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1. Introduction

Exploring the optical properties of La,Hf,O,:Pr**
nanoparticles under UV and X-ray excitation for

potential lighting and scintillating applicationst
Jose P. Zuniga,® Santosh K. Gupta, ' ®° Madhab Pokhrel {22 and
Yuanbing Mao () *2°

New optical materials with efficient luminescence and scintillation properties have drawn a great deal of
attention due to the demand for optoelectronic devices and medical theranostics. Their nanomaterials
are expected to reduce the cost while incrementing the efficiency for potential lighting and scintillator
applications. In this study, we have developed praseodymium-doped lanthanum hafnate (LaoHf,05:Pr3%)
pyrochlore nanoparticles (NPs) using a combined co-precipitation and relatively low-temperature
molten salt synthesis procedure. XRD and Raman investigations confirmed ordered pyrochlore phase
for the as-synthesized undoped and Pr®*-doped La,Hf,O; NPs. The emission profile displayed the
involvement of both the Py and 1D, states in the photoluminescence process, however, the intensity of
the emission from the D, states was found to be higher than that from the 3PQ states. This can have a
huge implication on the design of novel red phosphors for possible application in solid-state lighting.
As a function of the Pr3* concentration, we found that the 0.1%Pr>* doped LayHf,0; NPs possessed the
strongest emission intensity with a quantum yield of 20.54 + 0.1%. The concentration quenching, in this
case, is mainly induced by the cross-relaxation process 3Py + 3Hy, — D, + Hg. Emission kinetics studies
showed that the fast decaying species arise because of the Pr¥* ions occupying the Hf** sites, whereas
the slow decaying species can be attributed to the Pr** ions occupying the La®* sites in the pyrochlore
structure of LaHf,O;. X-ray excited luminescence (XEL) showed a strong red-light emission, which
showed that the material is a promising scintillator for radiation detection. In addition, the photon counts
were found to be much higher when the NPs are exposed to X-rays when compared to ultraviolet light.
Altogether, these La,Hf,O7:Pr®* NPs have great potential as a good down-conversion phosphor as well as
scintillator material.

therapy,” security,® well-logging,” medical imaging,'® etc. Research
based on exploring novel scintillator materials is one field that is

Apart from numerous applications in various advanced fields
such as light emitting diodes," laser,> biomedicine,? catalysis,*
and solar cells,” lanthanide ion doped phosphor materials can
also be used as scintillators or dosimeters depending upon the
applications and processes involved.® Scintillation materials are
also used for various applications ranging from photodynamic
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receiving a large amount of attention over the last ten years and the
search for rapid and efficient materials for such applications is
always going to be the main research area in this particular field. The
process of scintillation is a type of radioluminescence (RL) in which
high-energy photons are absorbed and finally lead to an emission of
light. It typically consists of three different steps: (i) Incoming
radiation is converted into a large number of electron-hole (e -h")
pairs, (ii) energy transfer from the e -h" pairs to the luminescent
active ions, and (iii) radiative emission due to de-excitation of the
luminophores from an excited state to the ground state. Scintillators
are usually considered best if they possess various favorable proper-
ties such as high density, effective Z-number, emission output,
energy resolution and radiation hardness in addition to being easy
to grow in large quantities at low cost."*

The systems comprised of the Ln,M,0; composition
(Ln: trivalent lanthanides and M: tetravalent titanium group
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elements, such as Ti, Zr and Hf) have been explored extensively
because of their various scientific and technological importance
in various areas such as gas sensors,'* thermal barrier coatings,**
solid oxide fuel cells,"* neutron absorbing materials'® and
nuclear waste hosts.'® The structure plays a very crucial role for
all the applications mentioned above and these compounds are
known to exist as two structural variants, ordered pyrochlore and
disordered fluorite structures, each having specific applications.
A cubic pyrochlore structure is preferred and is more suited for
scintillator materials because the oxygen vacancies are well
distributed through the lattice of the hosts giving a sense of
symmetry to the overall structure and therefore, sintering them
into transparent ceramic will be easier."”” On the other hand,
the cubic defect fluorite structure has a random distribution of
oxygen vacancies in the structure, which is not suitable for
scintillators.'® A phase transition can be induced chemically
by doping or applying higher temperature and pressure. The
phase transformation from ordered pyrochlore to defect fluorite
involves the randomization of the oxygen ions among the 48f,
8b, and 8a sites, and the cations between the 16¢ and 16d sites."®
Among the various pyrochlores, La,Hf,0,, lanthanum hafnate,
stands out as a material with special properties for optical
applications. La,Hf,0;, offers a set of properties that make it
very attractive for novel high-energy radiation detectors. These
properties include high stopping power for X- and y-rays with
Zyr = 72 and a high density of 7.9 g cm ™ >."”'® Despite their
various favorable properties, hafnate pyrochlores have not been
given due credit when compared to their titanate and zirconate
counterparts. Our group’® have investigated the photolumines-
cence (PL) and RL properties of La,Hf,0,:Eu®** whereas Hansel
et al®® have explored the same material for non-contact
thermometry. We have also carried out systematic studies
on the structural and optical properties of various Eu**-doped
rare earth (RE) hafnates RE,Hf,O, (RE =Y, La, Pr, Gd, Er,
and Lu) nanoparticles (NPs).>' The interest in the Pr*" intra-
configurational (f-f) and inter-configurational (f-d) emission
arises from their possible potential applications in solid state
lighting, display devices, medical, and security industries.>> Hosts
such as La,Hf,0, are expected to yield good radioluminescence
upon doping with Pr** due to its favorable properties mentioned
above, specifically its high stopping power for X-ray and y-rays and
high density. As far as dopant ions are concerned, we wanted to
investigate the materials characteristics and the optical and
scintillation properties of trivalent praseodymium ion-doped
La,Hf,0,.

