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ARTICLE INFO ABSTRACT

Keywords: A,B,0, type pyrochlores have been recently proposed as a potential nuclear waste host due to their many
Uranium interesting properties. To assess and understand the performance of these compounds as nuclear waste hosts, the
Pyrochlore speciation and structural investigations on actinide-doped RE,Hf,0; are needed since both are imperative from
Phasg—transition their application perspective. In this work, we investigated the effect of uranium doping at different con-
E‘;ET:::HCE centrations in the range of 0-10% on the structural and optical properties of RE,Hf,0,:U (RE =Y, Gd, Nd, and

Lu) nanoparticles (NPs). The Y,Hf>O, NPs exist in slightly disordered pyrochlore structure and the extent of
disordering increases as a function of uranium doping while the structure reaches a cotunnite phase at 10.0%
doping level. The Nd,Hf,0, NPs also exist in a distorted pyrochlore structure and their distortion increases with
increasing uranium doping inducing a phase transition into a disordered fluorite structure at 10.0% uranium
doping. Both Gd,Hf»0, and Lu,Hf>0, NPs exist in a disordered fluorite structure and transforms into cotunnite
structure at higher U concentrations (=5.0%). Photoluminescence spectroscopy showed that uranium ions are
stabilized in +6 oxidation state in all samples: in the form of uranate ion UOg®~ in the Y,Hf,0,, Nd,Hf,0, and
Lu,Hf,0, NPs while in the form of uranyl ion UO,%* in the Gd,Hf,O, NPs. Therefore, this work deepens the
understanding of the behavior of uranium ions doped in different RE;Hf,0; host matrices in the perspective of

their application as nuclear waste hosts.

1. Introduction

Photophysical properties of actinides are highly enriching and in-
teresting. This is mainly attributed to different properties of 5f electrons
compared to 4f electrons. Actinide ions have large spin orbit coupling
compared to lanthanides, and therefore relatively closed by J levels
which can lead to high probability of non-radiative transition.
Moreover, 5f orbitals have more spatial extension than 4f and hence
they are much more sensitive to crystal/ligand field, symmetry, and
coupling to external modes. This results in broader emission and shorter
lifetime. The photophysical properties of uranium is not only important
from the fundamental understanding point of view, but it can also give
deeper insight into immobilization of nuclear waste and more so in
pyrochlore ceramic matrix with an A,B,0; formula as a host.

As a special set of A,B,0, compounds, rare earth hafnate RE,Hf,0,
pyrochlores have attracted intensive interest in the past decade because
of their interesting properties such as low thermal conductivity, high
dielectric constant, high density, high effective atomic number,

interesting electrical properties, high radiation stability, high phase
stability, and tendency to exhibit order-disorder phase transition, etc.
[1-4] These properties make them ideal candidates for applications in
thermal barrier coatings [5], high k-dielectrics [6], scintillators [7],
positron emission tomography [8], nuclear waste hosts [2], lumines-
cence hosts [9], and solid oxide fuel cells [10]. It is reported that pyr-
ochlores with A,B,O; composition are highly promising for im-
mobilizing various high-level wastes containing fissile elements (**°Pu
and 23%U) [11]. To check the feasibility of rare earth hafnate RE,Hf,0,
pyrochlores as ceramic hosts for incorporation of long-lived actinides, it
is very essential to carry out speciation and structural studies on them,
as it can have very strong influence on their behavior in the repository
environment. In this context, carrying out speciation (e.g. oxidation
state and coordination geometry) studies of uranium ion doped in
RE,Hf,0; serves as a prerequisite for their capability for nuclear waste
immobilization.

Uranium doped materials are also in high demand for other appli-
cations such as for space [12], laser [13], photocatalysis [14], nuclear
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Scheme 1. Representative sketch for the synthesis of the RE;Hf>0,:U NPs by molten salt synthesis.

fuel [15], and lithium ion batteries [16]. Uranium has highly enriching
chemistry in doped inorganic compounds. It is known to display wide
range of oxidation states ranging from + 3 to +6, however +3 and + 5
oxidation states are more likely to be stabilized in single crystals. In
powdered compounds, its +4 and + 6 oxidation states are the most
prevalent states. Interestingly, the + 6-oxidation state can exist either in
the form of uranate ion UOg®~ or uranyl ion UO,>* depending upon
the host structure. The structure that favors metal single bond oxygen
stabilizes uranium ion in the uranate form, whereas the structure that
favors the formation of metal-oxygen double bond leads to the stabi-
lization of the uranyl ion.

