bands.

3. Results and discussion

3.1. Crystal structure and phase identification

The phase purity of the annealed samples was first investi-
gated by XRPD. Fig. 1a shows the XRPD patterns of the
BaAl,04:Eu (1 mol%) phosphors annealed at different temp-
eratures between 900 and 1300 °C for 2 h in air. The calculated

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) XRPD patterns of BaAl,O4:Eu (1 mol%) phosphor annealed at various temperatures in air, Rietveld refinement results of (b) Eug;1-BAO-900
and (c) Eug 1-BAO-1000 phosphors at RT. (d) Visualization of the stuffed-trydimite structure of BaAl,O, at RT (space group P63, lattice constants a =
b =10.470 A, c = 8.819 A and V = 837.227 A3). The green and blue polyhedra highlights the BaOy and AlO, units, respectively, while the red spheres
represent O% ions. Within this three-dimensional network, the Ba®* and Al** ions formed layered structures with empty channels between the Ba*
layers. These channels could facilitate the movement of oxide ions within the crystal lattice.
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pattern that corresponded to the hexagonal crystal structure of
BaAl,0, with a space group of P6; is also shown in Fig. 1a. All
the diffraction peaks of the prepared samples annealed at
temperatures between 1000 and 1300 °C can be indexed to the
hexagonal crystal structure of BaAl,0, with a space group of
P63 (COD #2002225). This indicated that the annealed alumi-
nate materials exhibit a single crystal structure of BaAl,04. No
diffraction peaks from impurities were detected in the material
annealed at 1000 °C and above, which indicated pure crystalli-
nity. The intense diffraction peak at ~28.3° did not shift. The
peak’s width; however, narrowed with increased annealing
temperature. Apart from the hexagonal structure that was also
observed in the Eu, ;-BAO-900 sample, a few additional diffrac-
tion peaks were observed at 18.9, 22.9, 23.9, 24.3, 25.7, 26.9,
37.5 and 38.8°, see Fig. 1b. These peaks corresponded to the
coexistence of the non-stoichiometry phase of BaAl;,049
(peaks marked as )" and to the unreacted Ba(NO,),H,O
(peaks marked as @) in the product. The BaAl;,0,, phase
occurred due to the material’s temperature that reach above
1600 °C within a short period during synthesis.

Rietveld refinement was additionally done on the Eug;-
BAO-x (x = 900-1300) (Fig. 1c and see Fig. S1 in the ESIY)
samples by using the General Structure Analysis System-II
(GSAS 1I) program. (This product includes software developed
by the UChicago Argonne, LLC, as operator of Argonne
National Laboratory (2013)). The unit cell parameters, unit cell
volume, crystal density, phase fraction and fitting parameters
obtained in the Rietveld structural refinements are enlisted in
Table S1.1 A low value of goodness of fit and for the weighted
profile R-factor (R,,) were obtained. This suggested that the
refinement of the phosphors were effective and that the
obtained phosphors were of good quality. A. M. Abakumo
et al."'” reported on the PE-FE phase transitions in BaAl,O,
that was examined in situ by transmission electron microscopy.
Electron diffraction revealed that the PE and FE phases have
hexagonal crystal systems.'”*® The lattice constant (a) and unit
cell volume obtained in the Rietveld structural refinements for
the present phosphors were well consistent with those values
reported by A. M. Abakumo et al.'” The Eu,;-BAO structure
did not show the Eu,0; reflection and this was also confirmed
by the Rietveld structural refinements. The ionic radius and
valence of Ba, Al and Eu were: Ba®>" (1.47 A), AI** (0.39 A) and
Eu®" (1.30 A)/Eu’" (1.12 A)."® The crystal structure of BaAl,0,
with the P6; space group consists of two different barium
sites, Bal and Ba2.” Bal and Ba2 are situated on 6¢ and 2a
Wyckoff positions and each Ba>" ion is coordinated by nine
oxygen ions with an average Ba-O distance of 2.97 A for Ba1l
and 2.89 A for Ba2, respectively.” In principle, Eu*" and Eu®"
ions can be substituted into both Ba®' sites,® herein, we
propose that Eu*>" and Eu®" ions were randomly substituted to
occupy both Ba®" sites. When Eu** (in the nine-fold coordi-
nation) would occupy both Ba®* sites in BaAl,0Oy,, it would form
a distorted octahedral geometry in the matrix lattice (eqn (1)),
due to the ionic size difference between the Ba®>" and Eu*'.
While Eu®* (in the nine-fold coordination) ions would occupy
both Ba®* sites in BaAl,O,. Hence, during substitution of Eu**
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in the Ba®" sites, one interstitial oxide (O;) gets created for
every two Eu®* ions due to charge compensation (eqn (2)) and
in addition forming a structural distortion. The complete
process can be stated as follow:

Eu2+ +Ba2+ — [Eu3+]'Ba (1)
2EW*" + 2Ba*t — 2[E0’Y];, + O; (2)

The unit cell structure of BaAl,0, was illustrated by the
Visualization for Electronic and Structural Analysis version 3
program as shown in Fig. 1d. Hexagonal BaAl,0, belongs to a
family of stuffed tridymite tetrahedral structures. Accordingly,
in this structure, the Ba®" and AI*" ions are in hexagonal
BaAl,O, (S.G.: P6;) layers (see Fig. 1d) and Ba** is coordinated
with 9 oxygen atoms. There are clearly visible empty channels
between two Ba”>* ions’ inter layers. In addition, the distance
between Bal-Ba2 ions is about 5.2 A and therefore, Eu ions
can occupy Ba positions and one interstitial oxide ion bond
with two Eu®" substitutions in the two Ba®" (Bal and Ba2)
sites. Interstitial oxide ions occupied empty channels between
the Bal and Ba2 ions’ inter layers. The inter distance between
Bal and Ba2 ions has sufficient space to be occupied with
Eu**-0%>"-Eu’" ions (bond distance of Eu**~-0*"-Eu®" is about
4.1 A)*° As a result, the average Ba1l-O and Ba2-O bond
lengths slightly decreased when nominal 1 mol% of Eu
replaced Ba®" positions in BaAl,0, due to the ionic radii of
Eu®" ions that are relatively smaller than the 9-coordinated
Ba”". Refinement of the cation and anion occupancies showed
that all sites were occupied; therefore, there was no indication
of vacancy formation. The obtained bond distances compared
well with the results reported in the literature.>>"”

The unit-cell volume of the annealed materials increased
with annealing temperatures due to an increase of the crystal-
lite size. Furthermore, the lattice constant (@ = b and c¢) and
X-ray density slightly deviated from the calculated values (see
Table S1t) due to the presence of interstitial oxides and lattice
distortion in the hexagonal crystal system. The crystallite sizes
were determined from the Scherrer equation. The most
intense and well-resolved diffraction peaks were used to deter-
mine the average crystallite size of the phosphors. This was
found to be at 45, 67, 83, 101 and 109 nm for the 900, 1000,
1100, 1200, and 1300 °C annealed phosphors, respectively.
Furthermore, the average lattice strain was determined and the
values decreased from 7.74 to 3.19, with an increase in anneal-
ing temperature. It can therefore be concluded that an increase
in the annealing temperature of these phosphors improved the
crystallite growth and crystallinity.