Furthermore, Pr*" is a unique lanthanide ion as it emits in
the visible-light as well as near-infrared regions of the electro-
magnetic spectrum. It is frequently used as an optical compo-
nent for solid, state based lighting in view of its ability to
exhibit an up-conversion process, wherein blue light is emitted
from the P, level upon multiple photon pumping in the 'G, or
'D, levels.>® There are few works on exploring La,Hf,0, for
scintillator applications with dopants such as cerium(m)** and
titanium(iv).>® It is also unique in a way that both trivalent and
tetravalent dopants can be localized in the Ln**- and M*"-sites
of the Ln,M,0, systems, respectively. Trojan-Piegza et al.'®>°
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have explored the PL and RL properties of La,Hf,0,:Pr** NPs
synthesized using a Pechini sol-gel method. In one case, they
recorded the PL and RL of their NPs after being annealed at 1000
and 1400 °C, respectively.'®* In another case, they compared the
PL and RL properties of the powder and ceramic forms.'®*® The
structural analysis in these papers were performed using X-ray
diffraction (XRD) only. X-rays are scattered by electrons, so the
high atomic number elements including Ln and Hf are stronger
scatterers of X-rays when compared to oxygen atoms. Therefore,
X-ray fails to give information pertaining to the oxygen ions. This
information is very important if one needs to explore pyrochlore-
based materials for various optical, electrical and other techno-
logical applications. Sometimes, it is even very difficult to distin-
guish a completely disordered pyrochlore phase from a fluorite
compound using XRD. Considering the reconstructive nature of
the transition of these two phases, there may also be the chance
that these two phases may co-exist at some point. In this sense,
other techniques such as Raman and Fourier-transform infrared
(FTIR) spectroscopy are advantageous over X-ray diffraction. FTIR
is employed to confirm the purity of the samples and presence of
metal-oxygen vibrational modes whereas Raman spectroscopy is
carried out to probe the local disorder and purity of the synthe-
sized phase. Raman spectroscopy is a highly sensitive technique
used to probe metal-oxygen vibrations and hence a very good
probe for studying the local disorder in materials.”” It has been
observed in some cases that Raman spectroscopy can provide
highly reliable information in regard to distinguishing defect
fluorite and pyrochlore structures.”®

In this study, we aimed to explore the efficiency of La,Hf,0,:Pr**
NPs as a potential candidate material for use in lighting and
scintillators materials. Therefore, we have synthesized La,Hf,0,
NPs with various Pr** doping concentrations using a combined co-
precipitation and relatively low temperature molten salt method.
We have extensively used of Raman and FTIR spectroscopy, and
X-ray photoemission spectroscopy (XPS) for our structural, oxida-
tion state and elemental composition studies. In addition, the
synthesized NPs were characterized using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) to
visualize their size and morphology. Moreover, to evaluate their PL
and RL properties steady-state luminescence and time-resolved PL
spectroscopy (TRPLS) was performed exploiting both ultraviolet
and X-ray radiation. Furthermore, we have performed RL and
photon count measurements for X-rays and the PL as a function
of dopant concentration while optimizing the X-ray excitation
power to yield the maximum photon count for our quantum
yield studies. Based on the best of our knowledge, the current
study is the most complete report on the optical properties of
La,Hf,0,:xmol%Pr** NPs under both UV and X-ray excitation.

2. Experimental
2.1 Synthesis methods

All chemicals used in this study are analytical grade reagents
(AR grade) and were used without any further purification. The
starting materials used for the synthesis of the La,Hf,0,:Pr**
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are as follows: Lanthanum nitrate hexahydrate (La(NO3);-6H,0,
99.0%), hafnium dichloride oxide octahydrate (HfOCl,-8H,0,
99.0%), praseodymium(ir) nitrate hexahydrate (Pr(NO;);-6H,0,
99.9%), potassium nitrate (KNO3, 99.9%), sodium nitrate (NaNO3,
98%) and ammonium hydroxide (NH,OH, 28.0-30.0%). The
La,Hf,0,:xmol%Pr*" NPs (x = 0.0, 0.1, 0.2, 0.3, 0.5, and 1.0) were
prepared using a two-step molten salt process, which generates
nanoparticles at a relatively low temperature as reported by our
group and some other groups, for example in the synthesis of
YAG:Ce and LuAG:Ce.">*"*°7! First, a single-source precursor was
prepared by measuring (5 — x) mmol of La(NO3);-6H,0 and
5 mmol of HfOCI,-8H,0 and x mmol of Pr(NO3);-6H,0, where
x is equal to the mol% with respect to the La®" sites. The
materials were dissolved in 200 mL of 18.2 mQ Millipore water
while simultaneously stirred with a magnetic stirring rod.
A titration was set up using 10% diluted ammonium as the
titrant, which was delivered into the metal solution dropwise over
a period of 2 h. The white precipitate formed was collected by
vacuum filtration and washed with DI water until neutral pH. In
the next step, the molten salt method was used to ensure the size-
controlled synthesis of La,Hf,0,:xmol%Pr** NPs via a flux.
Specifically, the single-source precursor was mixed with nitrate
salts (NaNO; and KNOj in 1:1 molar ratio) and placed in a
furnace at 650 °C for 6 h followed by washing with 18.2 mQ
Millipore water and drying. The molten salt method is of
particular of interest because it allows for the formation of pure
products, even nanoparticles, at relatively low temperatures when
compared to conventional solid-state or sol-gel methods by
forming a flux around the precursor when the salts reach an
eutectic point allowing controlled crystal growth and therefore,
particle size. In addition, the molten salt method ensures no
phase transformations occur due to the low synthesis temperature
and allows morphological tunability by controlling the cooling
process.™** In this study, the nanoparticle samples were later
annealed for 1 h at 900 °C to optimize their optical properties.

