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Abstract

Unveiling the underlying mechanisms of properties of functional materials, including
the luminescence differences among similar pyrochlores A,B,0,, opens new gate-
ways to select proper hosts for various optoelectronic applications by scientists and
engineers. For example, although La,Zr,0, (LZO) and La,Hf,0, (LHO) pyrochlores
have similar chemical compositional and crystallographic structural features, they
demonstrate different luminescence properties both before and after doped with Eu®*
ions. Based on our earlier work, LHO-based nanophosphors display higher photo-
and radioluminescence intensity, higher quantum efficiency, and longer excited
state lifetime compared to LZO-based nanophosphors. Moreover, under electronic
0> - Zr*/Hf*" transition excitation at 306 nm, undoped LHO nanoparticles (NPs)
have only violet blue emission, whereas LZO NPs show violet blue and red emis-
sions. In this study, we have combined experimental and density functional theory
(DFT) based theoretical calculation to explain the observed results. First, we calcu-
lated the density of state (DOS) based on DFT and studied the energetics of ionized
oxygen vacancies in the band gaps of LZO and LHO theoretically, which explain
their underlying luminescence difference. For Eu3+-doped NPs, we performed emis-
sion intensity and lifetime calculations and found that the LHOE NPs have higher
host to dopant energy transfer efficiency than the LZOE NPs (59.3% vs 24.6%),
which accounts for the optical performance superiority of the former over the latter.
Moreover, by corroborating our experimental data with the DFT calculations, we
suggest that the Eu’* doping states in LHO present at exact energy position (both in
majority and minority spin components) where oxygen defect states are located un-
like those in LZO. Lastly, both the NPs show negligible photobleaching highlighting
their potential for bioimaging applications. This current report provides a deeper un-
derstanding of the advantages of LHO over LZO as an advanced host for phosphors,
scintillators, and fluoroimmunoassays.
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INTRODUCTION

In the past decades, materials with A,B,0, composition (A is
trivalent and B is tetravalent ion) have been explored exten-
sively due to their various unique characteristics such as low
thermal conductivity, high radiation stability, high dielectric
constant, suitable band gap, high refractive index, along with
ease of synthesis, high mechanical strength, and high thermal
stability, etc. These properties make them suitable for scien-
tific and technological applications such as thermal barrier
coatings,1 magnetic materials,2’3 electrocatalysis,‘t’5 sensors,6
optical materials,” solid-oxide fuel cells,® high level nuclear
waste hosts,9 etc. Moreover, recently relevant nanostructured
pyrochlore materials have gained significant attention com-
pared with their bulk counterparts in the areas of photolumi-
nescence,lo"13 scintillation,“_13 and magnetism.14

In this context, La,Zr,0,; and La,Hf,0, have been two
standout pyrochlores for their suitability in various kinds of
technological applications such as luminescence, scintillator,
ferroelectric material, nuclear waste host, catalyst, and elec-
trode material in fuel cells, etc.”!!=1315-20 They are thermally
stable, can accommodate dopant ions at both A and B sites,
and have high radiation stability, etc. Hence, they are pre-
dominately used as hosts in the production of doped inorganic
phosphors.1 1:21-25 Moreover, lanthanum-based pyrochlores
are known to exhibit excellent thermal stability, high thermal
shock resistance, and fracture toughness compared to ytrria-
stabilized zirconia (YSZ).26 For example, Hansel et al have
explored the variation in luminescence lifetime of Eu®* jons
in La,Zr,0; and La,Hf,0; hosts as a function of temperature
for possible applications in non-contact thermometry.*’

However, the literature pertaining to photoluminescence
study in undoped La,B,0, (B = Zr and Hf) and their com-
parison is completely missing, though there have been re-
ports for Nd,Zr,0,, Gd,Zr,0, Y,Zr,0,, and EuZZr207.28'3O
Eagleman et al observed blue emission in bulk La,Hf,0,
powder induced by oxygen vacancies but could not assign the
exact types of oxygen vacancies involved.! Zhang et al did
not observe any appreciable emission from their La,Zr,0,
nanocrystals, but after sensitizing with a Pb>" ions, they
observed weak emission which was attributed to the transi-
tion between valence band and oxygen vacancies (mid-gap
level).** Moreover, the exact structure of oxygen vacancies
involved in such luminescence phenomenon (neutral, singly
ionized, or doubly ionized) needs to be identified for explic-
itly proposing exact mechanisms. In that context, density
functional theory (DFT) studies stand out in deciphering the
suitable model and mechanism involved in defect induced
emission as reported for perovskite, pyrochlore, and spinel,
etc 28:29.32.33