Photoluminescence is one of the most sensitive techniques for the
speciation studies of uranium ions in doped compounds. This is mainly
because each oxidation state of uranium ions has characteristic lumi-
nescence property and lifetime. Recently, a few research groups, in-
cluding ours, have carried out some studies on uranium-doped zirco-
nate pyrochlores, especially gadolinium zirconate [17-23]. For
example, Kutty et al. studied phase stability as a function of doping
level and oxidation state of uranium in Gd,Zr,0, using XPS [18]. Gregg
and group suggested that uranium cation is largely located in the pyr-
ochlore B-site instead of the targeted A-site in Gd,Zr,0,:U along with
the formation of cation antisite (A- and B-site mixing) disorder [19]. In
addition, Gregg and group, also investigated the oxidation state of ur-
anium in Gd,Zr,0,:U samples after annealed in different environments
[20]. On the other hand, Zhang and group investigated both the local
site of uranium ion and pressure induced phase transition in
GdyZr,0,:U [21]. Finally, Lu et al. investigated the effects of U3Og
content on the phase and microstructure evolution of Gd»Zr,O, pyro-
chlore waste forms [22]. In our previous work, we investigated the
effect of uranium speciation in La,Hf>,0, pyrochlore host and found an
extraordinary reversible phase transition between cotunnite and pyro-
chlore phases at 10% uranium doping level with changing temperature
[24].

Because of their intrinsic small size and large surface area, nano-
particles (NPs) are expected to accommodate large concentration of
actinide ions [24]. Moreover, it is assumed that NPs may exhibit high
radiation stability and ease of forming antisite defects which are very
important from nuclear waste host perspective [25].

The purpose of this work is to explore the potential of rare earth
hafnate pyrochlores as hosts of actinide ions and the effect of change in
the A-site on speciation of uranium ion in RE,Hf,0,:U NPs, and to
understand the uranium photochemistry and structure-optical proper-
ties correlation. In this context, we have synthesized various
RE,Hf,0,:U NPs wherein the A-site ions include Y3+, Nd®*, Gd®** and
Lu®™. Their structural analysis was carried out using X-ray diffraction
(XRD) and Raman spectroscopy. Moreover, time resolved
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photoluminescence was used to decipher information related to oxi-
dation state and coordination polyhedra. The phase stability of uranium
in the RE,Hf,0,:U NPs has been explored as well by doping various
concentrations of uranium ion (1.0, 5.0 and 10.0%). Though the data
reported here are preliminary, we will further characterize their
structure using X-ray absorption spectroscopy and neutron diffraction.

2. Experimental

Four sets of uranium doped RE,Hf>0, (RE: Nd, Lu, Y, Gd) nano-
particles were obtained using the molten salts synthesis (MSS) [26,27].
Precursors for MSS were prepared via a co-precipitation route, where
commercially available neodymium(III) nitrate hexahydrate (Nd
(NO3)36H,0, 99.9%), lutetium(Ill) nitrate hydrate (Lu(NOs3)3xH,0,
99.999%), yttrium(IIl) nitrate hexahydrate (Y(NO3)36H>0, 99.98%),
gadolinium(IIl) nitrate hexahydrate (Gd(NO3)3-6H,0, 99.9%), hafnium
dichloride oxide octahydrate (HfCl,0-8H,0, 98%), and uranyl nitrate
hexahydrate (UO5(NO3)26H,0, 98-102%) were used as reactants with
no further purifications. Stoichiometric amounts of the starting re-
actants were calculated to obtain four different sets of the RE,Hf>0,:U
NPs doped with different concentrations of uranium (1.0, 5.0 and
10.0%). In all prepared samples, ratios were calculated so that uranium
replaces a portion of A site cation of Nd, Lu, Y, or Gd. Measured re-
actants were dissolved in 200 ml of distilled water (18.2 MQ at 25 °C),
and titrated with 200 ml of ammonium hydroxide solution (10%, di-
luted from concentrated NH,OH(aq, 28-30%) for a period of 2h. The
resulting precipitate was then washed several times with distilled
water, vacuum filtrated, and dried at 90 °C overnight to obtain complex
single-source precursors (1-x%)RE(OH)3;x%U(OH);HfO(OH),nH,0.
The obtained precursor was then mixed with sodium nitrate (NaNOs,
98%), and potassium nitrate (KNO3, 99%) in a stoichiometric ratio of
1:30:30, and hand grinded for about 25 min. The resulted fine mixture
was then annealed at 650 ©C for 6 h with a ramp rate of 10°C/min. The
final product was washed with distilled water several times to get rid of
any residual salts and dried at 90 ©C overnight. The prepared samples
are designated as YHO-Ux, NHO-Ux, GHO-Ux and LHO-Ux (x =1, 5
and 10) for the uranium doped Y,Hf,0,, Nd,Hf,0,, Gd,Hf,0,, and
Lu,Hf,0, NPs, respectively. Scheme 1 shows a sketch of the synthesis of
the RE,Hf,0,:U NPs.