2.2 Characterization

Several characterization methods were carried out on the as-
synthesized La,Hf,0,:xmol%Pr’>" NPs. XRD was performed to
identify the purity of the as-synthesized NPs on a BRUKER™ D8
Advance X-ray diffractometer with Cu K, radiation (4 = 1.5406 A,
40 kv, 40 mA). The output data were collected in scanning mode
in the 26 range from 10° to 75° with a scanning step size of 0.04°
at a scan rate of 2.0° min '. In addition, SEM was used to
record the morphology of the as-synthesized NPs using a Carl
Zeiss sigma VP field emission scanning electron microscope
operated at 5 kV. Furthermore, energy dispersive X-ray (EDX)
spectral mapping analysis was performed under 25 kV to record
the composition of the NPs. To further confirm the crystal
phase of the as-synthesized NPs, the Raman spectra were
collected from their powdered form, using a Bruker Senterra-
system with a 785 nm helium-neon laser at a spatial resolution
of 2 um. FTIR spectroscopy was used to identify the metal to
oxygen vibrational modes of the NPs on a Thermo Nicolet
Nexus™ 470 FT-IR system. XPS was obtained with a 180° double
focusing hemispherical analyzer with a 128-channel detector
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using non-monochromatic Al Ko radiation (1486.86 eV) with
a power of 240 W (Thermo Scientific™ K-Alpha™ X-ray photo-
electron spectrometer system). This X-ray source was chosen to
minimize the effects of the superposition of the photoelectrons
and Auger lines of the constituent elements. The diameter
of the X-ray beam was ~ 0.4 mm. The energy resolution of the
instrument was chosen to be 0.73 eV in order to have a
sufficiently small broadening of the natural core level lines
together with a reasonable signal-to-noise ratio. The binding
energy scale was calibrated with reference to Cu 3p3, (75.1 eV)
and Cu 2p3/, (932.7 eV) lines, giving an accuracy of 0.1 eV in any
peak energy position determination.

The excitation, emission and lifetime spectra were measured
using an Edinburgh Instruments FLS 980 fluorometer system
equipped with both a steady state source as well as a pulsed
source with a frequency range of 1-100 Hz. Lastly, the RL was
acquired by designing a silver target (4 = 0.52 A, 60 kV, 200 mA)
X-ray tube adaptor for the FLS 980 fluorometer system. Copper
metal was used to dissipate heat around the tube using a half
inch-thick sheet. In addition, an X-ray guide set-up was con-
structed to prevent the X-ray beam from scattering and to focus
on the sample. Protective equipment was constructed to protect
the user from radiation using a 0.75 mm thick lead curtain on a
rail to surround the instrument. Additional lead was used in
the form of sheets to cover the top of the instrument.

3. Results and discussion

3.1 The phase purity and crystallite size of the
La,Hf,0,:xmol%Pr** NPs: X-ray diffraction

Fig. 1a shows the XRD patterns of the La,Hf,0,:xmol%Pr**
(x = 0.1, 0.2, 0.3, 0.5, and 1.0) NPs. The peaks presented in the
XRD data are well defined, sharp, and intense in nature indicating
the high crystalline nature of the as-synthesized NPs. The peak
position confirms the fact that the as-synthesized La,Hf,0:Pr’*
NPs were stabilized in the cubic fluorite phase with the peaks
indexed to the (222), (400), (440), and (662) planes. Due to the
insensitivity of XRD to the superlattice reflections of the pyro-
chlore phase at (311), (331), (511), and (531) (corresponding to the
26 values of 27°, 36°, 43°, and 50°, respectively), we indexed the
XRD peaks to the fluorite phase for the moment while Raman
spectroscopy was used to identify their structure differently.” In
addition, Fig. 1b shows the variation in the XRD peak positions
corresponding to the most intense (222) peak at 26 between 28 to
29° as the function of the Pr*" dopant concentration. Furthermore,
the lattice parameter a was calculated using Braggs equation with
the (hkl) plane equation to confirm the consistency of the XRD
data based on the (222) XRD peak shown in Fig. 1b. The particle
size of the as-synthesized NPs was calculated using Scherrer’s
equation using the full width half max (FWHM) of the (222) plane.
The lattice parameters of the La,Hf,0,:xmol%Pr** (x = 0.1, 0.2, 0.3,
0.5, and 1.0) NPs are tabulated in Table 1. The crystallite size of the
NPs obtained from all the doping levels is in nano-size domain.
The calculated crystallite sizes are in agreement with both the SEM
and TEM data presented in Fig. 3.

New J. Chem., 2018, 42, 9381-9392 | 9383


http://dx.doi.org/10.1039/c8nj00895g

Published on 16 April 2018. Downloaded on 7/10/2018 5:48:26 PM.

Paper
(a)
(222) <
(490) Q@ F S
= [1.0% (420 ¥3 2
= <
g
z. 0.5% A A
*é 0.3% A A
o I
2 10.2% A A
=
E p1% .L A A
<
~ 0.0% A A A
T T T T T T
10 20 30 40 50 60 70
20 (Degree)

View Article Online

NJC

Intensity (a.u)

M
28.2 28.5 28.8 291 294 29.7
20(Degree)

Fig. 1 (a) The XRD patterns and (b) enlarged view of the XRD peak corresponding to the (222) plane at ~28.72° of the La,Hf>O,:xmol%Pr** NPs

(x=0,0.1, 0.2, 0.3, 0.5 and 1.0) calcined at 900 °C.

