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1. Introduction

A closer look at the defects and luminescence of
nanocrystalline fluorides synthesized via ionic
liquids: the case of Ce>*-doped BaF,¥

2 Anatoly . Slesarev,”
€and

9 Yogendra Nath Chouryal,
* |van |. Leonidov, {7 <® Sandeep Nigam

Rahul Kumar Sharma,
Konstantin V. lvanovskikh,
Pushpal Ghosh (27 *@

Phase pure BaF, doped with Ce®* (0.1%) nanocrystals are synthesized using an ionic liquid (IL)
([C4mim][BF,]) assisted solvothermal method where the IL is not only used as a reaction medium and a
capping agent, but also as a reaction partner. Subsequently, upon calcining the as-prepared nanocrystals
at various temperatures (200, 400, 600 and 800 °C), athough the crystal phase remains the same,
however, a significant change in the lattice strain and morphology is observed. Tensile strain appears in
the nanocrystals calcined at temperatures up to 400 °C, but a reversal of the strain, i.e. compressive strain,
takes place when calcination is performed at 600 °C and onwards. Nanoflakes are obtained until calcination
at 400 °C. However on calcination at 600 °C and beyond, a drastic modification in the morphology is
observed. Layer or step-like structures appear due to secondary nucleation of nanoparticles. Meanwhile, the
photoluminescence (PL) intensity of Ce®* ions gradually decreases with the calcination temperature and
finally vanishes at 600 °C/800 °C. To investigate the reasons for the quenching of the PL intensity, thermally
stimulated luminescence (TSL) and thermally stimulated exoelectron emission (TSEE) measurements are
performed. The TSL and TSEE results indicate that in addition to the domination of deeper electron traps
that appear as a high-temperature shift of TSEE glow peaks for both 600 °C and 800 °C, some new types
of defects like F vacancies (F-centers) can be present, especially in the 800 °C calcined sample. The
conditions leading to the quenching of Ce®* luminescence in the nanoparticles are analyzed and discussed.

between the levels of the 4f configuration, which are highly
shielded by high-energy 5s> and 5p° filled orbitals, are not

Rare-earth (RE*") ion doped inorganic phosphor nanomaterials ~ affected significantly by the external chemical environment. In

are extensively paving the way for numerous applications
including photonics, bio-photonics and molecular thermo-
meters.'™® In molecular thermometers, it has been revealed
that RE** ion doped or RE*"-based complexes show tempera-
ture dependent variation of the emission intensity (5d-4f).
Intraconfigurational, parity-forbidden electronic transitions
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this way, RE-based phosphor nanomaterials are considered as
better candidates for optical applications over semiconductor
and organic luminescent nanomaterials."*® However, the
photodynamic processes and emission intensity of RE*" ion
doped nanomaterials may extensively depend on numerous
factors such as the crystal phase, judicious selection of host
materials, the RE* dopant ions, shape, core-shell structure,
lattice strain, etc. Among them, judicious selection of host
materials is a prerequisite for getting good luminescence
properties from the nanophosphors. Over the last decade,
numerous host materials have been explored for doping with
RE*" ions.>* Among them, binary and ternary fluorides of
group I and II are substantially used for doping with RE ions
due to their high refractive index, large band gap, low phonon
energy and high thermal and chemical stability.>”° Further-
more, halides of alkaline earth metals are substantially used as
scintillators or X-ray phosphor materials which convert high energy
ionizing radiation to visible photons and also have extensive
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applications in several fields.">'" For this purpose, generally single
crystal materials are considered as better candidates owing to their
high optical qualities.'™"" It has already been reported that BaF,
nanoparticles and BaF, ceramic materials have shown scintillation
properties.’®'* Quite promising scintillator and radiolumines-
cence properties have been demonstrated for Ce** doped LaF;"*
and mixed Ce,La;_,F; nanocomposites,'* and Eu*" doped LaF;
nanoparticles.’

We point out that scintillator as well as radiation dosimetry
materials in the form of nanocrystalline powders are an emerging
field of research as the nanoscale induces the appearance of new
optical properties. The latter, in turn, bring new conceptions for
application of such materials and open opportunities for improve-
ment of the application characteristics of radiation detectors
including their sensitivity, spatial and temporal resolution, and
radiation hardness. For these reasons, nanosized materials may
hold good promise for future applications in new generations of
radiation detectors for medical diagnostics, security inspection,
radiation monitoring, etc.