Most optical and structural investigations of A,B,0; py-
rochlores have been focused on the effect of substitutions in
the A*" jons, especially in cases where the substitution is not

charge compensated. Much less attention has been paid to the
impact by B** site substitution, which could have significant
effects on the structure of pyrochlore hosts that consequently
affect the spectral properties. Recent studies on zirconate
based phosphors show that, Zr*" exists in d° configuration
play a very decisive role in ligand to metal charge transfer
(LMCT).* There are only a few independent reports on the
luminescence studies of Lax2X207:Eu3Jr (X =Zr and Hf), but
comparative studies for the observed differences are missing,
not to mention the understanding of the underlying mecha-
nisms both experimentally and theoretically, including the
energetics of ionized oxygen vacancies, the host to dopant
energy transfer, and non-radiative channels.!-1%22.23

Doping host materials is an efficient way to synthesize
tunable luminescent phosphors. Moreover, doping can shift
the light emission from undoped La,B,0; (B = Zr and Hf)
NPs to other regions. Trivalent europium ion has been the
most extensively used spectroscopic probe, and it can easily
sense any change in the structure and optical properties of
host materials, so we chose it for this work.*> More specif-
ically, to compare the optical properties of doped La,B,0,
(B = Zr and Hf) NPs, we have doped Eu’" ions into these
two hosts to take advantages of the degenerated 5DO and 7F0
states, presence of pure magnetic dipole and hypersensitive
electric dipole transitions, and very bright and narrow red
band due to the °D, — 'F, transition.

The photophysical properties of luminescent Eu’* jons are
strongly governed by the local environment, which depends
on the crystal field surrounding the emitting ion. In our ear-
lier work, we focused on separate exploration of the effect of
Eu’* doping concentration, effect of molten salt processing
time, effect annealing temperature, effect of co-precipitating
pH on the emission output, quantum efficiency, radiolumi-
nescence output and excited state lifetime of La,Zr,0; and
La,Hf,0, N Ps.! 112339 Molten salt synthesis has several ad-
vantages for an unique materials synthesis method, such as
low formation temperature, environment benignness, simple
to operate in normal research laboratory, easy to scale up,
and cost efficient.** From these studies, we found that the
La,Hf,0,-based NPs display better luminescence and scintil-
lation performance compared to the La,Zr,0, NPs, but could
not understand the underlying reasons for their luminescence
differences.

In this work, we have undertaken detailed comparative
analysis towards understanding the energetics of defect elec-
tronic states, position of 0 —Eu*t charge transfer state,
photon emission, asymmetry ratio, excited state lifetime,
and dynamics of host-dopant energy transfer in La,Zr,0O,
and La,Hf,0,. Localized displacements of atoms induced by
dopants, especially, the highly localized nature of the struc-
tural distortions caused by ionic charge and size mismatch
between Eu** dopant and La**/zeH et ions, would be
supported by theoretical simulations.”®*! Therefore, we have
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taken a great effort using DFT calculations for both undoped
and Eu*" doped La,Zr,0; and La,Hf,0, NPs in this work to
support our experimental results. This work provides a fun-
damental understanding of the luminescence differences on
the molecular level of the La,B,0, (B = Zr or Hf) NPs. Both
experimental and DFT calculation results have confirmed
that the LHOE NPs display better optical performance than
the LZOE NPs in terms of quantum efficiency, excited state
lifetime, and radioluminescence output which are attributed
to better host to dopant energy transfer efficiency in the
LHOE NPs. The high optical transparency offered by sin-
gle crystals has huge advantages particularly for detection of
ionizing radiations. Compared to nanoparticles (NPs), their
synthesis is highly cost intensive and requires ultra-pure
chemicals, highly sophisticated instrumentation, and long
processing time (as long as 6 months).*> Lastly, both the
LZOE and LHOE NPs have shown minimal luminescence
photobleaching under prolonged exposure to 532 nm laser
for 10 minutes. Their superior photostabilities underscore the
bioimaging feasibility of the LZOE and LHOE NPs for flu-
orescence-based assays. The obtained information is highly
beneficial in selecting better host for designing highly effi-
cient pyrochlore based RE based phosphors for red emitting
luminescence, scintillator, and fluoroimmunoassays.