Table 1 The lattice parameters of the Lasz207:xmol%Pr3+ NPs as a
function of the dopant concentration (x = 0, 0.1, 0.2, 0.3, 0.5, and 1.0)

Pr’* doping FWHM Lattice
concentration (%) 20 (°) ) parameters (A)
0.00 28.69 0.24 10.77

0.10 28.72 0.11 10.76

0.20 28.73 0.20 10.75

0.30 28.71 0.26 10.76

0.50 28.70 0.21 10.76

1.00 28.71 0.22 10.76

In general, the solid solutions follow Vegard’s law with the
linearity of lattice parameter in accordance with the ionic size
of dopant ion and its concentration.’® From Table 1, it can be
easily seen that there is little change in the lattice parameters of
the NPs upon increasing the Pr’*" concentration from 0.1 to
1.0 mol% because of the similar radii of La*" and Pr’* ions and
the low Pr** doping level.

3.2 Raman analysis

In the literature, it is well known that the cubic pyrochlore
structure processes a total of six Raman active modes, which
according to group theory are I' = A, + Eg + 4F,,,>*** while the
defect fluorite structure has only one active mode, F,,. The
Raman spectrum of fluorite phase mainly displays a single broad
peak because the seven O~ ions are randomly distributed over
the 8 anionic sites in this structure giving rise to significant
disorder. In Fig. 2, for pure La,Hf,0, we could clearly identify
five Raman active modes pertaining to the vibrations of the Ln-O
and Hf-O bonds at around 304, 321, 402, 499, and 522 cm™*,
which are assigned to F,q, Eg, Fag, Fag, and Ay, 1respectively.36 The
sixth Raman mode at 600 cm ™" (F,, band) is not observed in our
samples, as it is often reported that this particular band is absent
in many pyrochlores.?” The vibrational modes in the lower
frequency region (300-400 cm™ '), .e. the F,,, E,, and F,, modes,
arise from the vibrations of the La-O and Hf-O bonds. On the
other hand, the higher frequency band (522 cm™ ") of A, arise
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Fig. 2 The Raman spectra of the Lasz207:xmol%Pr3* (x=0,01,02 0.3,
0.5, and 1.0) NPs calcined at 900 °C.

due to the stretching of the Hf-O bonds while the small kink
around 710 ecm™ ' is ascribed to the distortion of the HfOq
octahedral.’® The acquired Raman spectra suggest that the
crystal phase of the as-synthesized La,Hf,0,:xmol%Pr’*" NPs is
indeed in the pyrochlore phase and not in the defect fluorite
structure, as suggested by the XRD data. The pyrochlore struc-
ture of the A,M,0,0’ composition is composed of two varieties
of chemical bonds, where the M-O bonds are relatively covalent
and the A-O bonds are much weaker. The strongest band is
located at 304 cm™*, which can be attributed to the F,, internal
La-O stretching mode. The presence of the Raman band at
~260 cm~ " can be ascribed to two reasons: (i) doping induced
peak splitting of the F,, band at 304 cm™' and (ii) the A,
translatory mode of Pr-O bond. According to Hooke’s law, the
vibrational frequency is inversely proportional to the effective
mass. Since Pr is heavier than La, the vibration of the Pr-O bond
is at lower wavenumber when compared to the La-O bond.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2018
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The bond length of Pr-O is actually longer than that of La-O,
which causes the distance of oscillation to increase and there-
fore, the energy and wavenumber to decrease. The peak at
402 cm™ ! is red-shifted to 374 cm ™' and may also be attributed
to doping effect wherein the vibration of Pr-O interferes with the
La-O bond vibration causing the Raman band to split and shift.
The blue-shift is the result of the higher effective mass of Pr-O
than La-0.*® Overall, the use of Raman spectroscopy confirmed
that the as-synthesized La,Hf,0,:xmol%Pr>* NPs possess the
pyrochlore structure, a phase that is essential for the explored
applications.

3.3 Infrared spectroscopy

FTIR spectroscopy was used to confirm the composition of the
La,Hf,0,:xmol%Pr*" NPs in which the ratio of the pellet made
for analysis was 1:10 in weight of the La,Hf,0,:xmol%Pr**
sample to KBr (Fig. S1, ESIt). Pyrochlore oxides (A,B,0) are known
to possess seven IR active modes in the range of 750-50 cm ™"
originating from vibration and bending of the A-O and B-O
bonds.?*® The IR band (1) at around 623 cm ™" is attributed to
Hf"V-0 stretching mode in the HfOg octahedron and the second
band (,) around 519 cm™" is attributed to La'"-O stretching
mode. In addition, the inset of Fig. S1 (ESIt) shows the full
range in which the data was collected, proving the absence of
peaks corresponding to the hydroxyl, nitrogen, or inorganic
salts used during the molten salt synthesis, showing the purity
of the La,Hf,0,:xmol%Pr*>" NPs after calcination. Upon doping
Pr** ions into the La,Hf,0, NPs we could not find much difference
in the FTIR spectral pattern, suggesting all the samples had a
similar composition.