To design inorganic host materials, several synthesis strategies
have been explored to date.”*'®' An ionic liquid is the combi-
nation of organic cations and inorganic/organic anions with a
melting point less than 100 °C in ambient conditions.”>* Such
interesting features of an IL as negligible vapor pressure, large
liquidus range, low inflammability and most interestingly its
tunability make it superior to traditional molecular solvents.>>>*
By judicious selection of the cation-anion combination, the
physical and chemical properties of ILs can be widely tuned.
Therefore, they are considered as ‘green and designer’ solvents.
Recently, application of ILs has extensively increased in various
fields, including electrochemistry, catalysis, energy and nano-
materials design.'®**® Thus, a task specific IL assisted
method has become especially popular because it is not only
used as a capping agent, but can also be used as a reaction
partner (for example as a source of fluoride ions to prepare
binary or ternary fluorides) and as a reaction medium.'®"*® For
instance, ionic liquids have been utilized as a phase tuning and
size and morphology controlling agent of semiconducting and
RE-doped nanoparticles."®*° In addition, ILs have substantially
been used for synthesis of fluoride and phosphate based host
materials.'*"

In order to evaluate the potential of nanoparticles for application
in radiation detector materials such as scintillators, X-ray phosphors
or thermoluminescence (TL) dosimeters, the nature of the defects
present in the material should be understood. To this end, the
thermally stimulated luminescence (TSL) and thermally stimulated
exoelectron emission (TSEE) techniques are widely used.”** To
create radiation induced defects as well as to populate electron or
hole traps related to the defects high energy ionizing radiation
(X-rays or gamma rays) is used. This experimental technique has
been extensively used to understand the defects in nanomaterials or
nanopowder.*> It is well known that defects in the inorganic host
nanomaterials have a pivotal impact on the luminescence and
thermal properties of RE doped nanomaterials.*”>°

In this work, we have comprehensively studied the photo-
luminescence and thermal properties of as-prepared 0.1% Ce>*
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doped BaF, nanoparticles synthesized via an ionic liquid
([Cymim][BF,]) assisted solvothermal method. Herein, the IL
is utilized as a reaction partner (a source of fluoride ions), a
reaction medium and a templating agent, all ‘three in one’.
While calcining the as-prepared nanoparticles in a wide range
of temperature (200-800 °C), secondary nucleation controls
significant changes in the morphology especially at the higher
calcination temperatures. The photoluminescence intensity is
observed to decrease at higher temperatures of calcination. It is
assumed that drastic morphology changes due to secondary
nucleation and defects are playing a major role in the photo-
luminescence quenching. To get insight into the nature of the
defects appearing in the nanoparticles, thermally stimulated
luminescence (TSL) and exoelectron emission (TSEE) techniques
have been used.

2. Materials and methods

2.1 Chemicals and preparation of [C,mim][Br] and
[C4smim][BF,] ionic liquids

The list of chemicals, their purity and details of the synthesis of
the ionic liquids used in this work can be found in the ESL}

2.2 Synthesis of Ce*" (0.1%) doped BaF, nanoparticles

In a typical reaction, an appropriate amount of barium acetate
(0.728 g) was dissolved in ethylene glycol (0.5 ml) with vigorous
stirring for 30 minutes. Then an excess amount of [C,mim][BF,]
(4.238 ml) and cerium nitrate hydrate (0.00126 g) was added to
the previous mixture. Thereafter, the overall reaction mixture
was kept for 5 minutes stirring. Finally, the resultant suspension
was transferred into a 100 ml Teflon™ lined autoclave (Parr
Instruments, Moline, Illinois, USA) and subsequently heated at
150 °C for 6 hours. As the autoclave was cooled to room tempera-
ture naturally, the precipitate was separated by centrifugation,
and then washed several times with an ethanol/dichloromethane
mixture to obtain a white powder. Finally, the sample was dried at
60 °C for 12 hours in a vacuum oven.

2.3 Characterization techniques

Powder X-ray diffraction (PXRD) patterns of the samples were
taken with a D8 Advance, BRUKER, equipped with Cu K,
(1.54060 A) as the incident radiation. XRD analysis was carried
out employing the ICSD-Web database (2019/I). The crystallite
size was calculated using the Scherrer equation D = KA/f cos 0,
where K = 0.9, D represents the crystallite size (A), 1 is the
wavelength of Cu-Ka radiation and f is the corrected half width
of the diffraction peak. TEM images of the as-prepared nano-
particles were taken with a Tecnai-STWIN-T30 using a 200 kV
electron beam source. Morphology analysis was carried out
using a Field Emission Gun Scanning Electron Microscope
(NOVA NanoSEM 450). Photoluminescence emission and excitation
spectra were measured using a HORIBA JOBIN YVON made
Fluoromax-4 spectrofluorometer. TG/DTA measurements were
carried out using a Mettler Toledo Thermal Analyzer. The surface
areas of the as-prepared and calcined BaF, nanoparticles were
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investigated using a BET (Brunauer-Emmett-Teller) surface area
measurement system (Bellsorp MR6, Japan).

