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ABSTRACT: Zirconolite is considered to be a suitable wasteform material for
the immobilization of Pu and other minor actinide species produced through

advanced nuclear separations. Here, we present a comprehensive investigation of ‘ — Pt
-
Dy3+ incorporation within the self-charge balancing zirconolite Am g i
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actinide immobilization. Compositions in the substitution range 0.10 < x < 1.00
(Ax = 0.10) were fabricated by a conventional mixed oxide synthesis, with a two-
step sintering regime at 1400 °C in air for 48 h. Three distinct coexisting phase
fields were identified, with single-phase zirconolite-2M identified only for x =
0.10. A structural transformation from zirconolite-2M to zirconolite-4M occurred
in the range 0.20 < x < 0.30, while a mixed-phase assemblage of zirconolite-4M | £ PN
and cubic pyrochlore was evident at Dy concentrations 0.40 < x < 0.50. ¢, 7, py,7i,0, ) Increased Dy R
Compositions for which x > 0.60 were consistent with single-phase pyrochlore.
The formation of zirconolite-4M and pyrochlore polytype phases, with increasing Dy content, was confirmed by high-resolution
transmission electron microscopy, coupled with selected area electron diffraction. Analysis of the Dy Lj-edge XANES region
confirmed that Dy was present uniformly as Dy’*, remaining analogous to Am*". Fitting of the EXAFS region was consistent with
Dy*" cations distributed across both Ca®*" and Zr*" sites in both zirconolite-2M and 4M, in agreement with the targeted self-
compensating substitution scheme, whereas Dy>" was 8-fold coordinated in the pyrochlore structure. The observed phase fields were
contextualized within the existing literature, demonstrating that phase transitions in CaZrTi,0,—REE**Ti,0, binary solid solutions
are fundamentally controlled by the ratio of ionic radius of REE*" cations.

1. INTRODUCTION integrated 1:1 along [001], related by a 180° rotation along the
c* axis. Due to the two-layered structure, stoichiometric
CaZrTi,0; is referred to as the zirconolite-2M polytype, with
reference to the monoclinic symmetry of the unit cell; this
polytype has previously been demonstrated to crystallize over
the compositional range CaZr,Ti;_ O, for 0.8 < x < 1.3.1*
As the zirconolite structure has three distinct cation acceptor
sites, the solubility of REE*/Ac*" species is extensive. The
incorporation of Ce*/U* /Pu*" species within the Zr*" site in
zirconolite is accommodated by several structural transitions,
first from zirconolite-2M to the zirconolite-4M polytype.”*"
The zirconolite-4M polytype is described by Coelho et al. as an
admixture of zirconolite-2M and pyrochlore; four HTB-type
layers interlaced with Ca/Zr polyhedra (zirconolite), and Ca/
Ti polyhedra (pyrochlore), resulting in unit cell doubling along

Zirconolite structured materials have been widely studied for
the immobilization of actinide-rich radioactive waste streams,
due to excellent chemical alteration resistance and radiation
tolerance.' > This includes use as a major constituent of the
various SYNROC assemblages for the disposition of high-level
actinide-rich wastes derived from nuclear fuel reprocessing.”’
The CaZrTi,O, parent structure has been shown to
accommodate U, Pu, Np, and Cm and is therefore a suitable
host matrix for minor actinide (MA) species such as Am.*~"'
Natural analogue specimens have also been shown to retain
~20 wt % U/Th over geological timescales.'"” The parent
structure ABC,0, is derivative of the anion deficient fluorite
structure type and is closely related to the pyrochlore A,B,0,
family of minerals. The ideal zirconolite unit cell is composed
of planes of corner-sharing CaOg and ZrO, polyhedra,
interleaved by hexagonal tungsten bronze (HTB)-style motifs Received: December 8, 2021
along the [001] direction.'® Ti** cations are distributed across Published: April 4, 2022
three distinct sites in the HTB plane: two Ti*" sites are

arranged in TiO4 octahedra and one Ti*" is S-fold coordinated

in a 50% statistically coordinated trigonal bipyramidal site. In

this idealized structure description, cation and HTB layers are
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Figure 1. Powder X-ray diffraction data for Ca,_,Zr,_,Dy,,Ti,O, specimens in the compositional range (0.0 < x < 1.0). The (002) and (008)
zirconolite-4M reflections are highlighted by closed circles (®). Pyrochlore reflections are indexed by relevant (hkl) indices.

the c-axis from ~11 to 23 A.'° Further isovalent substitution of
cations within the Zr*" site promotes a structural trans-
formation from zirconolite-4M to pyrochlore, although it
should be noted that this does not occur for the corresponding
CaZr,_,Th,Ti,0, solid solution, for which the intermediate
4M phase does not form.'” Cubic pyrochlore-structured
materials (parent structure A,B,0,—space group Fd3m; Z =
8) have attracted significant interest in many areas of solid-
state chemistry, with titanate and zirconate pyrochlores
(A,Ti,O, and A,Zr,0,, respectively) developed as potential
wasteforms for actinides, due to high radiation stability."***
The rare earth pyrochlore structure is derived from the fluorite
(AO,) superstructure, with one-eighth of the oxygen atoms
replaced by vacancies, and the A% and B* cations in 8- and 6-
fold coordination with oxygen, respectively. These cations are
ordered along the [110] direction, resulting in the unit cell
adopting cubic symmetry. The phase stability of A,B,0,-type
structures is dependent on the ionic radius ratio of the A and B
cations; the ordered cubic pyrochlore structure is stable in the
range 146 < ry/ry < 1.78. Compounds with r,/ry below this
range adopt a disordered defect-fluorite structure, while
compounds with r,/rg > 1.78 crystallize with monoclinic
layered perovskite-related structure.'”