3.4 XPS analysis

XPS can be used to determine the chemical state/oxidation state
of the elements and the surface composition of the annealed
samples. Fig. S2 (ESIt) depicts the XPS spectra of La 3d, Hf 4f,
O 1s, and Pr 3d of the La,Hf,0,:xmol%Pr** NPs. The La 3d XPS
spectra of the NPs and the binding energies (BE) of La 3ds/, and
La 3d;), at 837 and 854 eV in addition to the 841 and 858eV La
3d satellite peaks are presented in Fig. S2a (ESIf). The La 3d
X-ray photoelectron peak not only splits into 3ds,, and 3d;/, due
to a spin-orbit coupling but additionally, each of these lines
splits further due to a transfer of electrons from the oxygen
ligands to the La 4f orbital.’® The difference in the energy
between the 3d;/, and 3ds,, states is approximately 17 eV. The
BE value and the XPS peak splitting agree well with reported
values obtained for La** compounds, which confirms the
3+ oxidation state of the lanthanum ions in our NPs.*>*> Upon
doping the Pr’* ions, it can be seen that both peaks shift to
higher BE values, which can be attributed to different chemical
environment around the La*' ions. On the other hand, most
reports**™° depict a clear splitting of the Hf 4f peak to 4f,,, and
4f5,, similar to our observation. Fitting the curves of the Hf 4f
core levels (Fig. S2b, ESIt) shows two typical peaks in pure
La,Hf,0, at BE = 17.18 and 19.07 eV, corresponding to 4fs,, and
*f,,,, respectively with the 4f spin-orbit splitting energy calcu-
lated to be ~1.89 eV. The Hf 4f,, peak at BE = 19.07 eV
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indicates the formation of Hf-O bonds and the Hf*" oxidation
number. As a function of the dopant ion concentration, this
doublet of the Hf-4f peaks shifts towards a higher BE value
and the shift increases upon increasing the Pr** concentration.
When compare to La 3d, the increase in the shift is more
obvious because the bond length of La-O is greater than that of
Hf-O in La,Hf,0,.

Furthermore, the standard BE value from the photoelectrons
of Pr 3ds, in the elementary substance is 931.9 eV (+0.1 eV)
and in Pr,0; is 933.2 eV (£0.1 eV),*® which is very different
from the experimental data in this study with an observed
BE value of 938 eV (Fig. S2c, ESIT). The large shift in the BE
values indicate the formation of Pr-O-La/Hf clusters in the
La,Hf,0,:xmol%Pr*" NPs. Due to lower electronegativity of Pr
compared to La, the electron cloud around Pr is much closer to
oxygen in the Pr-O-La bond than the electron cloud from La,
which results in the higher binding energy component of Pr in
our samples when compared to that of Pr in Pr,O; at 933.4 eV.

In addition, it is well known that the oxygen ions and oxygen
vacancies are distributed across all the anion sub-lattice sites in
Ln,M,0, compounds. With the addition of Pr*" to the host it
can be observed that both the oxygen ions and vacancies are
rearranged or destroyed through the lattice. It can be observed
from Fig. S2d (ESIf) that the undoped La,Hf,0, has binding
energies of ~530.0 and 531.85 eV, which shift towards higher
BE values in the La,Hf,0,:xmol%Pr** NPs upon increasing the
doping percentage of Pr**. In general, the O 1s profile is more
complex due to the overlapping contribution of oxygen from La
and Hf. Six out of every seven oxygen ions occupy the 48f sites
and each is coordinated by two lanthanum and two hafnium
ions, and the seventh oxygen ion occupies the 8b site and is
surrounded by four hafnium ions. This means that the electron
density on oxygen for the La-O bond is higher than that of the
Hf-O bond, which could be the most possible reason for
the observation of two binding energy peaks for O 1s in the
La,Hf,0,:0.1%Pr*" crystal structure.?” The O1s spectra is clean
indicating that nitrogen is not present after the molten salt
synthesis. In fact, if nitrogen was present, the oxygen peaks from
the N-O bond would be present. Overall, the broadness of the
peaks indicate that oxygen is distributed uniformly throughout
the lattice structure.

3.5 Morphological study: scanning and transmission electron
microscopies

SEM images of the undoped and pr**-doped La,Hf,0, NPs
annealed at 900 °C are shown in Fig. 3a-f. The undoped as
well as Pr¥*-doped La,Hf,0, NPs are spherical in shape and
monodisperse at a low doping level. The morphology of the NPs
does not seem to vary too much as a function of the dopant ion
concentration. At the highest doping concentration, the distri-
bution reveals slight agglomeration, which still needs to be
confirmed (Fig. 3f). The average size of the particles is
25-50 nm for most of the samples. A TEM study was carried
on the La,Hf,0,:1.0%Pr*" NPs with the maximum Pr** doping
concentration to see whether indeed any agglomeration existed
in the sample (Fig. 3g). The observed monodisperse NPs
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Fig. 3 (a—f) The SEM images of the LasHf,07:xmol%Pr** (x = 0, 0.1, 0.2,
0.3, 0.5, and 1.0) NPs. (g) The TEM images of the La,Hf,07:1.0%Pr®* NPs.

confirmed the advantage of our combined co-precipitation and
molten salt synthesis procedure. Lastly, TEM also depicted that
particles are more or less spherical in nature and the particle
size is around 35 nm, which is in close agreement with the
calculated size from the XRD data (Fig. 1).

3.6 Photoluminescence: optical properties under
UV excitation

PL studies were carried out to understand the excitation,
emission and lifetime decay of the La,Hf,0,:Pr*" NPs. Fig. 4a
shows the excitation spectra of the La,Hf,0-:Pr’*" NPs displaying
features, which are characteristic of the 4f-5d and 4f-4f transi-
tion of trivalent praseodymium ions. The broad band in the
range of 225-275 nm is attributed to inter-configurational 4f-5d
transition. The peaks at 443, 459, and 488 nm (displayed in the
inset of Fig. 5a) are ascribed to 3H, — °P,, *H, — °Py, and
*H, — °P, f — f transitions of the Pr’" ions, respectively. Very
little change in the spectra could be seen as a function of the
dopant concentration.