2 | EXPERIMENTAL

In this study, both undoped and 5% Eu3+—d0ped La,Zr,0; and
La,Hf,0, NPs were synthesized using a combined coprecipi-
tation and molten salts synthesis technique (Figure S1) as
reported in our earlier work.'*?? The undoped La,Zr,05 and
La,Hf,0, NPs are designated as LZO and LHO whereas the
Eu’* doped samples are designated as LZOE and LHOE.
The details on the synthesis, characterization, and theoreti-
cal methodology adopted for the LZO and LHO NPs are
described as Figures S1-S3, respectively. Furthermore, the
sample preparation details for fluorescence microscopy are
given in Figure S4.

3 | RESULTS AND DISCUSSION
3.1 | Phase, structure, and morphology of
the NPs

XRD patterns of the LZO, LHO, LZOE, and LHOE NPs
(Figure 1A) confirmed that all samples are single phase and
highly crystalline. No other impurity phase such as La,Os,
ZrO,, or HfO, is detected. Also, there is no visible change
in the XRD pattern after Eu®* doping of both LZO and LHO
NPs.

Pyrochlore is a superstructure of a fluorite-like array of
atoms. Superlattice diffraction of the (331) and (511) peaks
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FIGURE 1 (A)Powder XRD patterns and (B) Raman spectra of
the undoped and Eu-doped La,Zr,0; and La,Hf,0, NPs [Color figure
can be viewed at wileyonlinelibrary.com]

are the characteristic ones of the pyrochlore structure to be
distinguished from the fluorite structure.*> Due to proximity
in structure and low power of common lab diffractometer, it is
difficult to distinguish the fluorite and pyrochlore structures
using XRD. Therefore, the diffraction patterns from our NPs
are indexed based on the fluorite structure with Fm-3m space
group (JCPDS-78-1292 for La,Hf,0,'* and JCPDS-17-0450
for LaZZr20722). The structure of La,Hf,0,; with 8-coordi-
nated lanthanum scalenohedra and 6-coordinated Hf/Zr octa-
hedra is shown in Figure S2.

The calculated lattice parameter remained the same for
LHO and LHOE but indicated a slight reduction from LZO
to LZOE (Table 1). It is possible that a fraction of larger
sized Eu®* jons residing at smaller Hf*" site in case of the

LHOE NPs is less than that residing at Zr*" site in case of the
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TABLE 1
Bragg's equation and the Debye-Scherrer equation for undoped and
Eu-doped LZO and LHO NPs

Calculated lattice parameter and crystallite size by the

Lattice
parameters
FWHM () (A)

Crystallite

Samples 20 (°) size (nm)
LZO 28.50
LZOE 28.59
LHO 28.74

LHOE 28.72

0.456 10.84 17.4
0.359 10.80 14.1
0.302 10.75 26.3
0.382 10.75 20.7

LZOE NPs. The calculated crystalline size is reduced upon
Eu’* doping in the LZO and LHO NPs. This is attributed
to lattice distortion caused by radius difference between the
dopant and the replaced ions in case of Eu’* occupying Hf**/
Zr**. The distortion is caused by lattice strain which invokes
the need of charge compensating defect with the formation of
oxygen vacancies due to the size and charge mismatch.

Disordered fluorite phase exists in Fm3m space group
wherein all the cationic ions (A*" and B*") are randomly dis-
tributed allowing for one active Raman mode. On the other
hand, ordered pyrochlore phase exists in Fd3m space group.
There are two cationic sites, three anionic sites as 48f (O,),
8a (Oy), and 8b (0O,), and 1/8th of absent oxygen ions (O,)
at 8b site, so the pyrochlore structure has six active Raman
modes. Therefore, Raman spectroscopy is used to determine
the local structure of the synthesized NPs because of its high
sensitivity to the different M-O vibrational modes (Figure
1B). Raman spectra from our NPs displayed six distinct
peaks at 307, 322, 395, 493, 511, and 595 cm™! correspond-
ing to A,,, E,, and 4F,, modes which are typical of ordered
pyrochlore structure.*® Specifically, the Raman vibrations at
lower frequencies around 307, 322, 395 cm™! due to Fzg, Eg,
and F,, modes arise from vibrations of the La-O and Zr-O/
Hf-O bonds whereas the higher frequencies of F,, modes
arise from stretching of the Zr—O/Hf-O bonds. The Raman
mode at 750 cm™" in both hosts is attributed to ZrOg and HfOg
distortions. This peak intensifies in the LZOE and LHOE
NPs compared to the LZO and LHO NPs. Such changes are
ascribed to increasing distortion as a result of the fraction of
Eu’* jon occupying ZrOq and HfOg4. The distortion resulted
from lattice strain arises due to size and charge mismatch.
Charge mismatch invokes the need for charge compensating
defects which is oxygen vacancy when Eu*t jons occupy
HfY/Zr* sites.