The thermally stimulated luminescence (TSL) and thermally
stimulated exoelectron emission (TSEE) properties were experi-
mentally studied at Ural Federal University (Russia). The nano-
powders for this study were pressed into compact pellets of
4 mm diameter and 1 mm thickness. All the samples were
irradiated with an electron beam from a MIRA-2D pulse elec-
tron gun with an energy of 150 keV for 15 seconds to get the
same radiation dose. TSL and TSEE glow curves were recorded
simultaneously with an exoemission spectrometer equipped
with a VEU-6 electron multiplier to detect electron exoemission
and a MELZ FEU-142 solar-blind photomultiplier sensitive in
the spectral range of 112-365 nm to detect the luminescence.
The setup allows linear heating of samples in the temperature
range of 25-1000 °C with a 0.1-1.0 g rad s~ * heating rate. The
measurements were performed in a vacuum of ~10~> Torr.

3. Results and discussion
3.1 Structural chemistry

0.1% Ce** doped BaF, nanoparticles are prepared using an
IL-assisted solvothermal method in which the ([C,;mim][BF,]) IL
is used as a reaction medium, a fluoride source and a capping
agent, all three in one. The phase purity of the as-prepared
nanoparticles is confirmed by using PXRD and all the peaks
were found clearly matching those documented in the standard
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Fig. 1 PXRD patterns of the as-prepared BaF,:Ce®* (0.1%) nanoparticles

and those calcined at different temperatures.
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JCPDS card number C4-452 for BaF, (Fig. 1a). Later, by calcining
the as-prepared (P1) sample at different temperatures of 200 °C
(P2), 400 °C (P3), 600 °C (P4) and 800 °C (P5), no change in the
crystal phase of the BaF, nanoparticles is observed indicating
high thermal stability. The crystallite size of the calcined samples
gradually increases with increasing the calcination temperature. The
as-prepared (at 60 °C, P1) sample has an average crystallite size of
32.2 nm, while the samples calcined at 200 °C, 400 °C, 600 °C and
800 °C have an average crystallite size of 36.2 nm, 38.5 nm, 71.3 nm
and 72.4 nm, respectively. Careful analysis of the cell parameters
of the as-prepared and the calcined samples reveals significant
changes in the cell parameters too (Table 1).

The lattice strains of the as-prepared (P1) and calcined
samples (P2-P5) have been determined using the Williamson-
Hall equation (ESIt). The result indicates that tensile strain
is occurring from the as-prepared nanoparticles (P1) to those
calcined at 400 °C (P4). However, the maximum tensile strain is
obtained for the as-prepared (at 60 °C, P1) sample (7 = 0.95%). On
the other hand, the samples calcined at higher temperatures
reveal the development of compressive strain with strain values
of —0.298% and —0.212% for the samples calcined at 600 °C (P4)
and 800 °C (P5), respectively (Fig. 2 and Table 1).

3.2 Thermal properties

It is previously reported that on reducing the size of particles
from the bulk to the nanoscale, the melting point is reduced
and can be expressed as*°
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Fig. 2 Lattice strain of BaF»:Ce** (0.1%) nanoparticles and those calcined
at different temperatures.

Table 1 Phase, crystallite size, cell volume, cell length and average lattice strain of BaF»:Ce®** (0.1%) nanoparticles synthesized using the [C4mim][BF,]

ionic liquid

Sample ID Samples

Phase Crystallite size (111) (nm) Cell volume (&%) A (A)

Average lattice strain (17%)

P1 BaF,-Ce (0.1%) (as-prepared, 60 °C) Cubic 32.2 (£0.3)
P2 BaF,-Ce (0.1%) (calcined-200 °C) Cubic 36.2 (£0.3)
P3 BaF,-Ce (0.1%) (calcined-400 °C) Cubic 38.5 (£0.3)
P4 BaF,-Ce (0.1%) (calcined-600 °C) Cubic 71.3 (+0.3)
P5 BaF,-Ce (0.1%) (calcined-800 °C) Cubic 72.4 (£0.3)

238.07(16) 6.197(24)  0.95 (tensile)
238.13(5) 6.198(7) 0.546 (tensile)
238.07(7) 6.197(11)  0.765 (tensile)
238.45(15) 6.201(22) —0.298 (compressive)
239.33(9) 6.208(14) —0.212 (compressive)
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Fig. 3 TGA and DTA curves of the as-prepared BaF,:Ce®* (0.1%) nano-

particles synthesized using the [C4smim][BF,4] ionic liquid.

where, T\i(D) and Ty(c0) are the melting points of the particles
and bulk particles, respectively; o is a function of the material
(nm K) and D is the crystallite size of the particles. Dick et al.
employed the TGA/DTA techniques to illustrate the size dependent
change in the melting point of silica coated gold nanoparticles.*"
TGA and DTA curves recorded for the as-prepared BaF,:Ce®"
(0.1%) nanoparticles (P1) are presented in Fig. 3. The TGA data
reveal that the weight loss (%) occurs in two steps. The first weight
change is found in the temperature range from 30 °C to 650 °C,
where the most significant extent of the weight loss (18.92%) is
observed. The extent of the weight loss for the temperature range
from 650 °C to 1000 °C is found to be smaller (8.74%). The initial
weight loss can then be attributed to thermal decomposition of
organic compounds such as the precursor or unwashed ionic
liquid remaining on the surfaces of the nanoparticles. On the
other hand, significant changes are revealed in the DTA result.
Particularly, two broad endothermic peaks are observed at 248 °C
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and 354 °C with the former about two times broader than the
following one.