The obtained RE,Hf,0,:U NPs were studied using several char-
acterization techniques including XRD, Raman spectroscopy, scanning
electron microscopy (SEM), and photoluminescence (PL) studies. To
insure the phase purity of the RE,Hf;0,:U NPs, XRD was carried out
using a “BRUKER™ D8 X-ray Diffractometer” with a Cu K,; radiation
(A = 0.15406 nm, 40 kV, 40 mA). The scanning mode was set to 26, and
the scanning range was from 10° to 90° with a scanning step size of
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Fig. 1. XRD patterns of the RE,Hf>0,:Ux (x = 0, 1, 5 and 10) NPs: (a) RE = Y, (b) RE = Nd, (c) RE = Gd, and (d) RE = Lu.

0.04° and scanning rate of 1.0° min~*. Raman spectroscopy was used to
study the phase and structure of the RE,Hf,0,:U NPs and the effect of
uranium doping on these properties. Raman spectra were collected with
a Renishaw-2000 Raman spectrometer (Renishaw-2000, Renishaw,
Inc.) with Ar laser (514 nm and 5 Mw). The microstructure and mor-
phology of these NPs were studied using a Carl Zeiss sigma VP scanning
electron microscopy (SEM) equipped with a field emission gun operated
at 5kV. To study the optical properties and assess the effect of doping
on the optical properties, PL emission and excitation spectra were ob-
tained with an Edinburgh Instrument FLS 980 fluorometer system
equipped with a steady xenon lamp source.

3. Results and discussion
3.1. X-ray diffraction

Fig. 1a—d shows the XRD patterns of the RE,Hf;0,:U NPs. All the
samples display diffraction peaks of (222), (400), (440), (622), (444),
(800), (662) and (840). However, this pattern is relatively close to that
of the fluorite structure with peaks of (111), (200), (220), (311), (222),
(400), (331) and (420). Those reflection peaks are contributed by both
pyrochlore and fluorite structures. The weaker superlattice reflection
peaks (111), (113) and (331) of ideal pyrochlore structure are not seen
in the XRD patterns. It is well-known that A,B,0, pyrochlore oxide can
stabilize in two different structures, ordered pyrochlore type with Fd3m
space group, and disordered fluorite type with Fm3m space group. The
sharp diffraction peaks for all the samples suggested the well-developed

RE,Hf>0;, crystals. There is no diffraction pattern corresponding to
oxides of rare earth ions, Hf or uranium, confirming the high purity of
the synthesized NPs. From those patterns, it can also be seen that there
is no change in the XRD on uranium doping, which indicates that ur-
anium doping has not distorted the basic pyrochlore network. More-
over, the XRD patterns of YHO, NHO, GHO and LHO matches closely
with the reported pattern of Y,Hf,0, [8], Nd,Hf,0, [5], GdHf,0; [5]
and Lu,Hf>0, [28]. Table 1 shows the lattice parameters and crystallite
size of various RE;HF,0, NPs. It can be seen from this table that MSS
can produce sub-10 nm particles for YHO, GHO and LHO. On the other
hand, NHO NPs are on slightly higher side. Sub 10-nm particles are
highly advantageous for biomedical applications where the material
needs to travel in blood vessels and penetrate into cells [29].