The present study aims to systematically evaluate the phase
transitions in the CaZrTi,O,—Dy,Ti,O, system with the
progressive accommodation of Dy’*, acting as a surrogate for
actinide species such as Pu*’, Am®*, Cm?*, and Np*'. These
data are expected to complement existing data for closely
related zirconolite solid solutions Ca,_,Zr,_,Gd,,Ti,0,,
Cay,_Zr,_,Y,,Ti,0,;, Ca,_,Zr, .Nd,,Ti,O0,,
Ca,_,Zr,_,Sm,, Ti,0, and Ca,_Zr,_,Ce, Ti,0,,5"> 7%
While the incorporation of Dy’* within the zirconolite
structure has not been previously reported, the Dy,Ti,O,
pyrochlore end member has attracted notable interest given
its applications as a spin-ice compound, due to prominent
geometric frustration.””*° Furthermore, Dy has been pre-
viously used as a surrogate for Am for the fabrication of AmN
and (Am-Pu)N compounds, on the basis of ionic radii
constraints and expediency (Am*" = 1.09 A; Dy** = 1.03 A
in 8-fold coordination).>"**

5745

2. EXPERIMENTAL PROCEDURE

2.1. Materials Synthesis. All materials used were fabricated by a
conventional solid-state synthesis route from component oxides,
targeting the solid solution Ca,_,Zr,_, Dy, Ti,0; (0.10 < x < 1.00,
Ax = 0.10). Precursors CaTiO; (Sigma-Aldrich, 99.9%), ZrO,
(Sigma-Aldrich, 99.9%), TiO, (anatase—Sigma-Aldrich, 99.9%)
dried at 180 °C, and Dy,0; (Alfa Aesar, 99.9%) dried at 800 °C
were weighed according to the targeted composition, to yield 3 g
batches. The oxide reagents were added to a ZrO,-lined milling jar
and homogenized with Y-stabilized ZrO, milling media and
isopropanol for 20 min, using a Fritsch Pulverisette-23, operating at
25 Hz for 20 min. For each composition, the powder slurries were
discharged, sieved to separate milling media, and dried at 80 °C
overnight to evaporate excess solvent. Approximately 0.5 g of each
composition was prepared for sintering by first compacting into the
walls of a hardened steel die, under 3 tonnes of uniaxial pressure,
forming powder compacts 13 mm in diameter. The pellets were then
placed onto a zirconia crucible and sintered in air at 1400 °C (AS °C
min~") for 24 h. Once cooled, the pellets were reground using a pestle
and mortar, repressed into pellets, and subjected to a second sintering
regime for a further 24 h at 1400 °C (AS °C min™") to promote phase
purity. After the second sintering step, the pellets were recovered from
the furnace for analysis.

2.2. Materials Characterization. Powder X-ray diffraction
(XRD) was conducted using a Bruker D2 Phaser fitted with a
Lynxeye position-sensitive detector. Data were acquired in the range
5° < 20 < 80° (A0.02°) using Cu Ka radiation (4 = 1.5418 A, Ni
Filter), operating at 30 kV and 10 mA. Phase identification was
achieved using the PDF4+ database. Quantitative phase analysis and
unit cell dimensions were calculated by Rietveld analysis of powder
XRD data, using the Bruker TOPAS software package. Prior to
analysis by scanning electron microscopy (SEM), sintered pellets were
mounted in cold setting resin and polished to a 1 ym optical finish.
SEM data were collected using a Hitachi TM3030 operating with a 15
kV accelerating voltage at a working distance of 8 mm. Energy-
dispersive X-ray spectrometry (EDS) for semiquantitative composi-
tional analysis was conducted using a Bruker Quantax 70
spectrometer. EDS mapping was performed over an area of 140 X
105 pm? for approximately 10 min.

X-ray absorption spectroscopy (XAS) at the Dy L;-edge was
conducted at the Photon Factory Synchrotron Facility (Tsukuba,
Japan) using beamline BL-27B, in a conventional transmission
configuration. Spectra were collected at the Dy Lj-edge (7790 eV)
for specimens corresponding to nominal composition x = 0.10, 0.30,
0.60, and 1.00. Spectra were collected between 7590 and 8540 eV at
the following steps, with a count time of 1s/step: S eV (7590—7760

https://doi.org/10.1021/acs.inorgchem.1c03816
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Table 1. Quantitative Phase Analysis and Unit Cell Parameters of Each Phase as Determined from Rietveld Analysis of Powder