SEM images of the LZO and LHO NPs (Figure S4) show
similar morphological characteristics: either spheroidal or
spherical, highly uniform particles and certain degree of
agglomeration. The average particle size of the LZO NPs is
about 30-35 nm, obtained from the SEM images by averag-
ing 50 particles, and it is smaller than the LHO NPs whose
size is about 45-50 nm.
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FIGURE 2 PL (A) excitation (4, = 400 nm) and (B) emission

spectra (4, = 306 nm) of the LZO and LHO NPs [Color figure can be
viewed at wileyonlinelibrary.com]

To verify the presence of Eu in the LHOE and LZOE NPs,
they were analyzed by energy-dispersive X-ray spectroscopy
(EDS). The estimated composition of the NPs is presented in
Table S1.The EDS spectra (Figure S3) clearly revealed that
the peaks correspond to O, Zr/Hf, La, and Eu from the LHOE
and LZOE NPs.”

3.2 | Probing observed PL differences of
LZO and LHO NPs by DFT calculations

Under emission wavelength of 400 nm, excitation spectra
of the LZO and LHO NPs displayed a very broad and in-
tense band at ~306 and 286 nm, respectively (Figure 2A),
which are attributed to intrinsic electronic transition within
the ZrOg/HfOg polyhedra. The slight red shift of the exci-
tation band from the LZO NPs compared to the LHO NPs
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is attributed to the higher electronegativity of Zr** ions
compared to Hf* ions, which makes the electronic transi-
tion in the case of 0>~ —Zr*" easier than that of 0" —>Hf**.
Emission spectrum of the LZO NPs under 306 nm excita-
tion (Figure 2B) displayed a dual band feature at violet-
blue and red regions around 400 and 700 nm, respectively.
The emission around 400 nm (violet-blue) cannot be due
to exciton emission due to large band gap of La,Zr,0,.
However, it is in close resemblance with the oxygen va-
cancies related emission in Zr0247 and is attributed to
the 2T1u - 2Alg transitions of F* center around the octahe-
dral Zr atom. The red emission band around 707 nm band
can be assigned to the transition of electron trapped at the
shallow states to the vacant deep sates arising due to sin-
gly charged paramagnetic oxygen vacancy (Vo*). On the
other hand, the emission spectrum of the LHO NPs under
306 nm excitation displayed only one violet-blue emission
with no signature of red band (Figure 2B).

In order to probe the reasons for the difference in the
emission characteristics observed from the LZO and LHO
NPs, we have calculated their electronic density of states
(DOS) using density functional theory (DFT) based first-
principles calculations. The DFT based calculations were
performed on ideal LZO/LHO lattices and defective lattices
in the presence of neutral (V°,) and charged (V*',, V%)
oxygen defects. Our DFT calculations show localization of
defect states in the electronic band gap region of LZO and
LHO. Figure 3A compares our DFT calculated electronic
DOS of ideal LZO and LHO lattice using generalized gra-
dient approximation (GGA) and hybrid functional (HSE06)
for the exchange-correlation interaction. DOS calculation
results of LZO/LHO with oxygen defects are provided in
Figure S5. Figure 3A clearly shows very similar basic hy-
bridization and electronic structures of ideal LZO and LHO
lattices calculated using GGA and HSEO6. Figure 3B illus-
trates a summary of defect states that arises in our DOS cal-
culations with hybrid functional (HSEO06) in the presence of
V%, V. and V%, defects. Based on the location of the
defect states in the electronic bandgaps of LZO and LHO in
neutral and charged defect states (Figure 3B), defect states
near 3.5 eV are consisted of VOO, Vo', and VO+2 for LZO.
Among them, the VOO states are filled with electrons (shown
by two circles) and the VOJrl state is partially filled (shown
by one circle). The Vo+2 states are vacant. The blue emis-
sion from both LZO and LHO NPs is explained as electronic
transition from defect state localized around 3.5 eV to va-
lence band. On the other hand, the red emission from the
LZO NPs was attributed to electronic transition from defect
state near CB to defect state located 1.5 eV below. In LHO,
there is no such defect state near CB, but defect states are
present almost 0.6 eV away from CB. Transition from those
states to other defect states (which are present almost 1.0 eV
below) gives emission in IR region.

Oxygen vacancies induced emission in blue and green
regions have been observed previously from rare earth zir-
conate Gd,Zr,0- and NdZZr207.28’29 To confirm the origin of
the emission bands from the LZO and LHO NPs, they were
further annealed in oxidizing and reducing atmospheres.