3.2. Microstructure and elemental analysis

The microstructure for the different annealing temperatures of
the Eu,;-BAO phosphor was characterized by FE-SEM and is
shown in Fig. 2. The grains and grain boundaries were clearly
visible in the image. The grains have a hexagonal shape with
an average particle size of 44, 98, 110, 367 and 600 nm after
thermal annealing at 900, 1000, 1100, 1200 and 1300 °C for
2 h, respectively. This was obtained by the statistical analysis

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 FE-SEM images of Eug;1-BAO-x (x = 900 to 1300) phosphors. The inset shows the size distribution diagrams of Eug ;1-BAO-x (x = 900-1300)
phosphors (extracted from FE-SEM images) and the EDS spectrum of the Eug 1-BAO-1300 phosphor.

of the FE-SEM images as shown in the inset Fig. 2. The particle
size increased with annealing temperatures due to the sinter-
ing and strong sintering occurred above 1100 °C. Small par-
ticles accumulated on the surface of the large particles in the
phosphors annealed at higher temperatures (>1000 °C);
whereas, the Eu,;-BAO-900 sample did not show small par-
ticles on the surface of the larger particles. The tiny particles
have a hexagonal morphology with an average particle size of
24, 25, 27 and 33 nm following thermal annealing at tempera-
tures of 1000, 1100, 1200, and 1300 °C for 2 h, respectively.
The particle size increased with annealing temperature. These
analyses were determined through the statistical analysis of
the FE-SEM images, as provided in Fig. S2 of the ESL{ The
chemical constituents of the Eu,;-BAO samples annealed at
selected temperatures were evaluated by EDS analysis. In Fig. 2
and S3,1 EDS data of Ba, Al, O, Eu, and C of the Eu,;-BAO-x (x
= 900-1300) phosphor can be observed. The presence of
carbon in all the samples was attributed to the carbon tape
used during the analysis>* and to adventitious carbon from
the air. The presence of adventitious carbon was confirmed by
the O 1s spectra in the XPS analysis presented in the next
section. EDS elemental mapping analysis were done and is
shown in Fig. S4.1 Ba, Al, O and Eu elemental components
were evenly distributed throughout the sample.

3.3. Surface chemicals and oxidation state analysis

To reveal the modifications in the surface’s chemicals, XPS
was performed on the annealed samples. Fig. 3a—f show the

This journal is © The Royal Society of Chemistry 2024

high resolution XPS spectra of Ba 3d, O 1s and Eu 3d. A slight
variation in the peaks’ binding energies and full width at half
maximum (FWHM) values were observed as a function of
annealing temperatures. This was due to surface chemical
modifications in the samples and was confirmed by XRPD
Rietveld refinement results. Fig. 3d shows a typical Eug -
BAO-1300, Ba 3d spectrum, fitted with three peaks with
binding energies at 779.7, 780.8 and 781.9 eV. The 779.7 and
780.8 eV peaks corresponded to Ba 3ds,, situated at the Ba2
and Bal sites in the hexagonal BaAl,O, crystal structure,
respectively.” The high binding energy peak, denoted as Ba(u),
was attributed to Ba atoms in the form of BaCO; or Ba
(OH),,>>?® respectively. The presence of carbonate or hydroxyl
groups were possibly due to annealing in air atmosphere. The
Ba 3d peaks consisted of two separate peaks of Ba 3ds,, and Ba
3dsp,, due to spin-orbit-splitting (SOS) of the peaks. The
binding energy difference was 15.3 eV (see Fig. 4d).>*** The
Ba®" area ratio between the Ba2 and Bal sites was 1: 1 and the
separation was 1.1 eV in the P6; phase. These data were com-
parable with data obtained in literature.>*>*’

A typical Eu,;-BAO-1300, O 1s spectrum was fitted with
seven peaks (see Fig. 3e). The first five peaks were situated at
binding energies of 529.8, 530.8 and 530.9 eV and corre-
sponded to lattice oxygen at Ba2, Bal and Al sites in BaAl,0,."
The high binding energy peaks located at 532.4 and 533.5 eV
were linked to the surface contaminants of O-H and O-
C=0.""*?* The peaks area ratios of lattice oxygen were con-
sistent with the Ba 3d peaks. The formation of the two distinct

Dalton Trans., 2024, 53, 16557-16576 | 16561
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the Eug 1-BAO-1300 sample.
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Fig. 4 UV-vis diffuse reflectance spectra of the Eug;-BAO samples
annealed at various temperatures. The inset shows the energy of the
optical bandgap.

Ba sites in the barium aluminate were confirmed with XPS
results and this was also consistent with the XRPD Rietveld
refinement. Fig. 3f shows the Eu,;-BAO-1300, Eu 3d spectrum
with two small peaks at about 1124.8 and 1132.2 eV that corre-
sponded to Eu 3ds, in Eu®>" and in Eu*".?° Eu 3d also split into
two peaks due to SOS and their higher binding energy, Eu
3d;,, peaks, were obtained at 1154.6 and 1162.0 eV. The SOS
binding energy variance was 29.8 eV.”® Eu*" and Eu®* ions,
would occupy both Bal and Ba2 sites. However, the Eu*" and
Eu*" ions’ peaks were not clearly noticeable in the Eu 3d peak
because of the low doping concentration of Eu ions (1 mol%).

16562 | Dalton Trans., 2024, 53, 16557-16576

Furthermore, the substitution of Eu®** in the Ba®" sites, create
one O; for every two Eu’" ions due to charge compensation.
This peak was also not distinctly noticeable due to the even
lower concentration.

3.4. Optical studies

The UV-vis DR spectra of BaAl,0, in the presence of Eu ions of
the samples annealed at 900-1300 °C are shown in Fig. 4. The
optical response characteristics with absorption bands centred
at ~237 nm was due to the host’s absorption band. The
additional band centred at 361 nm was due to the overlapping
of a charge transfer band (CTB) of a Cr®*-O>" transition from
impurity levels®”*® and the excitation band of the 4f” — 4f®5d*
transition of Eu”".>° The Cr ion impurity is commonly present
in aluminium compounds; hence, Cr** can be present in the
Eu, 1-BAO phosphor from the Al(NOj;);-9H,0 raw material that
was used during the sample preparation.”® In addition, the
CTB of Eu*-0*" overlapped with the wide band centred at
237 nm.*® These bands are well consistent with the PLE bands
in the PL section.

The optical bandgap (E;) of the samples was estimated
using the Kubelka-Munk (K-M) model."® According to the K-
M model, [F(R,)h9] versus hd is plotted for the direct
bandgap. The linear region was extrapolated to zero in the
energy coordinate on the x-axis. The optical bandgap of the
phosphors were determined from the intersection point on the
energy coordinate as displayed in the inset in Fig. 4. The
obtained bandgap values, of the post-annealed and annealed
at various temperatures samples, showed a mean value of 5.6
eV. This indicated no influence of annealing temperature on
the optical band gap of the Eu, ;-BAO samples.