X-ray Diffraction Data

unit cell parameters

nominal
composition phase assemblage (wt %) a (A) b (A) c (A) B (deg) V (A%)

x = 0.10 zirconolite-2M* 12.47925(30) 7.28070(17) 11.37370(28) 100.6002(13) 1015.752(42)

x = 0.20 zirconolite-2M (64.9 + 0.2) 12.49392(54) - 2M  7.28442(32) - 2M  11.37380(51 ) - 2M  100.6038(23) - 2M  1017.463(77) - 2M
zirconolite-4M (35.1 + 0.2) 12.50991(76) - 4M  7.17395(43) - 4M  22.95916(81 ) - 4M  84.8136(48) - 4M  2052.04(19) - 4M

x = 0.30 zirconolite-2M (19.0 + 0.8) 12.5102(23) - 2M  7.2721(13) -2M  11.3692(20) - 2M  100.465(23) - 2M  1017.10(32) - 2M
zirconolite-4M (81.0 + 0.8)  12.45916(35) - 4M  7.19043(26) - 4M  22.97562(45) - 4M  84.8373(26) - 4M  2049.96(10) - 4M

x =040 zirconolite-4M (47.8 + 0.7) 12.4532(31) - 4M  7.1922(18) - 4M  23.0213(27) - 4M 84.790(17) - 4M 2053.39(77) - 4M
pyrochlore (52.2 + 0.7) 10.10079(87) - P 1030.54(27) - P

x = 0.50 zirconolite-4M (44.7 + 0.6)  12.4531(22) - 4M  7.19229(90) - 4M  23.0140(21) - 4M  84.861(11) - 4M 2052.99(48) - 4M
Pyrochlore (55.3 + 0.6) 10.10033(86) - P 1030.40(26) - P

x = 0.60 pyrochlore” 10.10258(37) 1031.09(11)

x = 0.70 pyrochlore” 10.10736(15) 1032.555(47)

x = 0.80 pyrochlore” 10.11497(15) 1034.890(47)

x = 0.90 pyrochlore” 10.12357(13) 1037.530(40)

x = 1.00 pyrochlore® 10.12655(17) 1038.448(53)

“Indicates phase purity.

eV), 0.5 eV (7760—7860 eV), 1 eV (7860—7940 eV), and 2 eV
(7940—8540 eV). Samples were finely ground and dispersed in
poly(ethylene glycol), to a concentration corresponding to one
absorption length, and pressed into 13 mm pellets. Spectra were
collected alongside Dy,0;, Dy,TiO5, and Dy,Ti,0; reference
compounds, representing Dy>* in 6-fold, 7-fold, and 8-fold
coordination with oxygen, respectively. Calibration of all XAS data
was performed by aligning the Dy,O; reference compound from this
dataset to a previously collected Dy,O; standard that was calibrated
using a Co foil (edge position 7709 eV). All edge positions were
chosen as the peak of the first derivative. Data reduction and fitting of
the Dy L, ed§e EXAFS were performed using Artemis and Athena
with FEFF6.*> Best-fit models were informed by pyrochlore and
zirconolite-2M structures from Farmer et al.>* and Whittle et al,**
respectively. The F-test methodology for EXAFS was employed to test
whether the addition of various shells was valid and statistically
improved the fit, the results of which are denoted by a.>® For @, >67%
is equal to 1o and >95% is equal to 20 in terms of standard deviation.

Raman spectra were collected for each sample using a Horiba-
XploRA Plus system, operating with a 532 nm air-cooled Ar" laser
line, with a laser power of S mW. Powdered specimens were flattened
onto a glass slide and placed incident to the laser line, with spectra
collected in the range 100—1100 cm™'. Transmission electron
microscopy (TEM) was undertaken using either a JEOL F200 or
an FEI Tecnai T20, both operating at 200 keV, with both micrographs
and electron diffraction (ED) patterns taken using a CCD camera.
Specimens were prepared for TEM via the crushed grain powdered
route, whereby a small amount of powder was rapidly ground in
isopropanol and the resultant solution pipetted onto a holey lined Cu

mesh grid.