To rule out the formation of any unwanted phase after
annealing in an oxidizing pure oxygen (O), air, and a re-
ducing (8% H, + 92% Ar, R) atmospheres, XRD data were
taken for these annealed LZO and LHO NPs (Figure S6).
The XRD patterns did not reveal the formation of any other
phases, which indicates that they are stabilized as La,Zr,0;
and La,Hf,0; pyrochlore NPs. Compared to that of the as-
synthesized LZO and LHO NPs, the intensity of the emis-
sion bands decreases after annealed in oxygen (LZO-O and
LHO-0O) whereas it increases after annealed in reducing hy-
drogen (LZO-R and LHO-R) atmosphere (Figure 4). Oxygen
molecules presented in the oxidizing atmosphere combine
with the oxygen vacancies presented in the as-synthesized
LZO and LHO NPs during the thermally annealing process,
so the number of oxygen vacancies decrease and the emission
intensity decreases. On the other hand, the increase in emis-
sion intensity after annealed in reducing Ar + H, atmosphere
can be explained by the increase in oxygen vacancies, so the
PL emission intensity increases.

3.3 | Corroborate the different optical
properties of LZOE and LHOE NPs with DFT
calculations

To understand the different optical properties of the LZOE
and LHOE NPs, PL excitation, emission, lifetime and RL
spectroscopic studies were carried out. The excitation spectra
of the LZOE and LHOE NPs monitored at 612 nm, which
corresponds to the 5DO — F, transition of Eu’* jon, consist
of a broadband in the range of 240-300 nm and several fine
narrow peaks in the range of 350-500 nm attributed to intra
f—f transitions of europium ion (Figure 5A).

The broad band is known as charge transfer band (CTB)
and has combined contribution from various electronic tran-
sitions such as O — Eu, O — Hf/O — Zr and Hf — Eu/
Zr — Eu although the dominant one should be the O — Eu
transition.*® The first difference of these two excitation spec-
tra is the CTB position. The CTB of the LZOE NPs is blue
shifted compared with that of the LHOE NPs. This phenom-
enon is attributed to higher electronegativity of Zr than Hf on
the Pauling scale. This electronegativity difference makes the
O — Eu electronic transition in the LZO host more difficult
compared to that in the LHO host. Therefore, CTB of the
LZOE NPs is at higher energy compared to that of the LHOE
NPs.

The emission peaks at 361, 378, 393, 412, and 465 nm
are attributed to intra f—f transitions of europium ion as
"Fy = Dy, "Fy = Ly g, 'Fy = °Lg, 'Fy — °Dj, and "y — °D,,
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NPs before and after annealed in reducing (LZO-R and LHO-R) and

oxidizing atmospheres (LZO-O and LHO-O) [Color figure can be
viewed at wileyonlinelibrary.com]

respectively. Second, the relative intensity of the f—f band to
the CTB of the LZOE NPs is weaker than that of the LZOE
NPs. The f—f transitions are forbidden in nature whereas the
CTB is allowed, which make the CTB transition probability
higher than the former. All current commercial phosphors are
excited by near UV or blue light. Excitation band arising from
the 'F, — °L¢ (~393 nm) and 'F,, » °D, (~465 nm) transitions
are very attractive for color converter applications because
they efficiently overlap with the emission spectra of near-UV
(NUV) and blue light emitting diodes (LEDs), respectively.
Therefore, the LHOE NPs are expected to have better perfor-
mance over the LZOE NPs for lighting applications.
Emission spectra from the LZOE and LHOE NPs under
CTB excitation (Figure 5B) exhibit similar profiles with
typical emission bands of Eu’" transitions from the excited
5DO state to 7FJ (J =0, 1, 2, 3 and 4) ones. Specifically, the
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peaks located at 579, 592, 613, 654, and 710 nm are as-
cribed to the Dy — 'Fy, °Dy — 'F,, °Dy —» 'F,, °Dy — 'Fs,
and 5D0 - 7F4 transitions of europium ion, respectively. There
are three characteristic differences from these two emission
spectra: (a) the LHOE NPs have higher emission intensity
under the same measurement conditions, (b) the asymmetric
ratio (Ispo_,7r2/Ispo—7r1) Of the LHOE NPs (3.68) is higher
than that of the LZOE NPs (3.29), and (c) the intensity of
the two peaks located at 612 and 627 nm from the SDO - 7F2
transition is the same for the LZOE NPs but is different for
the LHOE NPs. Emission spectral features (b) and (c) indi-
cate that the structural environment around europium ion is
more asymmetric for the LHOE NPs compared to the LZOE
NPs. Large asymmetric environment allows large oscillator
strength for f—f transition and therefore more red emission
intensity in case of LHOE compared to LZOE.
Luminescence decay profiles displayed bi-exponential
decay with lifetime values of 7; = 0.836 ps and 7, = 2.146 ms
(¢* = 1.142) for the LZOE NPs (Figure 5C) and 7, = 1.260 ps
and 7, = 2.928 ms (* = 1.127) for the LHOE NPs (Figure
5D). This is attributed to stabilization of Eu’*
types of sites: the highly asymmetric La’** sites (scalenohe-
dra) and the symmetric Hf*"/Z* sites (octahedra). Eu** ions
at both La>* and at Zr**/Hf*" sites decay at different rates
although the fraction of Eu®" jons at La®" sites are more than
that of Eu®* ions at Zr**/Hf*" sites due to the closeness in
size and ionic charge. The longer lifetime is attributed to Eu®*
ions at Zr**/Hf** sites with more symmetric environment,