There is a well established relationship between the size of
particles and the width of an endothermic peak, which suggests
that the broadening of the endothermic peak is related to the
particle size decreasing. Thus, it is likely that the size of the
particles responsible for the peak at 248 °C is smaller than that
responsible for the peak at 352 °C. Normally, the melting point
of bulk BaF, is 1386 °C.** In our earlier report, we have noticed
a broad endothermic peak at 400 °C for BaF,:Eu®* nanoparticles
and this endothermic event was ascribed to surface melting
or full melting.** So, in the present case it may be indicated that
a melting-like situation arises at 248 °C and 352 °C.

3.3 Morphology and local structure

Fig. 4 depicts high magnification FESEM images of the as-
prepared (P1) and calcined BaF, nanoparticles (P2-P5). The
as-synthesized nanoparticles appear as nanoflakes (Fig. 4a
and b). However, at the beginning of calcination, the as-prepared
nanoparticles tend to agglomerate, which leads to the forma-
tion of larger particles. The edges of the BaF, nanoflakes
get thicker and blunt till 400 °C (as shown in Fig. 4c). But
a significant change in morphology appears when they are
calcined at 600 °C (Fig. 4d and e and Fig. Sla, ESIf). At
600 °C, we observe the formation of larger size particles with
big pores that result from merging of the nanoflakes with each
other (Fig. 4d and e and Fig. S1a, ESIt). From thermal analysis
it is conceived that surface melting or a melting-like situation
arises around 354 °C. So nicely connected, bigger size nano-
particles obtained at 600 °C appear first due to melting of
nanoparticles which are then re-assembled on cooling (Fig. 4d
and e, inset and Fig. S1a, ESIt). This is further supported by
zooming, which reveals the surface of bigger particles to be
comprised of tiny particles (see Fig. 4e inset and Fig. S1a, ESIf).

Fig. 4 High magnification FESEM images of (a) as-prepared BaF,:Ce®" (0.1%) dried at 60 °C, and samples calcined at different temperatures (b) 200 °C,

(c) 400 °C, (d) 600 °C, (e) 600 °C, and (f) 800 °C.
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This kind of growth is normally associated with the terminol-
ogy ‘secondary nucleation’.****

The above presented results suggest that calcining the as-
prepared nanoparticles at high temperature initially results in
surface melting that further leads to smoothing the surface and
the formation of a layer-like structure. Again a step/stair-like
morphology appears when the samples are calcined at 800 °C
(Fig. 4f and Fig. S1b, ESIT). Here the pattern of the step/stair-
like shape at 800 °C becomes more regular than that of the
calcined sample at 600 °C (P4) while the pores on the surface
completely vanish. The latter indicates that at high temperature
(800 °C), small particles get further reassembled and sub-
sequently gathered in a layer-by-layer manner while cooling to
room temperature. In this way, formation of layer or step/stair-
like structures takes place (Fig. 4f and Fig. S1b, ESIt). Fig. 5 and
Fig. S2 (ESIt) illustrate the TEM and HRTEM images of the
as-prepared (60 °C) (P1) and calcined nanoparticles at 400 °C
(P3), 600 °C (P4) and 800 °C (P5) respectively. The TEM images
demonstrate that the as-prepared nanoparticles are square/
rectangular disc shaped and are highly agglomerated. The
nanoparticles which have undergone calcining at a temperature
of 400 °C demonstrate blunt and smoother edges of the square/
rectangular discs compared to the as-prepared sample (Fig. 5c
and d). Such kinds of changes have been already observed in
the highly magnified FESEM images of the same sample
(400 °C calcined sample, P3). Meanwhile, the morphology
is shown to drastically transform from square/rectangular
disc-shape to highly agglomerated irregular spherical shape
on calcining at 600 °C. The irregular spherical shape particles
reveal agglomeration, which gives rise to the formation of the
bigger size particles. The 800 °C calcined sample is also

50 nm

Fig. 5 TEM and HRTEM images of BaF,:Ce®* (0.1%) nanoparticles: (a and b)
as-prepared (60 °C), (c and d) calcined at 400 °C and (e and f) calcined at
600 °C.

View Article Online

Paper

comprised of some amount of small, non-uniform spherical
shape particles which are highly agglomerated to form bigger
size particles. These results evidently confirm the transforma-
tion of the morphology from square/rectangular shape nano-
particles to a layer-like structure depending on the calcination
temperature, which can be clearly seen from the FESEM images
(Fig. 4 and Fig. S1, ESIt). To depict the growth of the particles in
the nanoscale regime, we have performed a comprehensive
study of high-resolution TEM (HRTEM) images.