Pr** ions have two possible transitions, ie. the La-Porte
forbidden intra-configurational 4f-4f transitions and the
allowed 4f-5d inter-configurational transitions.*® The emission
spectra of the La,Hf,0,:x%Pr>* NPs under excitation at 255 nm
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is shown in Fig. 4b. The emission spectra at various Pr’* con-
centrations display the same spectral features. The peaks at
490, 534, 632, 662, and 727 nm correspond to the *Py—*H,,
*Py—*H;, *Hs;, *Py-°F,, and *P,—°F; transitions of Pr**, respec-
tively. The emission peak at around 603 nm is attributed to
'D,-*H, transitions. Normally visible-light emission from the
4f — 4f transition of Pr** doped inorganic hosts is mostly seen
from the *P, and "D, states. Based on the strength of the crystal
field a host lattice offers, there may be variation in the relative
intensity of the emission from these two states since the crystal
field of the matrix materials determines where the bottom of
the 4f°d level of Pr*" is going to lie with respect to the *P, and
D, states.’® Whether the emission comes from the P, state or
'D, state or from both of them completely depends on the kind
of host. Our literature survey shows that only green emission
from P, can be seen in CaZrO; perovskite®® whereas Pr**-doping
displayed only red emission from the 'D, states in RE,O; (RE = Sc,
Y, and Gd) and Lu,0,.”"*>

The relative intensities of the emissions from the P,
and 'D, states depends on various photophysical phenomena,
such as multi-phonon relaxation, cross-relaxation, intersystem
crossing (ISC) through low-lying 4f'5d" levels, and the charge
transfer (CT) mechanism.”® The nature of the host plays a key
role as well in deciding the intensity ratio of the blue/green and
red emissions from the *P, and 'D, states, respectively, as the
position of the charge transfer state (CTS) is dependent on the
same. For the oxide-based host, it is normally localized around
the excited states of the lanthanide ion.>* Emission quenching
from the P, state of the Pr** ions depends on the spectral
position of the CTS with respect to the *P, and 'D, states.* It is
reported that the blue/green emission is more intense than the
red emission in CaTiOjz;, whereas the red emission is more
intense than the green emission in NasLa(WO,),, NasY(WO,),,
CaTa,04, and La,Ti,0;, and the Gd,Ti,O; type pyrochlore
structure.’*”*°° Our La,Hf,0,:Pr** NPs can emit both intense
green-blue (°P, — *H,) and red ("D, — *H,) emissions, which
are important for inorganic phosphors. It seems replacing Ti**
with Hf*" in the pyrochlore structure changes the green to red
ratio due to the difference in the crystal field induced by the
HfOg octahedra when compared to TiOs. The La,Hf,04 pyro-
chlore has two cationic sites, 8-coordinated La** (scalenohedra)
and 6-coordinated Hf*" sites (octahedra). In our La,Hf,0,:Pr**
NPs the origin of the emission from both the *P, and 'D, states
is attributed to the stabilization of Pr at both lanthanum sites
as well as the Hf'" site. For divalent and trivalent lanthanide
ions, the difference in energy between the 4f 5d and 4f states is
inversely proportional to the crystal field strength of the host
matrix, which in turn increases as the distance between the
lanthanide ion and the ligand decreases.*® Since the La-O bond
(0.264 nm) is longer than the Hf-O bond (0.208 nm), the effect
of the ligand on the Pr** jon at the lanthanum site will be less
when compared to that at the Hf site. Therefore, the emission
from the ®P, level arises because of a fraction of the Pr** ions
localized at the Hf'" sites whereas the emission from the
'D, level arises due to the remaining Pr** ions being stabilized
at the La®" sites, however, the stabilization of Pr*" at the Hf*"
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at Aex = 255 nm and A¢m = 607 nm.

sites may leads to the generation of a large concentration of
oxygen vacancies.?!

The quantum yields were determined using an integrating
sphere in our FLS 980 system and the results shown in Fig. 4c.
The La,Hf,0,:0.1%Pr>" NPs were found to possess the strongest

emission intensity with a quantum yield (QY) of 20.54 + 0.1%.
Beyond the 0.1%Pr**-doping level, the emission intensity and
QY were found to decrease, which is attributed to concentration
quenching. The problem of concentration induced fluorescence
quenching even at low Pr’" concentrations is a well-known
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issue even though efficient luminescence in phosphors doped
with high concentrations of Pr** have been reported.*® The
concentration quenching is attributed to non-radiative energy
transfer (ET) between two Pr*" ions at high concentrations when
they are at a closed distance known as the critical distance. Non-
radiation transition arises mainly because cross-relaxation ET
from one Pr’* ion to another. Based on the Pr’" energy level
diagram, the difference in energy between the *P, and *H states
is approximately around 16 000 cm ™", and that between the *H,
and 'D, level is close to 16 700 cm ™~ ".***” Concentration quench-
ing in this case is mainly induced by the cross-relaxation process
between neighboring Pr’* ions.”® Based on the critical distance,
one can predict the mechanism of concentration quenching.
The colorimetric performance of the La,Hf,0,:0.1mol%Pr**
NPs, i.e. the NPs with the maximum emission output and QY,
was established using the color-coordinates calculated using
the intensity-corrected emission spectra excited at 255 nm with
respect to the monochromator, source and detector. The calcu-
lated CIE color-coordinates obtained for the La,Hf,0,:0.1%Pr*"
NPs were found to be 0.433 and 0.370, which are located in the
color-coordinated CIE diagram and confirm the red-yellow
emission from the Pr’* doped lanthanum hafnate NPs (on the
boundary line of the CIE white domain), as shown in Fig. 4d.
With respect to the previous emission profile (Fig. 5b) and
proceeding radioluminescence data (Fig. 6 and 7), both optical
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tests agree with the quantum yield results proving the 0.1%Pr>"
doped La,Hf,0, sample was the most efficient one among all
our samples.