ions at two

which makes the f—f transition more forbidden. On the other
hand, the shorter lifetime is attributed to Eu’" ions at La*"
sites as f—f transition becomes more allowed in asymmetric
environment and therefore decay in shorter time. Average
lifetime and individual lifetimes of the LHOE NPs are longer
than the LZOE NPs, which is attributed to the larger surface
defect density of the LZOE NPs due to smaller particle size.

The emission spectra of the LZOE and LHOE NPs under
excitation with CTB in extended region of 350-750 nm
(Figure 6A) display typical features of Eu’® ions with
SDO - 7FJ (J = 0-4) transitions with various electric and
magnetic dipole transitions. Interestingly, the extent of host
to Eu** photon energy transfer (ET) is substantially higher
from the LHOE NPs compared to the LZOE NPs evident
from the presence of substantial violet-blue host emission
due to oxygen vacancies. Moreover, the lifetimes of the LHO
NPs (1., = 286 nm and 4., = 400 nm) and the LZO NPs
(Aex = 286 nm and A, = 400 nm) are 9.6 and 6.1 s, respec-
tively. The energy transfer efficiency from the host to activa-
tor Eu’" ions can be calculated by gr= 1—1/tywhere rand 7,
are the lifetimes of the host with and without the doping of
Eu**. The lifetime of LHO host in the LHOE NPs is 3.9 ps
whereas that of LZO host in the LZOE NPs is 4.6 ps. This
leads to ET efficiency of 59.3% and 24.6% for the LHOE and
LZOE NPs, respectively (Figure 6B). Because both LZOE
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and LHOE NPs are synthesized by the MSS method with
5.0% Eu*" doping under identical synthesis conditions, we
have also performed DFT calculations as discussed in the
subsequent section.

The RL spectra (Figure 7) of the LZOE and LHOE NPs
are very similar to the PL spectra. The RL spectra also show
the typical emission lines of Eu®* 4f-4f transitions in the red
spectral region. No host-related emission in the violet-blue
region was observed. This is because Eu’* jons are more ef-
fective trapping centers for electrons than oxygen defects. RL
intensity from the LHOE NPs is higher than that from the
LZOE NPs, which could be attributed to lower non-radiative
channels, so lower surface defect density of the LHOE NPs
with larger particle size than that of the LZOE NPs.

Table 2 highlights the various photophysical parameters
for both the LZOE and LHOE NPs. The LHOE NPs have
higher quantum efficiency (QE) than the LZOE NPs (both

internal and absolute, IQE and AQE). This is correlated with
the higher non-radiative transition rates (Ayg) of the LZOE
NPs (251.9 s71) and the LHOE NPs (150.8 s71).
Non-radiative transition probability depends on several
non-radiative decay pathways. One of the probable routes for
the same is multiphonon relaxation (MPR) wherein several
phonons needed for crossing energy difference between 5D0
and 7F2 levels (AJ = %2, hypersensitive transition) of Eu’*
ion. Phonon energy is one of the most important selection cri-
teria for a luminescence host as it dictates the quanta of non-
radiative pathways directly affecting the quantum efficiency
of phosphors. The maximum optical phonon frequency (®,,)
is inversely proportional to square root of mass of A and B

atom according to equation:*
h 2g
E =—w R R
P2 P\ my 4 my (D
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Schematic showing the effect of energy
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where my and my are the atomic mass of La and Zr/Hf,
and g is the interatomic potential. The fact that atomic mass
of Hf (178.49) is much larger than that of Zr (91.22) reducing
the optical phonon frequency of LHO compared to LZO. The
low phonon energy of LHO (745 cm™h) compared to LZO
(785 cm™") is responsible for low Ay value and higher quan-
tum efficiency of LHOE over LZOE.*