3.2. Raman spectroscopy

XRD is often not able to distinguish the pyrochlore and fluorite
structures because they only differ by an oxygen vacancy at 8b site. To
confirm the structure of the RE,Hf,0,:U NPs, vibrational analysis
techniques are used. Especially, Raman spectroscopy is sensitive to the
vibrational frequencies of the M—O bonds. Fig. 2a-d shows the Raman
spectra of various undoped and U doped RE,Hf,0, (RE = Y, Nd, Gd and
Lu) NPs. It is reported that ordered pyrochlore displays six distinct vi-
brational modes A;; + E; + 4F,; related to various metal-oxygen vi-
brations [7]. The first few modes at lower frequencies: Fog, Eg, and Fag
modes, arise from vibrations of the A-O and B—O bonds, whereas the
higher frequencies of Fy, arise from stretching of the B—O bonds. On the
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Table 1
Lattice parameter and crystallite size of the RE,Hf>0,:U NPs (RE =Y, Nd, Gd
and Lu).

Y,Hf,0,:x%U
Samples 20 (o) FWHM () Lattice parameter (g) Crystallite size (nm)
YHO 29.83 0.81 10.37 9.81 + 0.261
YHO-U1 29.87 0.93 10.35 8.54 *+ 0.279
YHO-US 29.87 1.05 10.35 7.57 = 0.297
YHO-10 29.87 0.97 10.35 8.19 + 0.286
Nd,Hf,0,:x%U
NHO 29.26 0.72 10.56 11.03 = 0.204
NHO-U1 29.25 0.70 10.57 11.35 = 0.201
NHO-U5 29.16 0.62 10.60 12.81 = 0.189
NHO-10 29.21 0.69 10.58 11.51 = 0.199
Gd,Hf,0,:x%U
GHO 29.58 1.08 10.45 7.36 = 0.277
GHO-U1 29.55 0.98 10.46 8.11 = 0.264
GHO-U5 29.57 0.96 10.46 8.28 + 0.261
GHO-10 29.54 0.84 10.47 9.46 = 0.244
Lu,Hf5,05:x%U
LHO 30.20 0.97 10.24 8.19 = 0.198
LHO-U1 30.19 0.97 10.25 8.19 + 0.198
LHO-U5 30.18 1.05 10.25 7.57 = 0.206
LHO-10 3017 1.14 10.25 6.81 + 0.217
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other hand, disordered fluoride has just one broad band (F,g) due to
random distribution of 7 oxygen ions at 8-B-sites. The phase transition
is highly sensitive to chemical doping, high temperature, irradiation
and high pressure [30].

In addition to the fully ordered pyrochlore and completely dis-
ordered defect-fluorite, there is also increasing evidence for partial
order/disorder structure of A,B,0, compounds [31]. Any disorder, such
as vacancies, interstitials, and structural defects, may destroy the
translational periodicity of the lattice. This leads to phonons from all
parts of the Brillouin zone to start contributing to the optical spectra,
thereby giving rise to broadened, continuously spread, and weak-in-
tensity bands [32]. Other than pyrochlore and fluorite phases, A;B,0,
type compounds can also exist in another disordered phase known as
cotunnite under high pressure [33].

Undoped YHO has Raman peaks around 323, 384, 464 and
554 cm ™! submerged over a very broad peak. Moreover, all these peaks
are highly broad in nature, which suggested the absence of character-
istics pyrochlore sextet. Therefore, YHO does not exist in ideal pyro-
chlore (IP) nor pure disordered fluorite (DF) structure, but in what can
be called a delta pyrochlore structure (DPS). DPS is less ordering than IP
but more than DF. The same structure persists until 1.0% uranium
doping, but at higher doping YHO—U stabilizes in highly disordered
cotunnite phase. The broad mode between 700 and 800 cm™* is not a
fundamental Raman mode in pyrochlore-structured oxides, and is be-
lieved to be due to distortions to the BOg octahedra [34]. Based on the
Raman spectra, the YHO NPs have delta pyrochlore structure, the
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Fig. 2. Raman spectra of the RE;Hf»,0,:U NPs: (a) RE = Y, (b) RE = Nd, (c¢) RE = Gd, and (d) RE = Lu.
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YHO—-U1 NPs have disordered fluorite structure, while the YHO—U5
and YHO—U10 NPs have cotunnite structure.

On the other hand, the NHO NPs have more resolved peaks in the
200-600 cm ! region, specifically around 221, 254, 367, 454, 521 and
575cm ™~ '. The peak at 221 cm™! is a signature of HfOg distortion
whereas that at 521 cm ™! is attributed to A14/Faq. Although there are
few vibrational modes corresponding to ideal pyrochlore, they are more
like intermediate DPS. The extent of disordering seems to increase as a
function of uranium doping and at higher uranium doping of 5.0 mol%
and 10.0 mol% the structure seems to consist of single broad peak. It
looks more like a disordered fluorite at 10.0% uranium doping.