3. RESULTS AND DISCUSSION

3.1. Systematic Examination of Phase Evolution in
the Ca,_,Zr,_DDy,,Ti,0; (0.10 < x < 1.00) System. The
phase evolution of Ca,_,Zr,_.Dy,, Ti,O, ceramics was
analyzed by powder X-ray diffraction (Figure 1). Three
distinct phase fields were identified, corresponding to mixtures
of zirconolite-2M (C2/c), zirconolite-4M (C2/c), and cubic
pyrochlore (Fd3m). The x = 0.10 composition was found to
form single-phase zirconolite-2M, characterized by the doublet
at 20 = 30.5° corresponding to the (221) and (40-2)
reflections, the (004) reflection at 20 = 31.9°. Unit cell
dimensions (Table 1) as determined by Rietveld analysis were
in agreement with those reported for closely related
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Ca,_,Zr,_,Gd, Ti,O, solid solutions.”> A structural trans-
formation from zirconolite-2M to the zirconolite-4M polytype
was observed in the compositional range 0.20 < x < 0.30, as
characterized by the appearance of intense supercell reflections
at 20 = 7.8 and 31.1°, attributed to the (002) and (008)
reflections in the zirconolite-4M structure, respectively. A
representative section of the microstructure for the sample
corresponding to x = 0.20 is given in Figure 2. Two distinct
phases were distinguished by variation in backscattered
electron contrast, identified to be zirconolite-2M and
zirconolite-4M, in agreement with powder XRD data. The
phase labeled A was determined by EDS analysis to be
zirconolite-2M. The phase labeled B was consistent with
zirconolite-4M, appearing brighter than the bulk matrix, given
the expected higher solubility of Dy** in the 4M polytype. The
average composition of both zirconolite phases was derived
from semiquantitative EDS analysis and is in general
agreement with targeted nominal stoichiometry (Table 2).
The zirconolite-2M phase accounted for just 19.0 + 0.8 wt %
of the overall phase assemblage when targeting x = 0.30, yet, a
two-phase mixture of zirconolite-4M and cubic pyrochlore was
observed in the range 0.40 < x < 0.50; hence, zirconolite-4M
was not isolated as a single phase in the solid solution. This
was unsurprising, as the 4M phase has only previously been
reported to crystallize in single phase over a narrow
compositional range, sensitive to preparation route, ionic
radii of dopant/host site, and targeted solid solution regime of
REE*/Ac*.*”'° The cubic pyrochlore phase was evidenced
by the appearance of reflections at 20 = 15.1 and 29.2°,
corresponding to reflections in the (111) and (113) plane,
appearing at x = 0.40. The microstructure of the x = 0.50
sample is shown in Figure 3 and clearly displays a
microstructure dominated by two phases. The phases were
confirmed by EDS analysis to be zirconolite-4M and cubic
pyrochlore (labeled as A and B in Figure 3, respectively)
Additional reflections were not observed for 0.60 < x < 1.00,
indicating complete Dy,O; substitution within the zirconolite-
pyrochlore mixture, and confirmed by SEM analyses (Figure
4).

Further evidence of the structure transformation from
zirconolite-2M to cubic pyrochlore was inferred by Raman

https://doi.org/10.1021/acs.inorgchem.1c03816
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Figure 2. Backscattered electron micrograph of the x = 0.20 composition, with EDS spectra of zirconolite-2M and zirconolite-4M polytype phases.

data, collected in the range 100—1100 cm™" (Figure 5). The
position and intensity of vibrational modes for zirconolite-2M
(x = 0.10) are in excellent agreement with our previous
observations for nominal CaZrTi,0, synthesized under
identical conditions.”” The low symmetry of the monoclinic
2 M unit cell resulted in many active Raman vibrational modes.
The dominant symmetric stretching vibration at 780 cm™" was
attributed to TiOg4 octahedra.”® Raman active modes in the
range 100—700 cm™' have not been previously deconvoluted
and assigned to individual vibrational modes; however, it is
accepted that the spectrum consists of internal vibrations of the
TiOg CaOg, and ZrO, polyhedral groups.”® As the nominal
concentration of Dy’* was increased for 0.10 < x < 0.40, a

significant degree of broadening occurred in the spectral range
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200—600 cm™', attributed to the disorder induced by the
accommodation of Dy** in the Ca®* and Zr*" sites, and
associated polytype transformation to zirconolite-4M. A
notable abatement of the dominant 780 cm™" mode was also
noted, an artifact we have recently observed in the Raman
spectra of the CaZr,_,Ce,Ti,0; zirconolite solid solution, for
which a similar polytype transformation from zirconolite-2M
to zirconolite-4M also occurred.*® Factor group analysis has
previously determined that the general cubic pyrochlore
structure A,B,0(1)4,0(2) gives rise to six Raman active
vibrational modes: Ay Ey and 4]?"2g.39 A reasonable fit for the
end member Dy,Ti,O, was achieved using a combination of
pseudo-Voigt profile functions (Figure S1). Six modes were
deconvoluted, corresponding to approximate wavenumbers:

https://doi.org/10.1021/acs.inorgchem.1c03816
Inorg. Chem. 2022, 61, 5744—5756


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03816/suppl_file/ic1c03816_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 2. Average Composition of Zirconolite-2M, Zirconolite-4M, and Cubic Pyrochlore as Determined by Semiquantitative

EDS Analysis (Normalized to Seven Oxygen Atoms)

average composition from EDS

nominal composition zirconolite-2M

x =0.10 Ca0.91(4)Zr0.76(9)Dy0.17(4)Ti2.16(7)07
x =020 C30.86(5)Zro.sg(s)DYO.w(s)Tiz.15(7)07
x =030 Cao,78(10)Zr0.73(9)DY0.37(4)T12,07(9)07
x = 0.40
x = 0.50
x = 0.60
x = 0.70
x = 0.80
x = 0.90
x = 1.00

zirconolite-4M pyrochlore

CaO.76(9 Zro.54(5)DY0.52(7)T12,08(10)07
Cao.ﬂ(z Zro,ss(s)DY0,54(3)Tiz.10(4)07

Cagse(a

6 Zr0,72(3)DY0,79(10)Tiz.14(7)07

CaO.482r0.41(5)Dy1.06(IO)Ti2.08(9)07
Cao,46(6)zro.4o(9)DY1.1 1(9)Tiz.o3(9)07
C30.39(s)Zf0.37(3)DY1.09(5)Tiz.14(7)07
Cao.w(1)Z1'0,25(2)DY1A35(8)Ti2.1x (7)07
Cao,xs(s)Zro.n(z)DYLSI(11)Tiz,14(11)07
Cao.10(2)Zro.og(2)DY1.72(7)T12.09(8)07
Dy1.86013)Tha.14¢ 13)07