It was revealed that the growth of the nanoparticles takes
place along the predominant (111) plane. In addition to the
(111) plane, the (200) plane also contributes to the growth of
the particles calcined at 400 °C. Whilst the samples calcined at
600 °C (P4) and 800 °C (P5) predominately grow along the (111)
plane, the 800 °C calcined sample (P5) demonstrates the
presence of substantial point defects. We relate the latter to
missing atoms from the array of the planes, which are marked
by a rectangular box and circles in Fig. S2 (ESIT). The composi-
tion and distribution of ions in the as-prepared 0.1% Ce-doped
BaF, nanoparticles are confirmed through EDX and elemental
mapping (Fig. S3 and S4, ESIt). A considerable change in
surface area upon calcination is noticed.

To further confirm the presence of a calcination temperature-
dependent change in the morphology of the samples, we have
performed BET surface area analysis. The as-prepared sample
shows a relatively high surface area (25.29 m> g ). Upon calcining
the samples, the surface area demonstrates a well pronounced
decrease. For example, for the 200 and 400 °C calcined samples
the surface areas are found to be 14.45 m*> g~' and 10.22 m> g~
respectively. However, a significant decrease in the specific
surface area is noticed for the 600 °C (1.54 m> g~') sample,
confirming coalescence of nanoparticles after a certain annealing
temperature.

3.4 Luminescence properties

Fig. 6 shows the photoluminescence excitation and emission
spectra of the as-prepared (P1) and calcined at different
temperatures (P2---P5) BaF,:Ce®" (0.1%) nanoparticles. The
emission spectra of P1, P2 and P3 nanoparticles present an
emission band centered near 352 nm. The band is best resolved
in the case of the as-prepared nanoparticle (P1) sample with
local peaks located at 330 and 355 nm, which correspond to
electric-dipole transitions from the lowest 5d(*E,) level to spin-
orbit coupled 4f(°F)) states.** The excitation spectrum recorded
monitoring the maximum of the emission band at 352 nm is
dominated by a broad excitation band centered near 290 nm,
which is assigned to the electronic transition from the ground
state 4f(°Fs;,) to the doublet *E(e,) state (unresolved) of the
excited 5d state.

As long as the samples are measured in nearly the same
conditions, their spectra can be confronted and compared.
Comparing the emission spectra of the samples shows that
the highest intensity of the Ce*" 5d-4f emission peak is
observed for the as-prepared (60 °C calcined, P1) sample.

The emission peak intensity drops to less than half of its
initial value for the 400 °C calcined sample (P3) and vanishes
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Fig. 6 Photoluminescence excitation and emission spectra of the

as-prepared (60 °C) and BaF,:Ce** (0.1%) nanoparticles calcined at differ-
ent temperatures.

for the sample calcined at 600 °C and above (Fig. 6). Obviously,
a similar process is observed for the excitation spectra (Fig. 6).
These observations suggest that the Ce*" emission is sup-
pressed in the samples treated at high calcination temperature.
Very recently, we have reported quenching of Eu*" emission
in BaF,:Eu®' nanoparticles beyond calcination of 400 °C. A
secondary nucleation mediated morphology change was
noticed at higher temperature for BaF,:Eu*" nanoparticles.
From elemental mapping, surface area and other analyses, it
was concluded that on calcining, Eu*" ions are more likely to
appear at the surface of the BaF, nanoparticles rather than
within the asymmetric lattice, which eventually leads to the
concentration dependent quenching at higher calcination
temperature.*” It is worth noting that segregation of rare-
earth or transition metal ions on the surface of nanoparticles
was also documented elsewhere.”*™° In the present case we
also witness a drastic morphology change due to secondary
nucleation that is pronounced at higher calcination tempera-
tures. The surface area diminishes to a great extent at higher
calcination temperatures (600 and 800 °C), which indicates that
Ce’®" can appear more likely on the surface, which in turn is
favorable for concentration quenching. Another reason for the
quenching of Ce** emission in the samples with increased
calcination temperature is connected with the oxygen atoms
(originating from the IL or precursors), which can penetrate the
anionic sublattice at high temperature. A similar effect was
earlier documented for CaF, nanoparticles.