When we switch over to GHO, there is a single broad peak which is
clear signature of disordered fluorite structure and it remains the same
with 1.0% uranium doping while, at 5.0% and 10.0% uranium doping
there is a phase transition from disordered fluorite (Fm-3m) to or-
thorhombic cotunnite phase (Pnma). Normally, it is reported that
fluorite-structured oxides typically transform to cotunnite at high
pressure [35].

Lutetium hafnium oxide also display very interesting structural
behavior. For the LHO and LHO-U1 samples, Raman spectra consist of a
single broad Raman band typical of defect fluorite structure. At inter-
mediate composition, some ordering is induced and there is evolution
of ideal pyrochlore structure but again it is transformed to disordered
cotunnite at 10% doping.

To sum, Y,Hf>0, was found to exist in slightly disordered pyro-
chlore structure designated as delta pyrochlore phase and the extent of
disordering increases as a function of uranium doping while the
structure reaches a cotunnite phase at 10.0% doping level. Nd,Hf>0,
also exists in a distorted pyrochlore structure and its distortion in-
creases with increasing uranium doping while the phase transforms into
a disordered fluorite structure at 10.0% uranium doping. Both
Gd,Hf>0;, and Lu,Hf,0, samples exist in a disordered fluorite structure
and transforms into cotunnite structure at high U concentrations. It is
seen from the Raman spectroscopy that higher uranium concentration
increases the extent of disordering. This is obvious due to increase in
disordering induced by charge and size matching as uranium ions enter
the A,B>07 lattice. Uranium ions occupying the A and B sites need to be
compensated by large amount of cation vacancies. As reported in our
early work based on positron annihilation lifetime spectroscopy, U
doping in pyrochlore network creates large amount of cation vacancies
[23]. Such defects near the A,B,0; lattice sites create distortion of the
basic pyrohafnate network.

3.3. Morphological study

Representative SEM images of the RE,Hf,0,:U1 NPs (RE =Y, Nd,
Gd and Lu) (Fig. 3) show that these NPs are spherical, highly mono-
dispersed and uniform in nature with average sizes in the range of
25-45 nm. The particle sizes estimated from SEM images are larger than
the crystallite sizes calculated from XRD data, which indicates that each
particle is composed of a few crystallite grains.

3.4. Photoluminescence spectroscopy

Fig. 4a shows the excitation spectra of the YHO-Ux NPs. The
YHO—U1 NPs display a broadband peaking around 270 nm. This is
ascribed to ligand to metal charge transfer that involves electronic
transition from filled O 2p orbital to partially filled U 5f orbital. In this
case, it is assigned to charge transfer transitions within the octahedral
UOg®~ group [36]. Interestingly this particular band exhibits red shift
to 290 nm at higher uranium doping (5 and 10%). This can be explained
by lattice strain induced in the YHO NPs at higher uranium doping
levels which may reduce the band gap. Similar observation was also
made in Sb®* doped glasses by Xu et al. [37] On the other hand,
emission spectra of the YHO—U1 NPs (Fig. 4b) shows a broadband
green luminescence at around 540 nm. This is attributed to uranium in
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+6 oxidation state in the form of octahedral uranate ion UOg®~. The
coordination number of hexavalent uranium in oxides seems to be an
important factor that determines the luminescence properties of ur-
anium-activated oxides. Blasse and gorup, has ascribed red uranium
emission to tetrahedral uranate, and green emission to octahedral ur-
anate [38]. Runciman and his group, way back in 1955, have ascribed
for the first time green uranium luminescence to the presence of UOg®~
groups [39]. This is similar to what has been reported earlier in SrZrOs,
and Nd,Zr,0; [17,40]. The emitting centre in this type of compounds
occupies a site with inversion symmetry. This is attributed to the fact
that YHO favors the stabilization of uranium single bond oxygen
(U—0). The luminescence intensity of YHO—U decreases at higher ur-
anium doping because of conventional concentration quenching pro-
cess. For higher uranium content, concentration quenching of the ur-
anium emission occurs due to radiationless lost by energy transfer
between uranate centers, followed by transfer to killer sites. The
emission band of YHO—U1 shows the obvious asymmetric shapes, in-
dicating the existence of two different luminescent centers [41]. This
can be attributed to distribution of uranate ion at both YOg (ideal cube)
and HfOg¢ (distorted octahedral).