The lifetime studies of the 'D, — *H, transition (607 nm) of
Pr*" ions in the La,Hf,0,:x%Pr** NPs were performed using a
pulsed Xenon lamp with excitation at 255 nm, as shown in
Fig. 5a. The decay profiles displayed non-exponential behavior,
however, the "D, level decays by three different processes: radiative
decay (‘D, — °H,), multi-photon relaxation (‘D, — 'G,), and
cross-relaxation induced energy transfer (‘D, — °*Hy°H; —
°F;,4).>* This non-exponential behavior is mainly due to cross-
relaxation and luminescence quenching. Cross-relaxation is a
photophysical phenomenon wherein the excitation energy from
an ion decaying from a highly excited state promotes a nearby
ion from the ground state to a metastable level. In this case, the
non-exponential decay profiles were fitted using a bi-exponential
equation:

I1(t) = Ay + A; exp <_—t) + Arexp (_—t>

11 T2
where I(¢) is PL intensity, t; and 1, are emission decay times,
and A, and A, are their relative weightages. Table 2 shows two
lifetime values observed for Pr** in the order of 170-310 us
(Ts, short lifetime) and 570-960 ps (Ty, longer lifetime). As a
function of the dopant concentration both the lifetime values
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Fig. 6 The (a) XEL spectra and (b) a comparison of the concentration dependence of the XEL and PL intensities as a function of dopant concentration of
the LaoHf,07:x%Pr*™ NPs. (c) The scintillation mechanism for doped materials.
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Table 2 The luminescence lifetime data obtained for the La,Hf-07:xmol%Pr**
NPs (ex = 255 nm and Aem, = 607 nm) at various dopant ion concentrations
(x=0.1,0.2 0.3 0.5 and 1.0)

Pr** doping concentration (%) 71 (ps) 75 (ps)
0.10 277.2 781.3
0.20 308.3 959.1
0.30 299.1 877.6
0.50 277.5 856.7
1.00 170.0 572.8

initially increase upon increasing the Pr’** ion concentration up to
0.2 mol%, but beyond that dopant level, the lifetime values
start to decrease (Fig. 5b). In most of the literature studies on
Pr**-doped phosphor materials, the lifetime values are in the range
of nanoseconds to 50 ps. In our case, the lifetime values are
exceedingly high. The average value is 814 ps for the La,Hf,0;:
0.2mol%Pr*" NPs.>® This suggests that the Pr’* ions are not homo-
genously distributed in the La,Hf,0; host. When the activator ions
have different local sites, they are likely to relax at different
transition rates. If the rates of relaxations are very distinct, then
different decays co-exist for the activator ions. Assuming a given
phonon energy occurs because the Pr’* ions are localized in
the same La,Hf,0, host, the relatively longer lived Pr’* ions
(570-960 ps) are ascribed to a relatively symmetrical site/environ-
ment as the 4f-4f transition are optically forbidden in sites with
inversion symmetry, whereas the short-lived Pr** ions (170-310 ps)
are more likely to arise from those occupying an asymmetric site,
wherein the selection rules are relaxed. In La,Hf,0;, pyrochlore,
the Pr’* ions are more likely to be stabilized at two sites: The
symmetric La*" site (S1) with regular LaOg polyhedral and the
relatively asymmetric Hf*" site (S2) with HfOj, distorted octahedral.
Fast decaying species (170-310 ps) T arise because of the Pr** ions
occupying the Hf*" (S2) site without inversion symmetry, whereas
slow decaying species Ty can be attributed to the Pr’* ions
occupying the La®*" (S1) site with inversion symmetry. Such site
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selective luminescence spectroscopy for rare earth ions (Eu, Sm,
Dy, and Tb) has been reported in many hosts.>*** However, we
cannot rule out the contribution of cross-relaxation and fluores-
cence quenching on this phosphor for the non-exponential decay.

3.7 Radioluminescence: optical properties under X-ray
excitation

The La,Hf,0,:x%Pr>* NPs have an interesting lattice for scintilla-
tors. Considering the high density (7.8 gm cm?) and the potential
of lanthanum hafnate materials as a scintillator,”" the X-ray exited
luminescence (XEL) spectra were recorded for these NPs. As
shown in Fig. 6a, the XEL spectra look very similar to the photon
VUV and UV excited luminescence spectra. In addition, there was
not much change as a function of the dopant concentration.
The marginal variation can be ascribed to the sensitivity of the
PMT used. The RL emission spectra (Fig. 6a) display the typical
characteristics of Pr*" ions with peak positions similar to those
seen in the photoluminescence spectra (Fig. 4b). As such, X-ray
excitation is different from UV excitation since under X-ray
excitation e -h* pairs are generated and the Pr’" 4f-5d/4f-4f
bands and hosts are excited together. In this situation, e~ migrate
to the Pr** centers whereas under UV, only the Pr’* (4f-5d/4f-4f)
bands are excited but not the host. As discussed, the Pr*" ions are
distributed at both the La** and Hf** sites in lanthanum hafnate.
For La,Hf,0-, the valence band (VB) is composed of O 2p orbitals
hybridized with the Hf 5d orbitals along with a minor contribu-
tion from the La 4f states. On the other hand, the conduction
band (CB) is mainly composed of La 4d states (in majority spin
component), 4f states (in minority spin component) and Hf 5d
states. The Hf 5d states contribute solely to the lower part of the
conduction band.®® The Pr’" ions occupying the tetravalent
hafnium sites may lead to a negative antisite defect (Prj;) as
well as a positive defect (V¢) as indicated below.