3.5 Thermally stimulated luminescence and exoelectron
emission

Intrinsic and impurity-related defects are well known to govern
the optical and luminescence properties of single and poly-
crystalline materials, while for nanostructured materials they
are expected to become of particular importance. This is
connected with the extended grain boundaries and surfaces.
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Uncontrolled impurities and defects typically form electron and
hole traps which can capture intrinsic electronic excitations
and affect the dynamics and efficiency of host-to-impurity
energy transfer, which is obviously unwanted for scintillator
materials, including BaF,:Ce**. To get insight into the nature of
traps in optical and luminescence materials a TSL method is
widely applied. The method allows determination of the energy
level structure and concentration (content) of defects in a
particular volume of material and further evaluates their influence
on the optical and luminescence properties of the material.
Turning to nanostructured materials requires paying greater
attention to surface-related defects and therefore applying surface
sensitive methods of experimental study such as TSEE. The latter
allows the detection of electrons emitted from the sample surface.
Thus, simultaneous measurements of TSL and TSEE signals
allow identification and sorting of trapping centers into hole
and electron ones. Such information is particularly useful when
considering the kinetics of processes related to charge transfer
from the traps to emission centers.

Fig. 7 presents TSL and TSEE glow curves recorded for the
as-prepared (60 °C) and the calcined samples at different
temperatures. Obviously, the TSL and TSEE glow curves for
all the samples are characterized by a complex structure
resulting from a superposition of multiple peaks. The glow
curves were fitted assuming first order kinetics of thermal
processes.*®*® The TSEE and TSL activation energies were
calculated using specialized software, which is based on widely
accepted algorithms and methods.”®”" The quality of the
fittings done in the frame of this research was satisfactory as
long as the figure-of-merit (FOM) was normally less than 1%.
The kinetics parameters obtained for the TSEE and TSL
glow curves, which include the peak maxima (T,), activation
energies (E,), and frequency factor (S), are gathered in Table 2.
On analyzing the glow curves and kinetic parameters such as
E, and S, it is noticed that increasing the calcination temperature
does not lead to linear variation of the E, and S values. Never-
theless we may highlight the following most pronounced pecu-
liarities of the TSEE and TSL processes in the nanoparticles of
0.1% Ce** doped BaF,: first, the as-prepared nanoparticles (P1)
demonstrate the presence of relatively deep traps of electron
character which appear mostly between 250 and 450 °C (Fig. 7).

Second, the TSL and TSEE glow curves recorded for the
nanoparticles calcined at 200 °C (P2) and 400 °C (P3) drastically
differ from those demonstrated for the as-prepared sample.
This correlates well with the significant changes in the mor-
phology related to the secondary nucleation that occurs in the
calcined nanoparticles.

The structure of the defects in the 200 and 400 °C calcined
samples is quite similar and is characterized by the presence of
traps mostly appearing between 50 and 200 °C. The TSEE output
in the corresponding temperature range is very low and is two
orders lower than that observed for the as-prepared sample. This
suggests that the traps appearing in the nanoparticles calcined at
200 and 400 °C mostly have a hole character (Fig. 7).

Third, the samples calcined at 200 and 400 °C demonstrate
the lowest integrated output of TSEE and the highest integrated
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Fig. 7 TSL and TSEE glow curves recorded for the as-prepared (60 °C) (P1) and calcined at 200 °C (P2), 400 °C (P3), 600 °C (P4) and 800 °C (P5)
BaF,:Ce®* (0.1%) nanoparticles exposed to equal doses of the electron beam. Peak maximum temperatures (T, K) are shown near each peak. The bar
diagram demonstrates the integrated output of the TSL and TSEE signals as accumulated through the temperature range of the measurement for each

sample.

output of TSL. The TSL output is about 100 times higher than
that for TSEE in these samples. This suggests that the detected
thermal disintegration of trapping centers is mostly related to
defects located within the particles’ ‘volume’, not to those
related to the surface. This fact correlates with the above
described smoothing and blunting of the nanoparticles, which
appears as ‘healing’ of the particle surface, i.e. lowering the
density of surface-related defects. Note that the most prominent
TSL features are followed by the TSEE ones. This fact indicates
that the disintegration of trapping centers (defects) is mostly
accompanied by the migration of electrons to the glow centers
via the conduction band. The latter obviously gives rise to electron
emission from the nanoparticles. Note that such a phenomenon