)
)
)Zfo.59(7)DYo.s4(13)Tiz.01(15)07
)

206, 306, 331, 517, 547, and 697 cm™'. Bands for the
Dy,Ti,0, spectrum have also been assigned according to
calculated wavenumbers for A,Ti,O, pyrochlores (A =Y, Sm,
Gd, Yb) by Gupta et al, accounting for slight variations in
position, determined by r,/rr."" The acquired Raman spectra
are in excellent agreement with Y, Ti,O,, Gd,Ti,O,, Sm,Ti,0-,
and Dy,Ti,O, specimens formed by similar processing
routes.”*"**

3.2. Phase Field Confirmation by High-Resolution
Transmission Electron Microscopy. The phase fields
identified by powder XRD and SEM analyses were further
evidenced by high-resolution transmission electron (HR-
TEM) microscopy, coupled with selected area electron
diffraction (SAED). As electron diffraction analysis allows
variations in stacking sequence to be distinguished, poly-
morphic transitions in REE**/Ac*"-doped zirconolites can be
reconciled. As presented in Figure 6a, high-resolution TEM
analysis of the x = 0.3 composition shows the layered structure
of zirconolite-4M, as has been previously reported.'® The
bright-field HRTEM image presented in Figure 6a was
captured with the beam orientated down the [110] zone
axis, as is shown by the indexed electron diffraction pattern in
Figure 6b. “Streaked” reflections can be observed in Figure 6b,
as identified by the left-pointing green arrows, and clearly
discernible ordered reflections, identified with right-pointing
blue arrows. Such reflections are the direct consequence of the
stacking sequence observed in Figure 6a, induced through the
varied layer spacings indicated in this micrograph (i.e., ~3 and
~7 A). This area shows a highly ordered stacking sequence in
what is a grain of the zirconolite-4M structure, leading to the
strong reflections observed, while the varied layer spacings
produced the “streaked” reflections. The reduced contrast is
likely induced by a layer rich in Dy, similar to Nd-doped
zirconolite studies that have been reported, although high-
angle annular dark-field imaging would be required to confirm
this hypothesis. The dark-field micrograph presented in Figure
7a shows a two-layered band structure down the [110] zone
axis, imaged with the objective aperture positioned over the
diffuse reflection indicated by the right-pointing red arrow.
The two-layered bands have spacings of ~23 and ~11 A,
representing a doubling of the unit cell along the c-axis. As
described by Coelho et al., these imperfections are common-
place throughout an indexed zirconolite-4M structure and
indicate the presence of both 4M and 2M spacings within a
single-crystal grain. In contrast to Figure 6, this area contained
nonuniform domains of varied spacing, suggesting variations in
the level of 4M ordering within each crystal for the x = 0.30
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sample. Analysis of the x = 0.60 composition through electron
diffraction confirmed the formation of the pyrochlore
structure, as presented in Figure 8ab for the [111] and
[211] zone axis patterns, respectively. No evidence of a
zirconolite-2M or 4M phase was detected throughout the
grains observed, confirming the phase transition to a pure
pyrochlore phase at x = 0.60, in agreement with powder XRD
and SEM observations.

3.3. XAS Investigations of Dy Oxidation State and
Coordination. Dy L;-edge X-ray absorption near edge
structure (XANES) spectra were collected for zirconolite-2M,
zirconolite-4M, and cubic pyrochlore (corresponding to x =
0.10, 0.30, and 0.60, herein referred to as Dy-titanates for
clarity) alongside Dy,0;, Dy,TiOs, and Dy,Ti,O;, reference
compounds, containing Dy3+ in 6-, 7-, and 8-fold coordination,
respectively (Figure 9). Experimental XANES spectra at the
Dy L;-edge of all reference compounds and Dy-titanates were
characterized by three distinct features (labeled as A, B, and C
in Figure 9 and Table S2). Primarily, the white line crest
(feature A) was composed of a single intense feature for all
compounds at the overlapping edge position of 7792.5 + 0.3
eV. The major contribution to this feature arises from dipole
allowed 2p;,, — 5d;, electronic transitions.”’ Theoretically,
absorption spectra at the Dy L;-edge also comprise a weak pre-
edge feature; however, this cannot be resolved by conventional
XAS due to 2p core-hole lifetime broadening. Nevertheless,
this feature can be observed with complementary techniques
such as resonant inelastic scattering spectroscopy (RIXS).44
Second, a weak yet discernible feature (labeled as B in Figure 9
and Table S2) was also clearly distinguished (we note that this
was most prominent in Dy,Ti,0, Dy,0;, and the sample
corresponding to x = 0.60). Finally, a post-edge resonance
peak (feature C in Figure 9 and Table S2) was observed for all
compounds, with maxima between 7830.8 and 7831.8 eV.

