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ABSTRACT

Nuclear energy is an alternative low CO2 emission strategy anticipated to mitigate future
high energy demand. Radioactive wastes generated from spent nuclear fuel are the major
challenge of utilizing nuclear reactors as a source of energy. Pyrochlore compounds are
among the rigorous nuclear waste forms considered for High-level waste immobilization.
Density functional theory (DFT) based on first-principles simulations was used to study
gadolinium zirconate pyrochlore's structural and electronic characteristics (Gd2Z1207).
The lattice parameters of optimized Gd2Z1;0O7are « = 3 =y =60.0°anda=b =c =
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7.635A. The conduction band minimum and valence band maximum structure was
discovered to be stable and approached the experimental lattice constant. The

overlapping of the conduction and valence bands in Gd2Zr,0O7 indicates its conductive
behavior in terms of its electrical characteristics. Due to a usual underestimating of band
gap energy in DFT based on electron exchange handling, the estimated band gap energy
of 0.09 eV differed from experimental measurements. In addition to band gap energy
computation, the computed total density of states and projected density of states show
different orbital dominations and energy levels. The findings showed that the Gd2Z1,0~
ceramic compound had good resistance to amorphization and could be used for further
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ab initio investigations.

INTRODUCTION

Due to rising energy demands, various alternative energy
sources will be needed, including nuclear, solar, and wind
power. Consequently, fission and fusion reactions could
provide nuclear energy, which has a good potential to
meet future energy demands (Kumari e o/, 2023).
Wotldwide, 440 civil nuclear reactors produce over 10%
of the wortld's electricity. Nonetheless, a wotldwide
problem has been radioactive nuclear waste produced
from solid nuclear fuel (SNF), which is mostly made of
uranium, thorium, and plutonium. Light water reactors
typically produce 30 tons of SNF for every GW produced;
this means that over 12,000 tons of SNF and 37,000
metric tons of heavy metal (MTHM) are produced
annually. Near the reactor site, these SNF atre kept in dry
casks or pools (Blackburn e al, 2021; Mir et al, 2021;
Wang ez al, 2023). High-level waste (HLW) needs to be
converted into stable solid forms for safe handling and

treatment. Ensuring long-term geological disposal is vital

for preserving the environment and human welfare.
Immobilization in extremely chemically resistant glass,
ceramic, or glass-ceramic waste forms encapsulates HLW
(Blackburn ez al, 2021; Panghal ez al, 2023). Zirconolite,
monazite, fluorapatite, perovskite, and pyrochlore are
among the mineral ceramics (SYNROC) that have
recently been studied for their potential to dispose of
minor actinides (MA) and plutonium (Pu) (Shelyug &
Navrotsky, 2021; Shuaibu e7 4/, 2020).

Based on their open structure, pyrochlore compounds
with the general formula A2B>O7 in which the cations A
and B form polyhedral with Oxygen within their crystal
structures have been suggested (among SYNROC) as a
radionuclides host matrix (Jafar ef al, 2021; Li et al., 2023;
Nandi ¢z a/., 2023). The detivative of the fluorite structure,
AOy (space group Fm3m), is the pyrochlore crystal
structure (space group Fd3m) (Panghal er al, 2023).

Transition metals often occupy the B-site of pyrochlore,
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while rare earth elements typically occupy the A-site. It has
been demonstrated that pyrochlore is a dynamic structure
that can have an eclement with different ionic radii
occupying both the A and B sites (Finkeldei ez o/, 2020;
Wang ez al., 2023). Because of its superiority over other
pytrochlore minerals in terms of thermal stability, chemical
stability, high radiation resistance, and aqueous durability,
zirconate pyrochlore structure (A2Zr207) has been studied
(Li et al.,, 2023; Nandi ez al., 2023; Otlova & Ojovan, 2019;
Tang et al, 2023; Zietlow et al, 2017). However, when
exposed to radiation damage and self-irradiation, zirconate
pyrochlore amorphized (Finkeldei ¢7 a/., 2020; Finkeldei e
al, 2021; Finkeldei, 2015). An amorphization of host
nuclear waste form leads to radionuclides release to a

biosphere.