This journal is © The Royal Society of Chemistry 2024
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3.5. PL properties

The crystal structure’s parameters of the materials obtained at
different annealing temperatures, with the local structure of
the dopant ions, have a fundamental impact on the lumines-
cent properties. The PLE and emission spectra of the syn-
thesized BaAl,04:Eu material annealed at various temperatures
were measured at RT and are shown in Fig. 5a and b. The PLE
spectra was acquired at de;, = 611 nm. The excitation spectra
showed that all the phosphors exhibited relatively wide absorp-
tion in the UV region from 220 to 300 nm, with a peak cen-
tered at 251 nm (see Fig. 5a). This peak originated from the
Eu®*-0*" CTB.?’ Additionally, weak excitation peaks, centered
at 317, 361, 378, 393, 464 and 532 nm corresponded to the
8S7/2 - 61)3/277/2, 7Fo - 5D4, 7F0 - 5G2—6, 7Fo - 5L6a 7Fo - SDz
and 'F, — °D; transitions of Eu®*, respectively.***' The PL
spectra acquired upon 251 nm excitation, presented in Fig. 5b,
showed the characteristic broad band of the 4f°5d" — 4f” tran-
sition of Eu** with a maximum centered at 500 nm.*"*> An
intense sharper band centered at 611 nm, corresponded to an

Wavenumber / cm™
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electric dipole (ED) transition of Eu** (°D, — “F,).*° This band
is a hypersensitive transition and is strongly influenced by the
surrounding environment.>?*?° Less intense narrow lines
were also present due to induced f-f transitions of Eu*": D, —
"F, (576 nm), °Dy — "F; (582-600 nm), >D, — 'F; (654 nm) and
°Dy, — ’F, (702 nm) (Fig. 5b). If Eu** ions occupy the lower
symmetry sites, the emission from the D, — ’F, transition
becomes strong; otherwise, the emission will be weak, while
the magnetic dipole (MD) °D, — ’F; transition is not affected
by the site symmetry.**"*> The dominant emission at 611 nm
showed that the Eu®" ions occupied the lower symmetry sites
of barium in the matrix. The relative intensity of the induced
ED °Dy — ’F, (611 nm) transition to that of the MD °D, — 'F,
(594 nm) transition (asymmetric ratio), decreased by increas-
ing the annealing temperature of the material (see Fig. 5b).
This indicated that the Eu®" ions occupied more of the high
symmetry sites with an increase in the annealing temperature.
The higher value of asymmetric ratio implied that the lower
symmetry site favours efficient red emission. Both Eu®*" and
Eu®" moved into distorted sites favouring non-radiative losses
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Fig. 5 The PLE (a and c¢) and PL (b and d) spectra of Eug 1-BAO phosphors annealed at selected temperatures.
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due to sintering at higher annealing temperatures. As a result,
there was a decrease in the PL intensities of Eu** and Eu*".*°

Fig. 5c shows the PLE spectra of the BaAl,0,:Eu samples
annealed at 900-1300 °C at room temperature, monitored at
500 nm emission. The spectra covered a very broad spectral
region (from 250 to 450 nm) and consisted of two excitation
bands centered at 257 and 340 nm. These bands were attribu-
ted to the CTB of Eu>*~0?" and the 4f” — 4f°5d" transition of
Eu®".*® Upon excitation at 340 nm, Fig. 5d, the BaAl,O,:Eu
samples demonstrated a wide and strong emission in the wave-
length range of 455-600 nm that was associated with the
4f°5d" — 4f” transition of Eu®>". Additionally, there were also
weaker emissions between 550 and 760 nm, whose appearance
indicated the intra-configurational 4f-4f transitions of Eu®*" in
the BaAl,O, matrix.>® Incorporation of Eu ions into the
BaAl,O, phosphor by solution combustion synthesis and the
annealed temperatures between 900 and 1300 °C, for 2 h in
air, showed the existence of Eu*' and Eu®' in the BaAl,O,
matrix. The synthesized samples were partially oxidized
because O, were absorbed during annealing at higher temp-
eratures, in air.

The reduction of Eu®" to its divalent charge state has been
described in some papers that used a special and a non-redu-
cing atmosphere during sample production.'*'*?33 M. Peng
and G. Hong>® reported PL at RT of a BaAl,0,:Eu powder that
was prepared by solid-state reaction and then heated at
1400 °C in air. The material that was heat treated in air,
showed line emission of Eu®" at excitation of 254 nm.
Whereas, the synthesis of a BaAl,O4:Eu®" material that was
synthesized in a thermal carbon reducing atmosphere exhibi-
ted Eu®>* emission under the excitation of 340 nm. B. Grzeta
et al® studied the PL of 4.9 atom% Eu doped BaAl,0,
powders, prepared by using a hydrothermal synthesis. This
sample was thermally treated at 1100 °C in a furnace with
static air. The Eu-doped sample under UV excitation dis-
played the characteristic red PL of the Eu*" ion in the non-
symmetric site. The PL studies of the BaAl,0,:Eu displayed
exciton emissions and the characteristic Eu®" transitions.> M.
Peng et al.>* reported the reduction of Eu*" to Eu®*' in air in
BaMgSiO,:Eu, produced by a high-temperature solid-state
reaction. Z. Pei and Q. Su®*® lodged four conditions for the
abnormal reduction of Eu®" to Eu®" in a solid state compound
when the doped phosphors were prepared in air at a high
temperature without a reducing atmosphere: (1) there were
no oxidized ions present in the hosts, (2) the doped Eu** ions
replaced the divalent cations in the hosts, (3) the substituted
cations have similar radii to Eu** ions and (4) the host matrix
has suitable crystal structures, based on tetrahedral anion
groups (such as BO,, POy, SO, and AlO,). BaAl,0, satisfied all
these conditions; therefore, it is feasible that Eu*>" and Eu**
may co-exist under specific preparation circumstances. In
this work the maximum PL intensity was obtained for the
sample annealed at low temperature (900 °C). This was then
probably due to both the Eu** and Eu** ions that occupied
the less distorted Ba®* sites in BaAl,0, and this resulted in
the radiative transition to be stronger. As the samples’
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annealing temperature was increased, the PL intensities of
Eu®" and Eu®" emission decreased. This could be because
maybe both Eu®* and Eu** moved in a more distorted
environment in BaAl,O, and as a result non-radiative tran-
sition dominated. In addition, a broad band was observed
between 700 to 820 nm and was assigned to the 4TZg - 4AZg
transition of Cr** (see Fig. 5d).