There were several qualitative trends noted in the XANES
spectra of the reference compounds and Dy-titanates.
Primarily, it was clear that the edge position (7792.5 + 0.3
V) and energy position of feature A were very similar for all
reference compounds and Dy-titanates, indicating that all
samples contained Dy in the same oxidation state. As the
reference compounds all contained Dy uniformly as Dy, it
was therefore considered that Dy entered the zirconolite-
pyrochlore solid solution entirely as Dy**. Further confidence
in Dy oxidation state assignment was informed from bond
valence sum analyses, the results of which are summarized in
Table 3. The speciation of Dy>" is encouraging, as this remains
comparable to Am**; previously, the synthesis of Am,Ti,0, by

https://doi.org/10.1021/acs.inorgchem.1c03816
Inorg. Chem. 2022, 61, 5744—5756


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03816/suppl_file/ic1c03816_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03816/suppl_file/ic1c03816_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03816/suppl_file/ic1c03816_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(A)

Ti Ka

Intensity (a.u.)

3 4 5
Energy (keV)

Intensity (a.u.)

R

pyrochlore —

(8)

TiKa

Dy Ma

O Ka

3 4 5
Energy (keV)

zirconolite-4M

Figure 3. Backscattered electron micrograph of the x = 0.50 composition, with EDS spectra of zirconolite-4M and cubic pyrochlore phases.

calcination in air between 1200 and 1300 °C has been shown
to result in the complete reduction of Am*" to Am*".*> Feature
B presented a variation that may be dependent on the
coordination of Dy>* cations. This is evidenced by the
reference compounds (Dy,TiOs and Dy,0;) having different
energy maxima (~7812.4 eV) compared to the Dy-titanates x
=0.10, 0.30, 0.60, and 1.00 (Dy,Ti,0,) (~7815.9 eV) (Figure
9 and Table S2). This shift in maxima position could be
attributed to an increase in O coordination of the Dy’* atoms,
as the feature maximum for the 6-fold Dy,O; is lower than that
of the 8-fold Dy,Ti,O-,; however, a more comprehensive
systematic analysis of L;- and L,-edges would be needed to
confirm this trend. Moreover, the intensity of feature B present
in Dy-titanates was also observed to vary as a function of Dy
concentration and thus changing structure type. This can
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clearly be seen when comparing feature B intensity between
zirconolite-2M (i, x = 0.10) in which Dy** was targeted
equimolar across both the 8- and 7-fold sites, and pyrochlore
(ie, x = 0.60) in which Dy** cations occupy only one 8-fold
coordinated site. This is qualitative evidence that suggests that
there is an agreement between the targeted self-balancing
charge substitution scheme for zirconolite and Dy** being split
between two crystallographically distinct sites at a lower
concentration. Qualitative trends were also observed for
feature C, in which a decrease in maxima (7830.8 eV)
intensity was observed in correlation with increased Dy doping
of the Dy-titanates. Additionally, a shift in maxima position of
~0.9 eV is seen between the Dy-titanate samples and the
reference compounds (Dy,0; and Dy,TiOg) possibly indicat-
ing a change in Dy coordination environment. A similar

https://doi.org/10.1021/acs.inorgchem.1c03816
Inorg. Chem. 2022, 61, 5744—5756


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03816/suppl_file/ic1c03816_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Figure 4. Backscattered electron micrographs of the x = 0.60, 0.70, 0.80, and 0.90 compositions, demonstrating phase-pure pyrochlore.
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Figure S. Raman spectra for Ca,_,Zr,_ Dy, Ti,O, in compositional
range 0 < x < 1.00.

coordination-related energy shift in this feature has also been
noted in the Dy and Sm L;-edges for other complex materials
and has been proposed as the result of increased average Ln—
O bond distance.*”*® This qualitative trend is broadly
consistent with EXAFS analyses (discussed below) whereby
a slight decrease in the average Dy—O bonds was observed
with increasing Dy concentration (i.e., when Dy was modeled
as the absorbing atom in zirconolite-2M, 4M, and pyrochlore).