Numerous scholatly works employed computational
approaches to conduct thorough investigations of
pyrochlore compounds (Connor ¢ al., 2021; Ji ez al.,, 2019;
Shen es al, 2021; J. Wang et al, 2014). In order to
corroborate the experimental results, pyrochlore's damage
cascade creation, defect formation energy, and order-
disorder transitions have all been computationally
investigated. Density functional theory (DFT) has recently
proven to be an excellent method for simulating
enthalpies of formation (Finkeldei ¢z @/, 2020; Shuaibu ez
al., 2020; Tanti & Kaltsoyannis, 2021). By using Density
Functional Theory (DFT) calculations, this paper secks to
present a thorough analysis of the structural and electrical

characteristics of gadolinium zirconate pyrochlore.

MATERIALS AND METHODS

Quantum Espresso is used for all computations (QE). The
Perdew-Burke-Ernzerhof (PBE) functional was used to
characterize the exchange-correlation potential when the
generalized gradient approximation (GGA) was used
(Shuaibu ez 4/, 2020). To achieve successful convergence
sampling in the Brillouin zone (BZ) integration, an 8X8x8§
Monkhost Pack k-points mesh was utilized (Idris e o/,
2020; Lawal ez al., 2018). For the electron wave function
expansion, kinetic energy cutoffs of 50 Ry connected to
the plane-wave basis set were employed. The atomic
locations, sizes, and shapes that make up the supercell
geometry were loosened to fewer than 103 ¢V/A of
Hellmann-Feynman forces on each ion. The 88-atom
supercell of the cubic structure of Gd2Z120O7 was used for
the computations.

RESULTS AND DISCUSSION

Structural Properties of Gadolinium Zirconate

Pyrochlore Compound

As seen in Figure 1, pyrochlore (Gd2Z1207) is made up of
corner-linked layers of Gd2O2 and Z1;0Oz. In this work,
the cubic (FCC lattice) crystal structure associated with the
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primitive unit cell was utilized. A 2 X 2 X 2 supercell makes
up the supercell. The supercell is made up of 88 atoms, of
which 16 are Gd, 16 are Zr, and 56 are O. A regular cubic
that is connected to one another inside shared edges is
created when four O atoms enhance each Gd atom, and
each Zr atom is enriched by four O atoms. The supercell's
optimized crystal parameters are @ = b = ¢ = 7.635A
and @ = B = y = 60.0 °, which are less than the ay =
10.472A experimental lattice constant (Zhang ¢/ al,
2017).

Figure 1 depicts the bulk structure of a simulated cubic
Gadolinium Zirconate Pyrochlore (Gd2Z1207). Oxygen
ions are represented by red (small, dark) spheres, Zr ions
by blue (big, grey) spheres, and Gd ions by cyan (large,
cyan) spheres.

Electronic Properties of Gadolinium Zirconate
Pyrochlore (Gd2Zr,07)

Calculating a solid's electronic properties, such as its band
structure, density of state (DOS), projected density of state
(PDOS), and charge density distributions, is essential to
understanding its electronic structure (Radzwan e al,

2020).

Band Structure of Pyrochlore Compound (Gd2Zr20;)

Using PBE-GGA, Figure 2(a) displays the electronic band
structure of gadolinium zirconate pyrochlore (Gd2Z1207).
The band structure energy is displayed between -2.00 eV
and 2.0 eV, with 11 high symmetry locations (I'-X—W—-K—
I') chosen. The zero (0 eV) on the energy scale represents
the Fermi level of the crystal band structure. Because of
the small energy band gap between the valence and
conduction bands, the overlapping valence band
maximum (VBM) and conduction band minimum (CBM)
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at the Fermi level show that GdZr,O7 is conductive. The
material's predicted band gap energy is 0.09 eV, which
differs from the 3.02 eV experimental result (Perenlei ez al.,
2015) as well as additional computed results resulting from
the well-acknowledged underestimating of the band gap

caused by incorrect treatment of the electron-exchange in

standard DFT (Chiromawa ¢7 al., 2020; Shein e al., 2022)
of  different modified
pseudopotential. Hence, in the valence band, electrons

and  applications and
predominate in the energy range of -2eV to OeV, followed

by a conduction state from OeV to 2eV.
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Figure 2. Band Structure (a) and Total Density of state (b) of Pyrochlore (Gd2Zr207) compound.