Higher Judd-Ofelt parameter Q, value of the LHOE
NPs suggests that the environment around Eu®* ions in the
LHO lattice is more polarizable and highly covalent com-
pared with that in the LZO lattice. Due to the more polariz-
able nature of the Eu—O bond in the LHOE NPs, there is more
distortion in electronic environment around the Eu®" ions at
the La’" sites of the LHOE NPs compared with that of the
LZOE NPs. Higher red emission from the LHOE NPs than
that from the LZOE NPs is attributed to the more asymmetry
environment around Eu’* ions in the LHO host, which re-
laxes the Laporte's forbidden f—f transitions, thereby increas-
ing its oscillator strength.

To further understand the differences of the mea-
sured optical properties from the LZOE and LHOE NPs,
DFT GGA was used to calculate DOS of LHO and LZO
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FIGURE 7 Radioluminescence spectra of the LZOE and LHOE
NPs [Color figure can be viewed at wileyonlinelibrary.com]

with Eu®" jons doping at La®* sites for no defect, +1 ox-
ygen vacancy (V3') and + 2 oxygen vacancy (V}?) situa-
tions for comparison (Figure 8). The distinctive features
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TABLE 2 Various photophysical parameters of the LZOE and LHOE NPs
Q, (1072 Q, 10
Samples Ag 7Y Anr 571 IQE (%) cm’) cm’) B B, B4 AQE (%)
LZOE 272 252 54.1 1.98 1.51 18 % 62 % 17 % 10.01
LHOE 269 150 74.9 2.05 1.06 19 % 64 % 15 % 19.29

between Eu** doped in LHO and LZO are as follow: (a)
Eu d-states are bonded more strongly in LHO compared
to LZO for the no defect situation due to the presence of
higher amount of bonding and anti-bonding states in VB
and CB, respectively, in LHO than that of LZO. Eu-f states
are distributed almost throughout the VB of LHO, which is
in contrast to LZO where f-states are only distributed over
the top edge region of VB maxima. Eu-f states are pres-
ent in both VB and CB regions in majority and minority
spin components of LHO. On the contrary, Eu-f states are
localized only over the top edge region of VB maxima in
both majority and minority spin components of LZO, and
no Eu-f state presents in its CB region. This means, less
bonding between host and dopant atom in the LZOE NPs

and hence less efficient energy transfer compared to that
of the LHOE NPs. (b) Under the V3! and V}? situations,
the number of impurity states created due to Eu** doping
is higher in LZOE compared to LHOE. In LZOE, the gen-
erated impurity states due to Eu’* doping are situated near
to the oxygen defect states (in terms of energy range) and
in other energy regions. On the contrary, in LHOE, Eu*
doping states are present at exact energy position (both in
majority and minority spin components) where oxygen de-
fect states are located. As a result, energy transfer process
is more efficient in LHOE compared to LZOE, consistent
with our experimental observations shown in Figures 5 and
7. This is in line with higher experimental energy transfer
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efficiency from the LHOE NPs (59.3 %) compared with the
LZOE NPs (24.6%).

3.4 | Luminescence photobleaching

The characterization of the luminescence photobleaching
properties was performed for a small percentage of non-
specifically surface-bound particles. It is essential not to
excite particles in solution since the luminescence signal
from floating particles results in uneven background. In
total internal reflection fluorescence (TIRF) microscope,
laser light is incident with the critical angle and reflected
off at the interface between glass sample chamber (higher
index of refraction) and buffer (lower index of refraction).
However, it generates an evanescent field whose intensity
decays exponentially so that luminescence particles within
about 200 nanometers are excited while the ones above this
region are not excited. Therefore, it allows us to charac-
terize the luminescence photobleaching properties of only
surface-bound particles.so'51

In fluorescence-based assays use of high-power excitation
beam may lead to high background noise due to autofluores-
cence and non-specific interaction. Such intense power beam
may also cause photobleaching in imaging and sample dam-
age in in-vivo measurements. Regarding the reported explora-
tion of organic molecules and quantam dots (QDs), the former
including lanthanide chelates have issue of photobleaching
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whereas the latter have problems of low solubility and auto-
fluorescence.’? In this study, we also aim at more rigorous
characterization of the possible photobleaching of the LZOE
and LHOE NPs by measuring their luminescence intensities in
real-time.”*! The sample preparation details for photobleach-
ing experiment were mentioned in Figure S4.