Fitting of the EXAFS region provided insight into the local
structure of Dy including the immediate coordination
environment and structure over a range of up to ~4.5 A
from the central Dy atom (Figure 10; Table 4). Analysis of the
Dy, Ti,0, reference compound (i.e., x = 1.00) produced a good
fit (R-factor = 0.0155) that consisted of 2 O atoms at 2.19(2)
A, 6 O atoms at 2.45(2) A, 6 Ti atoms at 3.57(1) A, 6 Dy
atoms at 3.58(1) A, 12 O atoms at 3.92(5) A, 6 O atoms at
4.51 A, and an O—Ti multiple scattering pathway at 4.79 A
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with a degeneracy of 24. This model is in excellent agreement
with the expected Dy,Ti,0, structure as previously determined
by single-crystal X-ray diffraction.’” Fitting of the Dy,Ti,0,
reference compound informed the fitting parameters of the x =
0.60 compound, as from XRD and TEM analyses, this was
confirmed to also adopt the cubic pyrochlore structure, despite
partial occupancy of Ca and Zr on the A site. An excellent fit
(R-factor = 0.0076) to the data was produced with a similar
model to the Dy,Ti,O, standard, albeit with a lower
coordination of Dy’" atoms and fewer long-range order shells
fitted. The best-fit model consisted of 2 O atoms at 2.21(2) A,
6 O atoms at 2.43(2) A, 6 Ti atoms at 3.53(1) A, 3.6 Dy atoms
at 3.59(2) A, and 12 O atoms at 3.93(5) A. The number of
second shell Dy---Dy paths was reduced from 6 to 3.6 (x = 1.00
and 0.60, respectively), which is in line with the reduced
concentration of Dy in the x = 0.60 sample relative to the x =
1.00 (Dy,Ti,O,) compound. As the coordination shell only
contains 3.6 Dy, this leaves a remaining degeneracy of 2.4 that
is made up of Ca and Zr; however, attempts to fit these atoms
into the EXAFS fits proved unsuccessful, with the addition
resulting in significantly worse fits (see Supporting Information
for further details). This may be due to the limited data
obtained of the samples (k-range could only be fit to 12), and
therefore, a much higher k-range may be needed to
deconvolute the Ti, Dy, Ca, and Zr that all manifest at a
similar point in the EXAFS spectrum. Indeed, such limitations
have been observed previously in different systems with
different elements (U in iron (oxyhydr)oxides); however, the
need for a high k-range, and the addition of molecular
dynamics modeling, to deconvolute many overlapping shells in
the EXAFS has been clearly shown.*”**

Fitting of the EXAFS for the x = 0.1 sample to a zirconolite-
2M model produced a good fit (R-factor = 0.0040) with the
model consisting of 4 O atoms at 2.28(1) A, 4 O atoms at
2.43(1) A, 2 Ti atoms at 3.33(3) A, 4 Ti atoms at 3.52(2) A, 1
Zr at 3.58(10) A, and 12 O at 4.13 A. This is in agreement
with the expected zirconolite-2M structure. The x = 0.3 sample
proved the most challenging to fit, due to the composition
adopting the complex zirconolite-4M structure. The zircono-
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Figure 6. (a) Bright-field TEM micrograph of the x = 0.3 sample, showing the zirconolite-4M structure, with the electron beam positioned down
the [100] zone axis and (b) a [100] zone-axis electron diffraction pattern indexed to the zirconolite-4M structure. Streaked reflections are identified

by left-pointing green arrows.
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Figure 7. (a) Dark-field TEM micrograph of the x = 0.3 sample, showing the zirconolite-4M structure, with the electron beam positioned down the
[110] zone axis and the objective aperture over the diffuse reflection indicated by the arrow in (b) a [110] zone-axis electron diffraction pattern

indexed to the zirconolite-4M structure.
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Figure 8. Zone-axis electron diffraction patterns of the x = 0.6 sample with the electron beam positioned down the (a) [111] and (b) [211] zone

axes. Both patterns are indexed to the pyrochlore Fd3m structure.

lite-4M structure is composed of both pyrochlore and
zirconolite-2M  structural units, resulting in a system of
mixed coordination environments for the Dy>* ions.
Consequently, a fit that represented a mixture of the
zirconolite-2M and pyrochlore structure was attempted, using
a pyrochlore CIF file as the basis. A good fit was obtained (R-
factor = 0.0028) which consisted of 5 O atoms at 2.29(5) A, 3
O atoms at 2.41(2) A, 6 Ti atoms at 3.49(1) A, 0.6 Dy atoms
at 3.59(4) A, and 8 O atoms at 4.05(4) A. The reduced
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occupancy of the distal O shell (8 instead of 12) is likely
representative of the lower degree of long-range order in the
structure. The degeneracy of the Dy shell is concordant with
expected occupancy of the zirconolite-2M structure. As with
the previous samples and as discussed above, the Ca and Zr
atoms could not be fit due to the limited k-range obtained.
While EXAFS fitting suggests that the Dy’* cations are 8-
fold coordinated by O atoms in all compositions, this
coordination environment is only expected to be the sole
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Figure 9. XANES data collected for x = 0.10, x = 0.30, and x = 0.60, alongside Dy, O;, Dy,TiOjs, and Dy, Ti,0, reference compounds, with features
A, B, and C labeled. Insets on the right show enlargements of features B and C.

Table 3. Bond Valence Sums for Dy in Selected
Compositions

environment for the Dy,Ti,O, pyrochlore reference com-
pound. Upon doping the zirconolite-2M structure with Dy*", it
is expected that the Dy atoms will occupy the Ca (8-fold) and
Zr (7-fold) sites, with a possible preference for the Ca site on
the basis of compatible ionic radii (Ca** = 1.12 A and Dy** =
1.027 A in 8-fold coordination).” In the x = 0.1 sample, an
even split of 4 O atoms at 2.28(1) A (Zr site) and 4 O atoms
2.43(1) A (Ca site) may suggest that Dy is equally distributed
across the Ca (8-fold) and Zr (7-fold) sites. Indeed, altering

composition bond valence sum (Dy--O x8)
x = 0.10 (zirconolite-2M) 3.125
x = 0.30 (zirconolite-4M) 2.98
x = 0.60 (pyrochlore) 3.021
x = 1.00 (pyrochlore) 3.016
45