The emission spectra observed at Ae, = 251, 340, 380 and
464 nm (Fig. S5at), for the 900 °C annealed sample, exhibited
sharp peaks for 4f-4f transitions of Eu®*" between ~560 to
750 nm and a broadband emission centred at 500 nm due to
the 5d — 4f transition of Eu**. The emission intensity of the
D, — ’F, transition of Eu®* was stronger under excitation of
251 and 464 nm, than under 340 and 380 nm excitation. The
5d — 4f transition of Eu®" became stronger due to the
different excited states. The samples annealed at different
temperatures showed similar emission profiles except for the
intensities. M. A. Gomes et al.'?> observed exciton, Eu®" and
Eu®" transitions from a X-ray-irradiated Eu doped BaAl,O,4
material. The exciton emissions and Eu®* transitions over-
lapped at the wavelengths between about 400 to 575 nm."? In
this work the samples did not show the exciton emissions;
however, the wide band emission in the blue region was
associated with the 5d — 4f transition of Eu*".

The chromatic coordinates ‘x’ and ‘y’ were calculated using
the colour calculator program (1931 CIE chromaticity
diagram).?® The typical colour coordinates of the BaAl,0,:Eu
(900 °C) phosphor are shown in the inset of Fig. S5a.f The
values of the x and y coordinates of the materials were
denoted by the circle (Aem: 611 NM; Aexe: 251 NM), square (Aem:
611 NM; Aeye: 464 Nm), star (Aem: 500 NM; Aexe: 340 nm) and tri-
angle (dem: 500 NM; Aexe: 380 nm) marks in the CIE diagram in
Fig. S5a.7 It can be noted that when the sample was excited at
251 and 464 nm the emission showed a red-orange light.
When the sample was excited at 340 and 380 nm the emission
was yellowish-green. Fig. S5bt shows the PLE (Aem: 701 nm)
and PL (dexe: 580 nm) spectra of the Eu, ;-BAO-900 sample. The
PLE spectrum showed strong intense sharp lines in the wave-
length of 350-550 nm, that were attributed to the intra-config-
urational 4f-4f transitions of Eu®*. It also showed additional
weak bands with maxima at 415 and 580 nm (dep,: 701 nm).
These weak bands originated from the spin-allowed transitions
of *Ayy = "Tyy (F) and Ay, — "Tyy (F) of Cr’', respectively.””
When the sample was excited at 580 nm, a sharp emission at
701 nm appeared and this was assigned to the *E, — A,
(R-line) transition of Cr’*.*® The existence of the Cr*" impurity
in the BAO material was discussed in the UV-vis diffuse reflec-
tance spectra section.

Fig. 6a-c presents the lifetime of the D, — “F, transition
(recorded at Aeye = 251 and 464 nm) and the 5d — 4f transition
(recorded at ey = 340 nm) of BaAl,O,:Eu’*. The lifetime of the
Dy — 'F, (611 nm) decay curve can be fitted by a double expo-
nential function as follows:*°

I(t) = Ao +A; exp (f 7) + A exp (f i) 3)

t
T1 Ty

This journal is © The Royal Society of Chemistry 2024
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where Ay, A; and A, are scalar quantities obtained from the
curve fitting, ¢ accounts for the time, I(¢) denotes the lumine-
scence intensity at time ¢, and 7; and 7, represent the decay
lifetimes. This indicated the fact that Eu ions were present at
two different sites in BAO or that there may be defects.’® The
calculated average lifetimes were summarised in Table S2f
and the typical fit for the PL decay profile is given in Fig. S6.1
It can clearly be seen that the average lifetime of the band at
611 nm decreased as the annealing temperature increased.
The direction in the average lifetime as a function of annealing
temperature were comparable to what we found for the emis-
sion intensity (Fig. 6d). This was attributed to the increase in
non-radiative relaxation, which ascended from the Eu®*'/Eu*
ions that moved to distortion sites in the BAO matrix. Fig. 6¢
displayed the lifetimes of the 5d — 4f transition of Eu** under
excitation at 340 nm. It showed a double-exponential function
and fitted decay curve given in the ESI as shown in Fig. S77
and obtained average lifetime was summarised in Table S2.f
The PL decay curves were considered as a combination of a
fast-decay component (Eu** emission) and a slow-decay com-
ponent (trap-assisted emission related to the trap states for

This journal is © The Royal Society of Chemistry 2024

radiative recombination) that gave a short lifetime and a long
lifetime, respectively (Fig. 6c). This indicated that these
samples have at least two traps, that were characteristic of
persL.

3.6. EPR analysis

Electron paramagnetic resonance (EPR) is a non-destructive
analytical technique for an efficient way to probe the point
defects and local structure of Eu®>" ions. EPR spectra of euro-
pium doped BaAl,O,4, are shown in Fig. $8.1 The EPR of Eu**
ions with 4f” configuration have 8s.,, and L = 0 as its electronic
ground state and is therefore insensitive to crystal field effects.
The 4f°5d"' configuration of Eu®" is far more liable to the
crystal field and coulombic interactions, due to the d-orbital
degeneracy, which is boosted by interactions with the local
ligand environment.** The Eu** ion has long spin-lattice relax-
ation times so the EPR spectrum could be clearly identified.
The Eu”" ions in the lower symmetries are known to result in 8
lines that is a result from the splitting of the J = 7/2 state into
2] + 1 levels. Additional spectral lines of g > 2.0 and g < 2.0
were also observed. The separations between these lines
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depend on the symmetry around the Eu ion in the host. The
crystal field strength and Zeeman interaction are affected on
the EPR spectrum of Eu®" ions.*"*> When the frequency of
microwaves is less than the crystal filed splitting, EPR signals
will be seen only between Kramers-conjugate states. This
results in prominent features at certain well-defined g values
and then the resonance signals will appear at g > 2.0. When
the frequency of the microwaves is larger than the crystal field
splitting, EPR signals will appear close to g ~ 2.0.**™* In the
present work, highly intense resonance appeared around
300 mT. This corresponded to g = 2.21. A relatively less intense
resonance signal was also observed around 155 mT that corre-
sponded to g = 4.30. This implied that there were crystal field
splitting of similar magnitude larger than the applied micro-
wave frequency. Additional EPR signals of g < 2.0 and g > 2.0
were also observed. Nakamura et al.** reported that Eu®>" occu-
pied two different sites in BaAl,0:Eu*" by using EPR measure-
ments. Vijay Singh et al.*® also reported that Eu** ions occu-
pied two sites in the BaMgAl;,O;,:Eu** phosphor with EPR
measurements. The observed resonance signals with the g
factors of 19.89, 7.93, 5.64, 4.30, 3.01, 2.21 and 0.96 were
attributed to Eu®" that occupied two different sites of Ba®>" in
the BaAl,0, matrix with a moderate distortion. The PL emis-
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sion in the blue-green region and high-resolution Eu 3d XPS
had already indicated the presence of Eu as Eu®>" ions in these
phosphors. Their presence were further confirmed by EPR
studies. The population of spin levels for the resonance signal
at g = 2.21 has been calculated for the selected annealing
temperatures 900, 1000 and 1300 °C of BaAl,04:Eu phosphor
at room temperature. It was obtained to be 3.41 x 10!, 10.42 x
10" and 4.76 x 10", respectively. The sample annealed at
1000 °C in air showed an increase in the number of spins at
room temperature. This indicated that more Eu®" ions formed
upon heat treating the phosphor in air atmosphere. At the
higher annealing temperature (1300 °C) in air, the population
of spin levels at g = 2.21 was reduced. This indicated that
lesser Eu*" ions formed and that there were more Eu*" ions.