In the structure of YHO, there are two non-equivalent sites as Y>*
and Hf**. Y ions are surrounded by eight oxygen ions in a symmetrical
cube geometry. While the Hf*" ions, on the other hand, are surrounded
by six oxygen atoms in the form of distorted octahedral geometry. The
Hf site is more distorted than that of Y. In addition, the bond-length of
Hf—O is shorter than that of Y—O. Thus, in YHO—U1, the high-energy
emission at 490 nm (Up) originates from the uranate ions which occupy
loose crystal circumstance with longer Y—0 bonds (Y site), and the low-
energy emission at 540 nm (Ug site) is ascribed to the uranate ions
occupying compact crystal circumstance with shorter Hf-O bond length
(Hf site). Interestingly, the emission shifts to higher wavelength in or-
ange region (~590 nm) at higher uranium doping. From Raman spec-
troscopy, we have seen that at higher uranium concentrations, structure
of YHO changes from DPS to cotunnite. The cotunnite structure has
relatively higher structural disordering than fluorite. This is what is
reflected in emission spectra at higher uranium doping wherein green
maxima shifts to orange maxima due to structural phase transition from
DPS to cotunnite structure.

In case of the NHO-Ux NPs (Fig. 5a), which exist in DPS phase for
NHO and NHO—U1 and DF for NHO—U5 and NHO—U10, excitation
spectra displayed a broad band around 307 nm that is again ascribed to
intrinsic oxygen to uranium charge transfer band. As a function of ur-
anium concentration, there is not much change in the band position;
though slight variation in intensity of charge transfer band is seen.
Interestingly, the emission spectra shown in Fig. 5b displayed a broad
band in the blue region around 485 nm due to emission from octahedral
uranate ion. As discussed earlier NHO and NHO—U1 has more ordered
structure, though not ideal pyrochlore but more ordered than fluorite
structure. Here, uranate ion stabilizes only at A-site that is NdOg
polyhedra as there is no signature of uranate emission in green/orange
region. However, there are smaller kinks around 635 and 715nm as-
cribed to presence of defects in NHO—U. These are attributed to loca-
lization of U®™ only at Nd** site which leads to creation of charge
compensating defects. Unlike in YHO, where the defect density arises
because charge compensation will be relatively less as U®™ is dis-
tributed at both Y>* and Hf** sites.

In case of Gd,Hf,0,, which has pure disordered fluorite structure for
GHO and GHO-U1 and cotunnite for GHO-U5 and GHO-U10, excitation
spectra (Fig. 6a) displayed similar characteristics featuring charge
transfer transition around 290 nm with different intensities at different
uranium doping. Fig. 6b shows the emission spectra of GHO-U for dif-
ferent doping concentrations. Although, uranium stabilizes as +6 oxi-
dation state in our GHO-U NPs, interestingly, it does it in the form of
uranyl ion (UO,2") instead of octahedral uranate (UOg®~). This is
because uranium ions exist as U=0 with shorter bond length (> 1.8 A).
In both cases, the emission arises due to ligand to metal charge transfer
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Fig. 3. Representative SEM images of (a) YHO—-U1, (b) NHO—U1, (c) GHO-U1 and (d) LHO-U1 NPs. Insets are particle size histograms derived using ImageJ

software.

involving bonding oxygen orbitals (ITu, I1g, Qg, Qu) to nonbonding 5fs
and 5f,, orbitals of uranium. UO,2" has a closed shell singlet ground
state with 12 valence electrons (originating in the oxygen 2p and ur-
anium 5f, 6d and 7s AOs). The resulting bonding combinations are fully
occupied in the ground state, accommodating 12 valence electrons,
while the corresponding anti-bonding combinations are empty.
Lutetium hafnate also displayed very interesting structural beha-
vior. Undoped and LHO-U1 consist of single broad Raman band typical
of defect fluorite structure. At intermediate composition, some ordering
is induced and there is evolution of ideal pyrochlore structure but again
it is transformed to disordered cotunnite at 10% doping. In case of LHO-
U, structurally we have seen there is anomalous trend in Raman spectra.
LHO-U1 was having DF structure whereas LHO-U10 exist in cotunnite
phase. However, intermediate composition of LHO-U5 has structure
more close to pyrochlore phase. In excitation spectra shown in Fig. 7a

(a) ——YHO-U1
—— YHO-U5
—— YHO-U10

PLE intensity (a.u.)