Under our buffer condition, both the LHOE and LZOE NPs
tended to form clusters (Figure 9). To rigorously investigate the
luminescence photobleaching, the luminescence intensity of
the nanoparticle samples marked by the yellow boxes (Figure
9) along those from nearby background space were analyzed.
Both the LHOE and LZOE NPs did not show a noticeable de-
gree of photobleaching during the 10 minutes observation time.
Without a reduction in their light emitting efficiency, the LZOE
and LHOE NPs allow continuous excitation and repetitive anal-
ysis. Such stability of exhibiting high luminescence efficiency
without photobleaching from the LZOE and LHOE NPs en-
ables high specific signals, and hence sensitive assays. This is
attributed to the high luminescence of the LZOE and LHOE
NPs happening within the host lattice.™

4 | DISCUSSION

In the surge to explore the performance of pyrochlore LZO
and LHO NPs as photo- and radio-luminescence hosts, vari-
ous experimental data based on time resolved PL and RL were
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FIGURE 9 Real-time measurements of luminescence upon 532 nm laser illumination using a total internal reflection fluorescence (TIRF)

microscope. The figures in the first two columns represent snapshots at # = 0 and # = 10 minutes, respectively. Luminescence intensities of

nonspecifically surface-bound NPs marked by the yellow squares in the first column were investigated as shown in the last column. The magenta

and blue colored plots in the last column represent luminescence signal and background intensities, respectively. TIRF images: 81.9 X 81.9 um

[Color figure can be viewed at wileyonlinelibrary.com]
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presented and the observed results were corroborated with our
theoretical calculations. Based on PL studies, the differences
in the optical properties of undoped LZO and LHO NPs are
attributed to different defect states involved in their respective
emission processes and are explained energetically in Figure
3B. The different positions of oxygen vacancies in their re-
spective band gaps are responsible for emission spectra in dif-
ferent regions of the electromagnetic spectrum. Moreover, it
was found the LHO NPs are better candidate host for Eu**
dopant under UV and X-ray excitations compared to the LZO
NPs. This is attributed to better particle characteristics of the
LHOE NPs in terms of crystallinity, surface defects and ag-
glomeration than those of the LZOE NPs. DFT based calcu-
lations further suggested an efficient host to dopant energy
transfer exists in LHOE compare to LZOE, which makes the
luminescence process more efficient for the former and leads
to enhanced emission output, quantum yield and excited state
lifetime. In general, we have successfully probed the optical
differences of the LZOE and LHOE NPs and found that the
LHOE NPs are a better candidate for highly efficient lumi-
nescent devices and other applications such as red phosphors,
fluoroimmunoassays, white LEDs and X-ray detectors. The
designed NPs also exhibited high resistant to photobleaching
which makes them good candidates for fluoroimmunoassay.
However, further structural details of Eu’" ions in these LZOE
and LHOE NPs should be explored using neutron diffraction
and x-ray absorption spectroscopy to yield more insightful in-
formation in the near future.

S | CONCLUSION

In this study, we have compared the optical properties of both
undoped and Eu3+-doped lanthanum zirconate and lantha-
num hafnate nanoparticles by photoluminescence and radio-
luminescence spectroscopy. Emission spectroscopy with UV
irradiation showed violet-blue emission from the LHO NPs
and both violet-blue and red emissions from the LZO NPs.
In addition, DFT calculations suggested different energet-
ics of ionized oxygen vacancies in the LHO and LZO NPs,
which are responsible for the observed emission differences.
Luminescence spectroscopy of the LaZZr207:Eu3+ (LZOE)
and Lasz207:Eu3Jr (LHOE) NPs showed higher quantum
yield, emission output, radioluminescent intensity and lumi-
nescence lifetime. However, the LHOE NPs were superior
in all aspects compared to the LZOE NPs. This information
can be highly beneficial in the development of newer pyro-
chlore materials for red phosphors, scintillators and fluoro-
immunoassays. The optimum performance of the LHOE NPs
is attributed to its superior particle characteristics such as
lower surface defects, lower optical phonon frequency and
agglomeration etc. Based on DFT calculation, we proposed
that the host to dopant energy transfer is more efficient for

the LHOE NPs compared to the LZOE NPs, which is another
factor responsible for the enhanced photoluminescence and
radioluminescence efficiency of the LHOE NPs. Moreover,
both the LZOE and LHOE NPs shows high photostability
and can be highly beneficial in fluoroimmunoassays.
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