3.7. Persistent luminescence study

The BaAl,O,:Eu®* phosphor also depicted persL after the exci-
tation source was ceased. The effects of annealing temperature
on the green persL’s performance of the BaAl,O4:Eu®" sample,
after being excited by 340 and 380 nm for 2 min, were investi-
gated. The persL’s intensity increased gradually with an
increase in annealing temperatures, see Fig. 7(a and b). The
data point in Fig. 7(a) and (b) were recorded as a function of
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the persL intensity at 500 nm versus the decay time and the
recordings lasted for 260 s. The initial green persL intensity
decreased quite rapidly in the first 1 min, followed by a slow
decay process until the end of the measurement. This clearly
confirmed that the green persL originated from Eu** emitters.
Fig. 7(c and d) display the persL spectra obtained under the
same conditions at wavelengths of 340 nm and 380 nm, after
the excitation ceased. The persL intensity band, centered at
500 nm, exhibited a reduction in intensity as the delay time
increased. Emission was observed for the 340 nm and 380 nm
excitation sources up to 30 min and 40 min, respectively, after
the excitation was stopped. In addition, the persL decay curve
of the Eu, 1-Ba0-900 and Eu, ;-Ba0-1300 phosphors, where the
reciprocal of the persL intensity (I"') as a function of time (¢),
was also explored, as shown in Fig. $9.1 The I'* — ¢ curve was
very close to a linear fit. In the initial stage (¢ < 40 s for Eug -
BAO-900 and ¢ < 25 s for Eu,,-BAO-1300), the electrons, that
thermally escaped at RT from the shallow traps, could quickly
moved to the Eu*" levels for effective recombination through
the CB. This resulted in an initially rapid decay. At a later
stage, the deep traps could recombine directly with the nearby
excited states of Eu®>" via a quantum tunnelling process, as a
substitute of going through the CB. Thus, the recombination
rate would be slower, leading to a weaker PersL intensity and
therefore, a notably longer PersL time. This will be discussed
in depth according to the results shown in the TL glow curves.
In addition, we conducted measurements on the persL
decay curve of the BaAl,04:Eu®" (1 mol%) phosphor annealed
at selected temperatures ranging from 900 to 1300 °C by moni-
toring emission at 618 and 500 nm after irradiation with a
254 nm UV lamp for 10 min, as shown in Fig. 8a and b. Fig. 8a
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and b depict data points recorded as a function of the persist-
ent emission intensity at 618 and 500 nm (I) against the decay
time (¢) and the recordings lasted approximately 180 minutes.
The emission intensity of BaAl,O4:Eu®" (1 mol%) phosphor
first exhibited a rapid decrease in red and blue-green persist-
ent emissions within the first few minutes. Subsequently, the
emission intensity gradually decreased until the measurement
was completed. After 180 minutes of continuous emission, the
intensity of the red and blue-green persL emission remained
significantly higher over the background. A similar observation
was noted when monitoring the 500 nm emissions after
10 minutes of irradiation with a 360 nm UV lamp, as shown in
Fig. 8d.

Fig. 8c and e display the persL emission spectra for the
optimum sample (Eu,;-BAO-1300), captured at various delay
times after the removal of the irradiation at wavelengths of
254 nm and 360 nm, respectively. The profile of the persL
emission spectrum coincided with the photoluminescence
emission spectrum (Fig. 5b and d), that indicated that the red
and blue-green persL originated from the Eu®** and Eu®" emit-
ters, respectively. The two linear fit results of the reciprocal of
the persL intensity ('), presented as a function of time (¢)
(Fig. 8f) indicated that the persistent luminescence was mainly
caused by two effective trap centers.** The tunnelling or temp-
erature-assisted tunnelling process participated in the persist-
ent luminescence.”® We investigated the effects of irradiation
duration on the persistent luminescence performance of the
optimum annealed Eu,;-BAO-1300 sample after being irra-
diated by a 254 nm and 360 nm UV radiation for various dur-
ations ranging from 2 to 30 minutes (Fig. S10a and S10bf¥). It
appeared that the phosphor can be fully charged in
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10 minutes of 254 nm UV irradiation and 20 minutes of
360 nm UV irradiation, respectively.

As shown in Fig. 9b, the nanophosphor powders can be
effectively charged for 10 minutes using a 254 nm UV lamp.
The emission brightness decayed slowly over time, with visible
red emission that lasted up to 3 minutes in a dark environment
(see Fig. 9c-e). After 3 minutes, the emission was not detected
due to the sensitivity limit of our UV camera (note that the
actual decay time is likely much longer, around 3 hours). Under
360 nm UV irradiation, the material exhibited a bluish-green
emission; however, the UV background interfered with the emis-
sion from the material (Fig. 9g). After stopping the 360 nm
irradiation, the material emitted a bluish-green color for up to
1 minute (Fig. 9h), after which the emission diminished.

3.8. TL glow curve analysis

It is well known that the nature of the traps play a dynamic
role in persL. The reason why the BAO host is suitable for
Eu®'/Eu’®" ions to produce persL is, that appropriate defects
exist in the BAO:Eu**/Eu® phosphor. Usually, evidence on
traps and trap depths can be obtained from the analysis of the
TL band. Thus, the TL bands of all the samples were measured
under the same conditions. Fig. 10 shows the TL glow curves
of the Eu (1 mol%) doped BaAl,0, phosphors. The TL glow
curves were monitored in a wide temperature range from
30-450 °C, after the samples were irradiated with 254 and
360 nm UV radiation for 10 min at RT. Fig. 10a displays the TL
glow curve for the annealed samples irradiated with 254 nm
UV radiation and it consisted of a broad band with maximum
intensities at 88, 131, 189 and 376 °C. While the samples irra-
diated with 360 nm UV radiation showed TL bands with
maximum intensities at 62, 135 and 360 °C (Fig. 10c). These
bands were attributed to, when one Eu®* ion substituted a Ba>*
ion in the crystal lattice, two substitutional [Eu*'];, defects
formed. The [Eu*t];, defect is positive and act as an electron

(a) (b) (c) (d) (e) (f)
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trap. Due to the requirement of charge neutrality, two Eu’*
ions are needed to replace two Ba®>" ions. One interstitial
oxygen ion (O”;) was also generated and acted as a hole trap.
One Eu®" ion that substituted a Ba®>" ion in the crystal lattice,
created a one substitutional defect, [Eu*"]'’s,. The phosphor
annealed at 1300 °C showed a greater intensity of the TL
bands due to better crystallinity and a reduction of -OH and
C=O0 impurities.*® The high temperature TL bands (>150 °C)
signified deeper traps and were more stable. They faded rela-
tively slower and this provided proficient energy storage phos-
phors. The broad TL bands were deconvoluted by using the
glow curve deconvoluted (GCD) technique with general order
kinetics. The equation made by Kitis et al.*” was as follows:

_b_ E T-T,
I(T) = In,bb—1 exp (ﬁ x m)

Tm
T2 ET—Thy ~b/(b-1)
X {(bfl)(lfA)T—éxexp(k—T r )+Zm]
(4)
2kT 2kTm

where, AZT’ Zn =1+ (b — 1)Ay, Asz, k is the

Boltzmann constant (8.6 x 107> eV K ™), I, and Ty, are the
maximum TL band intensity (Arb. Units) and TL band temp-
erature (K), E is the trap depth (eV) and b is the order of kine-
tics. The TL kinetics parameters were optimized to align the
simulated glow curve with the experimental data, minimizing
the figure of merit (FOM). The FOM reflects the quality of the

glow curve fit and is defined by eqn (5).*®
> i — y(xi)]
FOM(%) = ———=——— % 100 5
=", ®)
l

Here, y; represents the experimental value, y(x;) denotes the
fitting value of the TL intensity at temperature 7;. The FOM

(h)

(€)

Fig. 9 Photographic images of the Eug 1-BAO-1300 sample: (a) under a fluorescent lamp; (b) under a 254 nm UV lamp; for 30 s (c), 1 min (d), 2 min
(e), and 3 min (f) after removal of the 254 nm UV lamp irradiation at RT; (g) under a 360 nm UV lamp; and (h) 1 min after removal of the 360 nm UV

lamp irradiation at RT.
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Fig. 10 The TL glow curve and peak fits for the Eu doped BaAl,O4 phosphors irradiated for 10 min with UV (254 nm (a and b) and 360 nm (c and d))

radiation.

reaches its minimum value when the fitted function precisely
corresponds to the experimental data. Thus, a lower FOM indi-
cates a better fit quality.”® For each fit, the FOM was noted
until the parameters yielding the minimum FOM were identi-
fied. In this study, the FOM values obtained were consistent
with those documented in literature,**° as shown in Table 1.
Fig. 10b illustrates the four deconvoluted TL bands cen-
tered at 82, 132, 186 and 373 °C after irradiation with 254 nm
UV radiation for 10 min for the Eu,;-BAO-1300 phosphor. The
corresponding trap depths/activation energies were 0.7, 0.85,
0.9 and 1.1 eV, respectively. Similarly, the samples irradiated

with 360 nm UV radiation for 10 min can be deconvoluted into
four bands with peaks centered at 62, 136, 197 and 373 °C
(Fig. 10d). These corresponded to trap depths that varied
between 0.8 to 1.05 eV, respectively. These activation energies
in the phosphors implied shallow and deeper trap states
within the band gap of the phosphor. The value of E (eV) was
high when electrons were released from deep trap sites. The
corresponding traps were also stable and this resulted in a
slow fading rate of the corresponding TL band which is charac-
teristic of a slow decay with long persL. E was low when elec-
trons were released from shallow trap sites and these corres-

Table 1 Trapping parameters of the Eug ;1-BAO-1300 sample obtained by using the GCD method

Irradiation Bands Temperature (Ty,)/°C Trap depth (E)/eV Trap density/10*/cm™ Order of kinetics (b) FOM/%
254 nm 1 82 0.70 10 1.0 4.0

2 132 0.85 22 1.2

3 186 0.90 1 2.0

4 373 1.10 25 2.0
360 nm 1 62 0.80 2 1.8 3.8

2 136 0.95 1.7 1.4

3 197 1.00 0.6 2.0

4 373 1.05 37 1.7

This journal is © The Royal Society of Chemistry 2024

Dalton Trans., 2024, 53,16557-16576 | 16569


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt01680g

Open Access Article. Published on 25 September 2024. Downloaded on 1/24/2026 3:22:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

ponding traps were less stable. This resulted in a faster fading
rate and this is characteristic of a rapid decay with short persL.
In addition, the strong TL bands’ intensities observed for the
sample annealed at 1300 °C, resulted in a better green persL.

The trap density (eqn (6)) for the TL bands were determined
by using the given expression,

wly,

/3{2.52 + 10.2(,4g - 0.42)}

ng =

(6)

where, w is the full width at half maximum of the TL band and
M. The temperatures
T, — Ty

T, and T, were the temperatures on the minimum and
maximum sides that corresponded to half of the band’s inten-
sity and f is the linear heating rate (5 K s™*). It was confirmed
that the shallow and deeper traps have higher trap densities
under 254 nm irradiation, while the 360 nm irradiated
samples showed that the deeper traps had a greater trap
density and the obtained parameters were tabulated in
Table 1. This indicated that more energy was stored at defects

Hg is the symmetry factor ie. p, =
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state in the sample after the phosphors were irradiated under
254 nm UV radiation.

It is well established that the properties of persistent
luminescence are influenced by the traps that capture elec-
trons or holes. The temperature of the TL bands indicates the
depth of these traps, while the intensity reflects their concen-
tration. To reveal the process of capturing and releasing elec-
trons by traps in BaAl,04:Eu, TL glow curve analysis of delay
times and duration of irradiation after pre-irradiation, using a
254 nm and a 360 nm UV lamp, was performed. Fig. 11a and b
shows the TL glow curves at different delay times after
irradiation by 254 nm and 360 nm UV lamps for 10 min. With
the increase of the delay time, the TL intensities (/;; and I ;)
of the Ty, and Ty,, bands decreased, as shown in Fig. S1la
and S11bt and the low-temperature TL band at the Ty,; posi-
tion moved to a higher temperature (Fig. S11a and S11bf).
Meanwhile, the position of the second TL band at Ty,
remained constant with an increase of delay time, as shown
Fig. S11a and S11b.t The high temperature TL bands (T3 for
254 nm and T3 and Ty, for 360 nm) maintained constant
positions, however their intensities varied. This might be due
to the non-uniform distribution of traps or to complex
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Fig. 11 Thermoluminescence glow curve of the Eug1-BAO-1300 phosphor. TL curves of the Eug1-BAO-1300 phosphor with different delay times
from 1 to 180 min (a and b). The phosphors were pre-irradiated with a 254 nm (a) and a 360 nm (b) UV lamp for 10 min. The TL glow curve obtained
by irradiating a Eug 1-BAO-1300 phosphor with 254 nm (c) and 360 nm (d) UV lamp for various durations ranging from 2 to 30 minutes.
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centers.” At a delay time of 180 min for both 254 and 360 nm
UV irradiation, the intensities of the low-temperature bands
(Tm1 and Tyy,) significantly decreased. Meanwhile, the inten-
sity of the high-temperature bands (T3 for 254 nm and Ty,
for 360 nm) remained strong. This indicated that a substantial
number of trapped electrons were still present in the deep
states. The low-temperature TL band results aligned well with
the persistent luminescence decay curve and emission spectra
shown in Fig. 8c and e. The time evolution of the TL curves
clearly demonstrated that emptying of shallow traps was more
pronounced than that of deep traps, due to the release of
trapped electrons through room temperature thermal stimu-
lation. Electrons are difficult to release from deep traps at
room temperature. The trap depths were also determined
using the GCD technique, and the determined trap depths of
the TL bands are presented in Fig. S11c and 11d.T The deter-
mined trap depth of the low-temperature TL band (T},,) varied
from 0.43 to 0.95 eV for 254 nm pre-irradiation and from 0.70
to 0.93 eV for 360 nm pre-irradiation, as the phosphor decayed
from 2 min to 180 min. Additionally, the trap depths of T,
Tms and Ty, remained constant. This suggested that the low-
temperature TL bands were strongly responsible for the blue-
green and red persistent luminescence than the high tempera-
ture TL bands at room temperature.