becomes less pronounced for the sample calcined at 600 °C (P4)
and is not observed for the sample calcined at 800 °C (P5). Finally,
turning to the calcination temperature of 600 °C gives rise to a
significant (about 20 times) drop of the TSL output in comparison
to that observed for the samples calcined at 200 and 400 °C. This
is followed by a similar degree increase of the TSEE output. The
TSL output further increases by a factor of 1.5 and the TSEE
output increases by factor of 2 for the sample calcined at 800 °C.
Another important tendency observed for the samples calcined at
600 and 800 °C is related to the domination of deeper electron
traps, which appears as a high-temperature shift of the TSEE glow
peaks. The most pronounced features in the TSEE and TSL glow
curves recorded for the 800 °C calcined sample do not correlate
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Table 2 Kinetic parameters for TSL and TSEE processes in BaF,:Ce®* (0.1%) nanoparticles irradiated with equal doses of the electron beam
Peaks
Sample Process Kinetic parameter 1 2 3 4 5
As prepared (60 °C) TSL Tm 405 320
E, 1.12 0.73
N 2.17 x 10° 1.55 x 10*
TSEE T 400 369 317 261
E, 2.34 1.97 1.21 0.82
S 7.94 x 10 *° 6.50 x 10" 3.46 x 10° 6.57 x 10°
Calcined at 200 °C TSL T 297 255 214 163 119
E 1.39 1.18 1.03 0.69 0.65
S 4.86 x 10" 4.61 x 10° 1.20 x 10° 1.97 x 10° 4.86 x 10°
TSEE . 290 173 123
E, 0.64 0.57 0.48
S 6.43 x 10° 3.30 x 10° 3.35 x 10°
Calcined at 400 °C TSL . 301 257 204 173 118
E 1.05 1.25 0.72 1.19 0.65
S 3.19 x 107 1.92 x 10" 6.56 x 10° 9.44 x 10™ 6.41 x 10°
TSEE T 330 277 220 173 116
E, 1.72 1.01 0.76 0.67 0.59
S 6.74 x 10" 3.62 x 107 1.19 x 10° 8.01 x 10° 9.95 x 10°
Calcined at 600 °C TSL Tm 325 249
E, 0.79 0.58
S 3.76 x 10* 2.54 x 10°
TSEE T 439 380 302 218 160
E, 2.08 1.13 0.70 0.53 0.54
S 6.81 x 10" 5.03 x 10° 9.52 x 10° 1.90 x 10° 2.03 x 10*
Calcined at 800 °C TSL T 346 277 198 148
E, 1.65 0.84 0.73 0.54
S 6.89 x 10" 8.35 x 10° 1.12 x 10° 5.28 x 10*
TSEE Ton 432 377 301 183 146
E, 1.92 1.10 0.84 0.72 0.70
S 1.23 x 10" 5.25 x 10° 3.27 x 10° 1.86 x 10° 5.77 x 10°

The notations of the parameters obtained for the TSEE and TSL glow curves are Ty, (peak maxima), E, (activation energies) and S (frequency factor).

with each other and demonstrate most noticeable distinctions.
This phenomenon is connected with the formation of new types
of defects that do not appear in the smaller nanoparticles
synthesized at lower temperatures. Among those defects can be
F vacancies (F-centers) that are typical for bulk BaF, crystals.”” This
correlates with the formation of larger nanoparticles in high-
temperature synthesis (as shown above). Another consequence
arising from the formation of larger nanoparticles is connected
with the lowering of the surface to volume ratio. This should
potentially reduce the interaction of excited Ce** ions with the
surface-related defects. It is worth noting that the appearance of the
TSL glow curve recorded for the nanoparticles calcined at 800 °C
well correlates with that recently documented for an optimized
BaF,:Ce®* nanophosphor with an average particle size of 100 nm.>?
Fig. 8 shows an energy level diagram for the data presented
in Table 2. The diagram depicts the Ce®* 4f ground state and
the lowest energy 5d state located within the forbidden gap.”*
The energy levels of the electron and hole traps are located
through the above-described synchronic measurements of TSL
and TSEE glow curves. The diagram demonstrates the fact that
the most effective mechanism to transfer energy from host
electronic excitations to Ce®** ions at high temperatures is
realized through the electron-hole recombination process.>

|VB &-\Ap |

Fig. 8 Energy level diagram demonstrating the location of electron and hole
traps in BaF,:Ce®* (0.1%) nanoparticles calcined at different temperatures.
Black-marked energy levels correspond to the traps which are simultaneously
detected through TSEE and TSL. Red- and blue-marked energy levels
correspond to the traps detected only through TSEE or TSL, respectively.

Thermal activation of electron and hole traps results in
delocalization of the carriers to the conduction and valence
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bands. The delocalized carriers may further interact with
cerium ions. Excitation of a Ce®" ion generally starts with the
capture of a hole from the VB and formation of a Ce*" ion,
which further attracts an electron from the CB to promote
recombination. The dynamics of this process can be signifi-
cantly affected by re-trapping of carriers on defects.

It is worth noting that the TSL and TSEE techniques have
obvious limitations. First of all, there is some degree of
uncertainty in the actual temperature of the sample. The
temperature gradient between the lower and upper surface of
the sample may vary depending on the crystal structure and
density of the sample. Structural inhomogeneity may lead to
the appearance of additional glow peaks. It is quite often that
the TSL curves recorded for single crystals differ from those
recorded for polycrystalline or powdered samples.*® Another
phenomenon that may give rise to uncertainty in the inter-
pretation of TSEE features arises from thermal decomposition of
the organic precursor or ionic liquid remaining on the surface of
the nanoparticles. To exclude the uncertainties mentioned above,
additional studies with VUV and EPR spectroscopy are required
to get insight into the molecular and energy structure of the
defects observed.