N 1 ' 1 b I N I * 1
240 260 280 300 320 340
Wavelength (nm)

for LHO-U, there is a charge transfer band around 290 nm at 1.0% U
that shifted to 340 nm at higher doping levels similar to what we have
seen in case of YHO—U. Interestingly in emission spectra (Fig. 7b) for
LHO-U1 there is a broad band at around 539 corresponding to octa-
hedral uranate ion. However, there is progressive shift in this band at
higher uranium doping to 565 nm for LHO-U5 and to 589 nm for LHO-
U10. Such spectral shift in emission band is attributed to tunneling of
uranate ion from LuOg to HfOg at higher uranium concentrations.

4. Discussion

The reason for phase transition to more distorted cotunnite struc-
ture on higher uranium doping is attributed to creation of charge
compensating defect as a result of aliovalent doping of hexavalent ur-
anium at trivalent RE or tetravalent hafnium sites. In all probabilities,

(b) Pua=4000 5 590 nm
—— YHO-U1
—— YHO-US
—~  |—YHo-u10
=
s
2
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s
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Fig. 4. (a) Excitation and (b) emission spectra of the YHO-Ux (x = 1, 5 and 10) NPs.
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Fig. 5. (a) Excitation and (b) emission spectra of the NHO-Ux (x = 1, 5 and 10) NPs.

the higher fraction of uranium will occupy REOg polyhedra due to
closeness of 5f uranium ion with 4f rare earth ion. Uranium in-
corporation at RE site will certainly cause severe distortion in the basic
network by creating negatively charged rare earth ion vacancy. Heavier
actinide such as uranium ion has strong affinity towards electron cloud
distortion because of increased polarizability and thus distorted co-
tunnite or fluorite structure. This may be the plausible cause of trans-
formation to cotunnite or fluorite structure. The phase that forms in
each case depends of the degree of distortion caused by uranium
doping. The degree of distortion created in each case is also governed
by f-f electron interaction of uranium and rare earth ion. Y3+ (4% no f
electron), Gd®* (4f7, half-filled stability) and Lu®* (f'4, full-filled sta-
bility) may exhibit similar interaction with uranium ions, unlike Nd**
(4f%, partial filled) which may have a different kind of interaction with
uranium ions. Consistent with the Raman spectra and the observed PL
data, this may be the reason that the YHO—U, GHO-U and LHO-U NPs
are stabilized in cotunnite structure and the NHO—U NPs are stabilized
in fluorite structure at high uranium doping level. Our previous work
on La,Hf>,0,:U NPs, shows very interesting structural transitions: low
uranium doping concentrations favor ideal pyrochlore, intermediate
uranium doping concentrations have mixed pyrochlore and cotunnite
phases, whereas and uranium doping concentrations at 7.5% and
higher possess cotunnite structure as the most stable phase [24]. Fur-
thermore, for the YHO, GHO and LHO NPs, the Raman spectra of the

(@A) ——GHo-U1
——GHO-U5

——GHO-U10

Intensity (a.u.)

%

T L T d
200 220

T v L. L L L
240 260 280 300 320 340 360
Wavelength (nm)

undoped, 1.0% doped, and 10% doped samples all have similar features
for each case. The only difference is the appearance of cotunnite dis-
ordering at different uranium doping levels for these hosts: 5.0% in the
LHO NPs whereas 10% in the YHO and GHO NPs. This may be due to
the presence of paired f-shell electrons for Lu®>* unlike none for Y>* or
Gd>* ions. However, further studies are necessary to prove this phe-
nomenon, e.g. neutron diffraction analysis, in the future.