Fig. 11c and d show the TL glow curves of Eu, ;-BAO-1300
after irradiation with 254 nm and 360 nm UV lamps for
different durations (2 to 30 minutes). The intensities of the TL
band maximum (i1, Tmz, and Ty3) increased with irradiation
time up to 10 minutes for 254 nm and up to 20 minutes for
360 nm, and thereafter, it decreased. The variation in the TL
band intensities coincided with the variation in the persL
intensities under the same conditions. The increased TL band
intensities suggested that the number of captured electrons in
the traps rised.>” Once the traps were fully filled, the TL peaks’
intensities stopped increasing. The decrease in the TL signal
can be attributed to increased competition with nonradiative

View Article Online
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centers at higher irradiation time or doses, which lead to a
reduction in the TL signal.> It indicated that this phosphor
can be fully charged in 10 minutes for 254 nm and in
20 minutes for 360 nm. However, due to the greater energy of
254 nm radiation compared to 360 nm, the phosphor showed
a faster charging process when exposed to 254 nm UV radi-
ation. The position of the maximum TL bands did not change
with the duration of irradiation and this indicated that the
estimated trap depth was essentially independent of the
irradiation duration.>*

When the samples were excited by UV radiation, the elec-
trons get excited from the 4f” ground state of Eu** to the
4f®5d" excited state of Eu** (Fig. 12a). The Eu®" excited states
are located within the CB and just below the CB. The excited
electrons can then move quite freely in the CB and is then cap-
tured by traps nearby the bottom of the CB. The probable
origin of the electron traps is [Eu®*],, and [Eu’]’s, or even
defects. These traps and defects then act as luminescent
centres for Eu** persL. The [Eu®t];,, defect may trap an elec-
tron from the CB, thus creating the Eu** species or an Eu*"-e~
pair."" The shallow traps (electron traps) can re-trap electrons
from defects states at RT after the excitation source was
ceased. The electrons can then move to Eu®>" excitation states
via the CB of the host and this can result in rapid decay with
high intense persL at the beginning. Furthermore, electrons
can tunnel from the deeper electron traps to reach the Eu**
emission centres or they might move through the CB and this
can result in the relatively slow decay with a weak Eu**
persL.>>® It can be concluded that the persL originated
mainly from Eu** in the BaAl,04:Eu**/Eu®* sample.

Furthermore, based on the results and discussion, a sche-
matic model for the persistent luminescence of Eu*" and Eu**
ions in BaAl,0,Eu’"/Eu*’ is proposed and illustrated in
Fig. 12. When the nanophosphor was irradiated with a UV
mercury lamp (254 nm), electrons in the valence band were
excited to the conduction band, leaving holes behind in the
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Fig. 12 (a) Proposed persistent luminescence mechanism of BaAl,O4:Eu?*/Eu** in the case of low energy UV excitation (~340 nm) and (b) the elec-
tron trapping—detrapping persistent luminescence mechanism in the case of band-to-band excitation (254 nm).
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valence band. Subsequently, some of these excited electrons
undergo nonradiative transitions from the conduction band to
the °D; state of Eu®" and the 4f® 5d' level of Eu®*' ions
(Fig. 12b). These electrons then relaxed back to the ground
states and recombined with holes, resulting in the character-
istic emissions of Eu*" and Eu®’. Meanwhile, a smaller fraction
of excited electrons became trapped in shallow and deep elec-
tron traps through the conduction band. After the irradiation
stopped, trapped electrons were released from these traps with
the aid of thermal energy at room temperature. They then get
transferred back to the excited states of Eu®* and Eu®" ions.
Additionally, deep traps can facilitate tunnels to reach the Eu**
and Eu®" emission centers, leading to the direct recombination
of electrons and holes and thus to the persistent luminescence
of Eu*" and Eu** ions.?””*® We presumed that no energy trans-
ferred from Eu®" to Eu’* ions because the nanophosphor,
when excited at 340, 360, or 380 nm, exhibited no persistent
luminescence (Fig. 7c, d and 8e). Additionally, there was no
energy transfer from Eu®" to Eu®" ions since the excited states
of Eu®" are above the emission energy of Eu®" ions, resulting
in no persistent luminescence.

3.9. Fingerprint analysis

The experiment was conducted to investigate potential appli-
cations in the field of fingerprint detection. Fingerprint is the
remarkable tangible evidence of a person’s unique infor-
mation. Latent fingerprints, which are not visible to the
unaided human eye, are mostly encountered at crime scenes
and demand accurate perception technique. However, the
development and visualisation of latent fingerprints (LFPs)
presents several challenges. The clarity of LFP visualization
depends on multiple factors, including the quality of the de-
posited fingerprints and external conditions such as moist-
ure, lighting, and air contamination. Additionally, the age of
the fingerprint, specifically the time elapsed since its for-
mation plays a crucial role. Latent fingerprints can lose
clarity due to various environmental factors like humidity,
temperature, and contamination. Prolonged exposure to
UV light may also degrade the residual oils in the
fingerprints.”*%°

The main advantage of using luminescent material over
conventional powder in this application is the enhanced con-
trast between the ridges and the background. Conventional
powders work by scattering incoming light, usually visible
light, from their rough surfaces. However, this also results in
the reflection of the same light from surrounding surfaces and
the fingerprint’s background, which becomes a significant
issue on highly reflective surfaces.

Luminescent materials, on the other hand, can be designed
to be excited by light outside the visible spectrum. This allows
the camera system to ignore the reflected excitation light from
the background while detecting the visible luminescence
emitted by the material. Researchers are exploring ultraviolet
(UV) or infrared (IR) radiation as excitation sources. For UV
radiation, down-shifting luminescent materials can be used,
while IR radiation would require upconverting materials.

16572 | Dalton Trans., 2024, 53, 1655716576
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However, upconverting materials have disadvantages due to
their nonlinear response to excitation intensity. Additionally,
silicon-based CCD sensors in cameras are sensitive to IR radi-
ation (<1100 nm), which can result in the detection of
unwanted excitation light. While this can be mitigated with
filters, it adds complexity and cost, making the use of lumines-
cent materials less practical.