4. Conclusion

In summary, we have successfully synthesized single phase
BaF, nanoparticles doped with 0.1% Ce®" using a task specific
ionic liquid ([C,mim][BF,]) where the IL works as a solvent, a
templating agent and a fluoride source, i.e. all ‘three in one’. On
calcining the samples from 60 to 800 °C, a significant effect on
the lattice strain and morphology is observed. The lattice strain
changes from tensile to compressive on increasing the calcination
temperature. However, the morphology of the nanoparticles
changes from a cubic/rectangular shape (as-prepared) to layer like
structures (calcining the samples above 600 °C). This morpho-
logical change is fundamentally controlled by secondary
nucleation of nanoparticles at high temperature (>600 °C).
Another important effect of the calcination temperature is
found on the PL intensity of the nanoparticles, in which the
emission intensity is abruptly decreased with increasing the
calcination temperature and vanishes for the sample calcined
at 600 °C. Simultaneous measurements of TSL and TSEE glow
curves allowed general identification of hole and electron
trapping centers, which were found to significantly vary in
the samples calcined at different temperatures. Analysis reveals
that along with deeper electron traps that appear as a high-
temperature shift of the TSEE glow peaks for both 600 and
800 °C, some new types of defects like F vacancies (F-centres)
can be present and affect the luminescence at high calcination
temperature. The samples prepared at high calcination temperature
are also shown to experience quenching of luminescence related
to segregation of Ce*” dopant ions on the nanopatrticles’ surface as
a result of secondary nucleation mediated morphology changes at
higher calcination temperature. All these phenomena cumula-
tively quench the Ce*" luminescence in nanoparticles calcined at
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high temperature. Nevertheless, the presented results suggest the
presence of an evidently strong correlation between the synthesis
conditions and morphology, defect structure and luminescence
characteristic of nanoparticles that can be further used for tailoring
nanomaterials with controlled properties.
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A closer look at defects and luminescence of nanocrystalline fluorides
synthesized via ionic liquids: the case of Ce**-doped BaF,
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Chemicals: Barium Acetate Ba(CH;COO), (Himedia), Cerium Nitrate (Ce(NO3);.6H,0)
(Alfa Aesar), Dichloromethane (CH,Cl,), Deionised (DI) water from CDH (Central Drug
House), 1-methylimidazole (C4H¢N;) (Alfa Aesar), n-Butyl Bromide (C4H¢Br), Sodium
Tetrafluoroboarate (NaBF,), Acetone (C;H¢O), Charcoal from Loba Chemie, Acetonitrile,
Ethanol (C,HsOH) from Merck.

Synthesis of [Cymim][Br] ionic liquid: Modifying a literature procedure, 12.37 ml of n-butyl
bromide (0.166 mol, Himedia) and 10 ml of N-methyl imidazole (0.126 mol, Alfa Aesar) are
stirred under argon (Ar) gas atmosphere at room temperature (RT) for 72 hours in a 250 ml
round bottom flask in order to get complete reaction. As a result, solid white crystals were
obtained. Ethyl acetate was added to the raw product and crushed it to fine crystals. After that
the resultant crude product was washed twice with ethyl acetate and again re-crystallized with
acetonitrile. The obtained product was dried in vacuum at 25°C for 24 hours to get white solid

product.!

Synthesis of [Cymim][BF,] ionic liquid: The room temperature ionic liquid (RTIL)
[Csmim][BF,] was prepared by adding NaBF, (21 gm) and 1-butyl-3-methylimidazolium
bromide [Cymim][Br] (42 gm) in acetone (100 ml) and allowed for stirring at RT for 3-4
days.?3 The obtained product was filtered and then kept for stirring for further 16 hours with 1

gm activated charcoal. The activated charcoal was filtered and acetone was finally removed

1



by rotary evaporator in vacuum. The obtained product was further mixed with about 60 ml of
dichloromethane (at least 3-4 times) to make it free of impurities. A little amount of silver
nitrate solution was added to the washed ionic liquid to confirm the chloride ions. The pale

yellowish liquid was isolated and further dried in a vacuum for 12 hours.
Williamson and Hall method

Thelattice strain can be calculated by using Williamson and Hall method:*

BcosB sin@

1
—+
A D 7 y) (1)

When Bcos6/A vs sinf/A is plotted, lattice strain (1) can be quantitatively determined from the

slope of the graph and crystallite size from the intercept.

Figure S1. FESEM images of BaF,:Ce**(0.1%)nanoparticles calcined at600°C (a) and 800°C
(b).
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Figure S2. TEM and HRTEM images of BaF,:Ce?*(0.1%) nanoparticles calcined at 800°C.
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Figure S3. EDX spectrum of as-prepared BaF,:Ce*" (0.1%) nanoparticles (P1).
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Figure S4. Elemental mapping (a-c) of as-prepared BaF,:Ce** (0.1%) nanoparticles (P1).
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