Prt + Hf* — Priy; + Vg
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Moreover, this Prj;; defect is XEL active and amenable
to emission under X-ray excitation. This is similar to what
Dobrowolska et al. observed in barium hafnate doped with
europium ions.®® Excitation with a 12 W energetic X-ray beam
leads to the formation of an exciton (bound electron-hole pair)
between an electron in the lower part of the CB comprised of
the Hf 5d states (5d" Hf*") and a hole in the VB if they possess
similar momentum. The next step is transfer of the excitons
energy to the Pry;, luminescent center followed by the emission
of the luminescent ions that radiatively return from an excited
state to the ground state. The XEL arises from both the *P, and
'D, states around 472-512 nm (°P, — *H,) and 595-635 nm
(*‘D, — *H,), respectively. The dependence of the XEL intensity
on the dopant concentration follows a similar trend as the PL,
and the highest intensity was found to be at a 0.1% doping level
(Fig. 6b). The PL and XEL emission profile look quite similar,
which indicates the same radiative levels, are involved in the
emission in the visible-light region in both cases.

Looking out for Pr’*-activated oxide based phosphor materials
and their application as scintillators for X-ray computed tomo-
graphy requires chemical modifications, which need the fast
decaying *P, — *H, transition (in ps range) to be more intense
than the slow decaying 'D, — °H, transition (in ms range).
On the other side, solid-state lighting applications require
the dominance of the 'D, — *H, emission over that of the
*p, — °*H, transition. Herein, we could get emission from
both states though the red emission from the 'D, states being
more dominant than the P, state in our samples. The larger
fraction of the 'D, state in our XEL spectra is not very advanta-
geous as it has a much longer decay time. From the XEL
spectrum we can decipher that lanthanum hafnate activated
with Pr’* ions can convert the incoming high energy X-ray
photon into visible-light. The mechanism of the XEL is depicted
in Fig. 6¢c. In the present case, though the XEL efficiency is
rather low, our results are still encouraging enough to give a
direction wherein we could modify the pyrochlore lattice to
enhance the emission from the °P, states. This is connected
with the nature of the Wannier-Mott type excitons in La,Hf,05,
which exist for oxides with a high dielectric constant.®”*® They
are weakly bound and have large radii that are known as large
excitons and as a result, on collision with phonons they are
easily destructed.®® Because of this, the number of excitons
formed during X-ray excitation in the case of La,Hf,0,:Pr** is
relatively lower in magnitude than that in materials where
Frenkel-type excitons are formed. The exciton-exciton interactions
are less probable due to their lower mobility, which results in a
lower probability for energy transfer and a lower luminescence
intensity.

Lastly, a X-ray dosage dependence study was conducted to
determine the best emission output with respect to the power
(Fig. 7a). The La,Hf,0,:0.1%Pr*" NPs were used in this study
due to its outstanding emission performance over the other
samples. This is important to understand because it allows one
to differentiate the durability and performance when exposed
at different powers of radiation. It was found that the maximum
emission output was acquired at 12 W (Fig. 7b).
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Furthermore, La,Hf,0, is a material with a high dielectric
constant and the excitons formed in these cases on exposure to
ionizing radiation such as X-ray are weakly bound, known as
Wannier-Mott type excitons (WMEs). They break easily on
collision with phonons. The number of excitons thus available
for energy transfer to Pr’* ions will be less and hence, a low RL
output as shown in Fig. 6a and 7a. On the other hand, under UV
excitation at 255 nm, the La,Hf,0; host absorbs the energy and
transfer to radiative Pr** centers directly. This is known as host
sensitized energy transfer. This is why the emitted photon
counts corresponding to the green and red emissions under
the UV excitation (Fig. 4b) are larger than the ones excited
by X-rays.

4. Conclusions

In this study, La,Hf,0,:xmol%Pr*" NPs (x = 0, 0.1, 0.2, 0.3, 0.5,
and 1.0) were synthesized using a molten salt synthesis and
systematically characterized using XRD, Raman and FTIR
spectroscopy, XPS, SEM, TEM and UV/X-ray-excited optical lumi-
nescence. Raman spectroscopy confirmed the structure of the
La,Hf,0; NPs to be the ordered pyrochlore while XPS reflected
the formation of oxygen vacancies due to the stabilization of a
fraction of the Pr** ions at the Hf*" sites. The presence of La-O
and Hf-O vibration bonds was confirmed through FTIR spectro-
scopy. The spherical shape of the NPs was confirmed by SEM
and TEM, which also confirmed the formation of La,Hf,O,:Pr**
nanodomains. The photoluminescence data reveal the presence
of green and red emissions due to the *P, — *H, and 'D, — *H,
transitions. However, the emission from the 'D, states was
found to be more intense than those from the °P, states. This
phenomenon has a huge implication in the design of novel
phosphors for possible applications in solid-state lighting. The
colorimetric performance of the La,Hf,0,:0.1mol%Pr** NPs
confirmed the red-yellow emission from the P, level due to
the Pr** ions localized at the Hf'" sites. On the other hand,
emission from the 'D, states arises from the Pr** localized at the
La®" sites. In addition, the La,Hf,0,:0.1mol%Pr’* NPs were
found to possess the strongest emission intensity with a quan-
tum yield of 20.54 + 0.1%. However, beyond the 0.1%Pr**
doping level, the emission intensity and QY of the La,Hf,0;:
x%Pr’* NPs were found to decrease, which is attributed to
concentration quenching. Lifetime spectroscopy confirmed that
the fast decay in the range of 170-310 s arises because some
Pr’* ions occupy the Hf'" sites whereas the slow decay in the
range of 570-960 us can be attributed to Pr*" ions occupying
the La®" sites. X-ray induced optical luminescence displayed the
intense green and red emissions arising from the *P, and 'D,
states of the Pr’* ions. The effect of changing the X-ray power on
the radioluminescence was also explored and we could see the
intensity was monotonically increased as a function of the X-ray
power. All together, we have developed and investigated a series
of La,Hf,0,:xmol%Pr’* NPs in this work with exciting results not
only for luminescence applications but also opening a new
gateway for doped pyrochlores NPs in scintillator applications.
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