The ideal solution is to use a material with a broad exci-
tation range in the UV region, which can be excited by readily
available UV lamps or UV-LEDs. Since camera sensors have
limited sensitivity in the UV range, the luminescent material
should re-emit in the visible spectrum, where both human
eyes and camera sensors have high sensitivity, particularly in
the green to red region (500 to 650 nm). Tailoring the material
to emit in this range is therefore advantageous. Also using in-
organic phosphors offers better long-term stability and resis-
tance against UV degradation when compared to its organic
counterparts.®’

Implementation of the powder dusting method using
BaAl,O,:Eu’" (Eu, ,-BAO-900) phosphor on the different finger-
print smooth surface (glass slide, plastic Petri dish and silicon
wafer), which were thoroughly cleaned beforehand. Fingers
were firmly pressed onto the fingerprint carriers to assess the
efficacy of the prepared phosphor. Subsequently, the phosphor
powder was evenly distributed onto the fingerprint carriers,
and excess powder was removed. Finally, digital camera
images of the fingerprints were captured under ultraviolet radi-
ation (254 nm). As illustrated in Fig. 13a-d, intense red
luminescence was observed on both the glass slide and plastic
Petri dish under fluorescent lamp and ultraviolet radiation,
revealing well-defined edges, boundary streamlines, and ridge
widths recognized by naked eyes under ultraviolet radiation.
Detailed information on the latent fingerprints (LFPs)
obtained from plastic Petri dish, including loop, core area,
enclosed, ridge ending, bifurcation, delta, crease, and pores,
can be easily recognized at high-magnification (Fig. 13e).
Furthermore, as presented in Fig. 9b, brighter red emission
could be observed in the other surface of glass slide. These
results suggest that LFPs can be successfully imaged with the
BaAl,O,:Eu®* phosphor under 254 nm. Additionally, the peri-
odic changes in the luminescence intensity (gray-scale values)
between the ridges and furrows along the white line in latent
fingerprints, under 254 nm UV lamp, showed more regular
variations (Fig. S12a and S12bt). The gray scale values as a
function of distance were plotted using the Image] program.
Finger marks collected from the right and left thumbs of the
same volunteer showed clearly a visible variation in the LFPs
imaging photographs (Fig. S13a and 13b¥). Additionally, LFP
imaging of the same volunteer on various surfaces demon-
strated a perfect match and confirmed reproducibility (see
Fig. 13a, b and S13af).

Considering the real situation, latent fingerprint detection
and analysis often occur after a certain time has elapsed.
Therefore, it is important to assess the effectiveness of
powder-stained LFPs after a prolonged period. The fingerprints
on a silicon wafer surface were aged for 1, 40 and 60 days by
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Fig. 13 Photographs of the fingerprints on different fingerprint surface of (a and b) glass slide and (c and d) plastic Petri dish under (a and c) fluor-
escent lamp and (b and d) ultraviolet radiation (254 nm) and (e) specific details of the fingerprint obtained include characteristics such as (1) loop, (2)
core area, (3) enclosed, (4) ridge ending, (5) bifurcation, (6) delta, (7) crease, and (8) pores on the plastic Petri dish under ultraviolet radiation

(254 nm).

storing them in an open tray inside a cupboard, which mini-
mized exposure to natural light at RT within an office.
Subsequently, the Eu,;-BAO-900 nanophosphor powder was
gently applied to aged LFP using a paint brush (Fig. 14a-e). As
depicted in Fig. 14a-e, the nanophosphor on the fingerprints
displayed bifurcation, enclosed, crease, deltas, well-defined
ridge patterns without background staining and remained
clearly visible to the naked eye, with constant brightness,
detection sensitivity, and contrast even after 60 days of aging
under a 254 nm mercury-vapor UV lamp. Significantly, the
LFPs retained clear fingerprint textures even after a period of

This journal is © The Royal Society of Chemistry 2024

60 days of aging. These observations confirmed the storage
stability of the developed LFPs using the current phosphors.
Over time, water evaporated from the fingerprints, leaving
behind only oily substances such as amino acids.®® The oxide
materials reacted with the trace amounts of amino acids
present in the latent fingerprints, demonstrating a strong
affinity. Consequently, the LFP marks remained clearly visible
even after 60 days of aging in an ambient atmosphere. In
summary, Eu,;-BAO-900-based nanophosphors proved chemi-
cally stable in ambient conditions and show potential for
latent fingerprint detection.
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Fig. 14 Photographs for the visualization of LFPs developed on a
silicon wafer surface using the Eug1-BAO-900 nanophosphor observed
under a 254 nm mercury-vapour UV lamp with aging times of 1 (a) and
(b) 40 days for the right thumb and (c) 1, (d) 40 and (e) 60 days for the
left thumb of the same volunteer in ambient atmosphere.

4. Conclusions

A hexagonal crystal structure with a ferroelectric (S.G.: P63)
phase of Eu doped BaAl,0, phosphors was obtained by using
solution combustion synthesis. Pure P6; hexagonal BaAl,O,
structures were obtained, irrespective of the different anneal-
ing temperatures (1000-1300 °C). The size of the crystallites
and particles increased with annealing temperatures due to
the strong sintering effect. The dual oxidation states of Eu**
and Eu®* were obtained during the combustion synthesis
process without applying reducing atmospheres or co-dopants.
This was confirmed by XPS, DR, PL, PL lifetime, and EPR ana-
lysis. The Eu®* ions were also obtained during the annealing
in the air atmosphere. The Eu**/Eu®* ions substituted the Ba>*
ions in both sites in BaAl,O,, Eu*" and this could have resulted
in interstitial oxygen sites. Structural deformations due to
charge compensation and different ionic radii of Eu*" and
Ba®" were too small to be observed. The Eu*'/Eu”" PL intensi-
ties were strongly dependent on annealing temperature. The
highest PL was achieved with an annealing temperature at
900 °C because of partial disorganisation in the crystal struc-
ture. Both Eu** and Eu®" moved into distorted sites, favoring
non-radiative losses due to sintering at higher annealing temp-
eratures. The BaAl,0,:Eu®’/Eu®" phosphors displayed four
traps, that were between 0.7 to 1.1 eV in the bandgap of the
host, and this was confirmed by TL analysis. These traps origi-

16574 | Dalton Trans., 2024, 53, 16557-16576
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nated from the Eu®” ions that substituted Ba®>" ions in the
crystal lattice. This formed two substitutional defects [Eu®*];,
and a subsequent O; charge compensation defect. In addition,
one substitutional defect [Eu**]’z, was formed after the Eu**
ions substituted for Ba>" ions. The luminescence decay and TL
revealed several traps though the energies were not really opti-
mized for the RT function. Persistent luminescence originated
mainly from Eu®" and Eu**. The maximum persistent red and
blue-green luminescence was obtained with Eu0.1-BAO-1300
sample, and it lasted for more than 180 minutes after the
254 nm UV irradiation was stopped. Defect engineering would,
therefore, improve the performance of these samples that act
as phosphor materials. We demonstrated that the BaAl,Os:
Eu®"/Eu®" phosphor showed an excellent marking agent for
imaging of fingerprints on different substrates. The observed
LFPs clearly distinguished between ridges, furrows, bifur-
cations, enclosed areas, creases, and deltas, even after 60 days
of aging, confirming the reproducibility of LFPs for potential
applications in forensic science.
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