Density of State (DOS) and Projected Density of State (PDOS) for
Pyrochlore Componnd (Gdz2Zr20;)

The overall density of state (DOS), projected density of
state (PDOS), and charge density distribution of
pyrochlore were examined to better understand the nature
of the energy gap. While the orbital dominations are
explained by PDOS, the DOS plot described the number
of states per energy level present for the occupation of the
Gd2Z1207 molecule. Figure 2b shows that the peaks at the
valence band and conduction band of the entire DOS are
neatly identical. The Gd-5s, Zr-4s, and O-2s orbitals
contributed to the lowest occurrence of the valence band,
the highest peak, which occurred between -4 eV and -1 eV
in pyrochlore. The Gd-5p, Zr-4p, and O-2p orbitals
dominated the intermediate occurrence of the wvalence
band, which occurred between -1 ¢V and 1.0 eV. The
lowest peak, which dominates the Gd-5d, Zr-4d, and O-
2p orbitals, is the highest occurrence of the valence band,
which is located just below the Fermi level between 2 eV
and 4 eV (Figure 3). According to Raza et al. (2022), the
high number of states close to the Fermi levels exhibits

metallic behavior with respect to the density of states.
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The Charge Density Plots for Pyrochlore Componnd (Gd2Zr20;)

The clectronic charge density in the crystallographic plane
is displayed to get a comprehensive image of the entire
charge of the
(Gd2Z1207). It clarifies the nature of charge transfer

electronic distribution pyrochlore
between anions and cations and chemical bonding. Figure
4 illustrates how charge transfer between atoms is
indicated by the spherical form of charge around the
cations (Gd?*, Zr*"). According to the thermometer in
Figure 4, the maximum charge buildup is associated with
the magenta color, which creates the highest charge
(+2.1612). Hence, the zirconium (4s) atom has the largest
charge distribution compared to other atoms. Titanium
has a considerable charge density, whereas the red-colored
Oxygen (2s) atom has a lesser charge density (+0.2539).
Figure 4 illustrates that Gd2Zr2O7 contains an ionic bond,
a sign of strong resistance to amorphization. Because of
the high concentration of zirconium atoms, pyrochlores
containing zirconium atoms are typically naturally ionic
(Raza et al., 2022).
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Figure 3. Partial Density of State (PDOS) for Pyrochlore (Gd2Zr207) Compound.
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Figure 4 shows the front view of the Pyrochlore scale's charge density distribution plot
(also known as an electronic contour graph), which shows ranges of the same density
values in atomic units (a.u.).
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CONCLUSION

This work uses the Quantum Espresso (QE) code to
implement a thorough investigation based on the density
functional theory and generalized — gradient
approximations. The investigation explores the impact of
structural and electronic properties on the radiation
resistance  of  Gadolinium  zirconate  Pyrochlore
(Gd2Zr207), a potential ceramic for immobilizing nuclear
waste. The Gd2Z1r207 crystal structure was discovered to
be stable and close to the outcomes of computations and
experiments. The overlapping Conduction Band
Minimum (CBM) and Valence Band Maximum (VBM) in
the electronic characteristics of GdoZr07 showed the
material's conductivity due to DFT's undetestimating of
the band gap energy, a band gap energy of 0.09 eV, which
differs from experimental and prior computed results.

Moreover, the band gap energy estimates are consistent
with the total of state (DOS) and projected density of state
calculations, indicating different numbers of states per
energy level and orbital dominance between CBM and
VBM. The Gd2Zr,O7; molecule and zirconium with the
largest charge distribution exhibit an ionic bond nature
according to the charge density distribution. The findings
showed that the Gd2Zr207 ceramic compound had good
resistance to amorphization. The findings imply the
teasible application of Quantum Espresso (QE) code to
interpret nuclear materials' physical and chemical
properties. The finding could be used to predict further
thermal and chemical properties of zirconate pyrochlore
(basis) based on ab initio studies. Further analysis could be
carried out to investigate further the effect of doping
zirconate pyrochlore compound with actinides
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