Uranyl ions are characterized by uranium-oxygen partial triple bond
character whereas octahedral uranate ions are characterized by ur-
anium-oxygen single bond. Crystal lattice which favors the formation of
U—O bond stabilizes uranium ion the form of UO¢®~ ion. In compar-
ison, crystal lattice which offers much closer packed environment and
favors shorter triply bonded uranium-oxygen bond tends to stabilize
uranium in the form of UO,2* ion. In the Gd,Hf,O, NPs, uranium
stabilizes as uranyl ion. This interesting behavior may imply that U=0
is the favorable way that uranium is localized in the Gd,Hf,0, NPs. On
the other three hafnate NPs, the U—O single bond is the energetically
favorable species. In both cases of the uranium ions, the emissions arise
from ligand to metal charge transfer involving bonding oxygen orbital
(ITy, g, Qg, Qu) to non-bonding 5f5 and 5fg orbitals of uranium. The
signature of uranyl ion is vibronic progression with constant spacing.
Such uniformly distributed vibrational progression arises from strong
interaction of the ground state Raman active O=U=0 symmetric
stretching mode with the °I1, electronic triplet excited state (generally

(b)  —GHow1o
—— GHO-U5
3
8
z
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g
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Fig. 6. (a) Excitation and (b) emission spectra of the GHO-Ux (x = 1, 5 and 10) NPs.
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Fig. 7. (a) Excitation and (b) emission spectra of the LHO-Ux (x = 1, 5 and 10) NPs.

observed between 780 and 900 cm ™).

The energy level diagram for uranyl ion has been displayed in Fig. 8.
These valence electrons are accommodated in four MOs, transforming
as g, Ty, Og and o, in the D.., molecular point group, and the cen-
trosymmetric nature of this point group neatly separates the contribu-
tions to these MOs of the uranium 6d (g) and 5f (u) AOs [42]. The
lowest excited states originate from transitions out of the bonding o,
orbital into the nonbonding u or ®u orbitals. When the Coulomb
electrostatic and exchange interactions between the two electrons (in
8u and ®u orbitals, respectively) and the spin—orbit coupling are taken
into account, the low-lying excited states further split into 8 excited
states [43,44]. As seen from the inset of Fig. 6b, the emission spectra
displayed five band peaking around 508, 526, 544, 561 and 587 nm.
For axial [0=U=0]?>" structure, three Raman active vibrational
modes exist symmetric and asymmetric U—O stretching modes (vs; and
Vas) and the O—U—O bending mode (vy,). The fact that 5f orbitals are

non-bonding in nature, the U—O bond length is expected to increase in
excited state [45]. As a result, the vs in excited state should be less than
that in the ground state. As per Franck Condon (FC) principle, only vg
can couple to electric dipole transitions (EDT) in the UO,2™" ion [46].
Therefore, as a notable characteristic of uranyl spectra, including ab-
sorption and emission, vibronic bands progress harmonically up to six
orders in the symmetric stretching modes.

The position of first vibrational band (vg.o) is most confirmatory
signature in deciding the number of oxygen ions around uranium and
bond order of U—O which is normally termed as zero phonon band
(ZPB) [43,44]. ZPB for UO,2™ can vary from 440 to 520 nm and the fact
that in our spectrum it is observed at 508 and the subsequent vibra-
tional progression can be seen at room temperature is an indication that
U(+6) stabilizes as UO,%* in GHO. In case of YHO and NHO, such
vibronic coupling to Raman active symmetric stretching is not possible,
so their spectra collapse as a broad band characteristic of charge

U022+

20

Fig. 8. Qualitative energy level diagram of UO,2" [47].
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transfer transition.
5. Conclusion

In this work, we have synthesized several RE,Hf,O, matrices
(RE =Y, Gd, Nd, and Lu) doped at different concentrations of uranium
(x = 0,1, 5, and 10). The main purpose is to address and compare the
adaptability difference of uranium ions in these hosts by exploring their
structural and optical properties. All these samples are in the nanosized
domain. Phase transition from delta pyrochlore to disordered fluoride
to orthorhombic cotunnite phase occurs with uranium doping. Emission
intensities decrease with the increase of uranium concentration due to
concentration quenching. In the case of YHOU, the green luminescence
was attributed to + 6 oxidation state in the form of octahedral uranate
UO®~ with a shift to orange maxima due to structural phase transition
from DFS to cotunnite structure. Optical characteristics of NHOU and
LHOU also shown stabilization of uranate UOg®~ ion. On the other
hand, GHOU matrices stabilized uranium as + 6 oxidation state but in
the form of uranyl ion (UO,>") due to U=0 with shorter bond length.
The coordination number in which the uranium ion stabilized in each of
the matrices determined the luminescent profiles and such comparisons
are important. The novelty of this work is the comparison of uranium in
different matrices involving phase transformation induced by chemical
doping and correlating optical modification to structural rearrange-
ment. Such investigations are of great significance in fundamental solid-
state spectroscopy of uranium and paramount in nuclear waste im-
mobilization.
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