5

Ko-x(k) (A%)

IX(R)] (A)

Dy, Ti,0 (x = 1.0)

Wavenumber (A-)

0.5 15 26 35 45
Radial distance (A)

Figure 10. Dy L; edge XAS spectra for Dy,Ti,0, (ie, x = 1.0), x = 0.6, x = 0.3, and x = 0.1 samples (where x refers to the structure
Ca,_,Zr,_ Dy, Ti,0,). Left: k*-weighted EXAFS. Right: Fourier transform of k’-weighted EXAFS, using a Hanning window function. Black lines

are data, and red lines are the best modeled fits for the data.
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Table 4. Fitting Parameters for EXAFS Data Presented in Figure 10?

path
sample parameters 01 02 Til Ti2 Zrl Dyl 03 04 O Ti MS
N 2 6 6 6 12 6 24
Dy,Ti,0, (x = 1.0) o*(107%) (A%) 3(1) 13(1) 13(2) 7(1) 15(7) 5(4) 9"
E, = 1.4(14) R(A) 2.19(2) 2.45(2) 3.57(1) 3.58(1) 3.92(5) 4.51(3) 479"
R-factor = 0.0155 a(%) 100.0 100.0 100.0 100.0 100.0 99.7
N 2 6 6 3.6 12
x =06 o*(107%) (A%) 7(2) 15(2) 15(2) 7(1) 19(7)
E, = 1.6(13) R(A) 2.21(2) 2.43(2) 3.53(1) 3.59(2) 3.93(5)
R-factor = 0.0076 a(%) 99.9 100.0 100.0 99.4 100.0
N 5 3 6 0.6 8
x=03 a*(107%) (A%) 12(4)° 12(4)° 13(1) 4(3) 18(4)
E, = 2.6(6) R(A) 2.29(5) 2.41(2) 3.49(1) 3.59(4) 4.05(4)
R-factor = 0.0028 a(%) 100.0 100.0 100.0 94.6 100.0
N 4 4 2 4 1 12
x=0.1 2(107%) (A?) 5(1)¢ 5(1)¢ 9(7)¢ 9(7)¢ 7(3) 19(3)
Ey = 3.2(5) R(A) 2.28(1) 2.43(1) 3.33(3) 3.52(2) 3.58(10) 4.13(2)
R-factor = 0.0040 o(%) 100.0 100.0 94.0 99.4 100.0 99.9

“The amplitude reduction factor (S,?) for all samples was 0.95; N is the degeneracy; o> is the Debye—Waller factor; R is the interatomic distance; @
is the result of the F-test indicating the confidence that adding the path improves the fit (>67% is equal to 16 and >95 % is equal to 26 in terms of
standard deviation). “Indicates that the path was parameterized using O1 and Til parameters. “Indicates that the parameters were linked.
“Indicates that the parameters were linked. The general formula relating to “x” is Ca,_,Zr,_,,Dy,,Ti,0,.

the total occupancy of the first O shell to 7.5 (expected in a
system with a 50:50 split of 7- and 8-fold sites) by setting the
degeneracy of the aforementioned O atoms to 3.75 each
produces an equally valid fit, albeit with a slightly worsened R-
factor of 0.0073, with a similar effect being observed in the x =
0.3 composition (increased R-factor of 0.0032). This suggests
that Dy** may be doped in equal amounts across the Ca and Zr
sites, in good agreement with the targeted self-charge balancing
substitution regime, and moreover, the qualitative observations
of features B and C in the XANES region.

3.4. Discussion within Context of Existing Literature.
Several systematic CaZrTi,O,—REE*'Ti,0, solid solutions
have been reported in the wider literature, the published phase
fields from which are summarized in Table S and Figure 11,
with descriptions below. A comparison of the ionic radii of
lanthanides and minor actinides is provided in Table S1. The
radius ratio necessary to stabilize the cubic pyrochlore
structure in A,B,0, ceramics is clearly demonstrated by
varying the size of the A®* site, in agreement with the model
proposed by McCauley.”® The bracketed areas displayed along
the x-axis in Figure 11 represent the dominant phase present at
a given substitution value.

Gd*": Zhang et al. synthesized the Ca,_,Zr,_,Gd,,Ti,O,
solid solution (0.0 < x < 1.0) by oxide synthesis, with bulk
pellets sintered at 1400 °C for 48 h.”> The zirconolite-2M
phase was present over the compositional range 0.0 < x < 0.4,
while the 4M polytype was stabilized between 0.2 < x < 0.5.
The cubic pyrochlore phase was formed in compositions for
which x > 0.4, and present as a single phase above x = 0.6.
These phase fields are near-identical to those reported in the
present work, which is unsurprising given the relative ionic
radii of Gd** and Dy’* cations (1.053 and 1.027 A,
respectively).

Sm**: Similar phase fields were reported by Jafar et al. in the
Ca,_,Zr,_,Sm, Ti,0O, (0.0 < x < 1.0) system, fabricated by
solid-state reaction at 1300 °C (24 h).*® Zirconolite-2M was
found to coexist alongside a minor perovskite phase when
targeting x = 0.10, with mixtures of zirconolite-2M, 4M, and/

5753

or perovskite formed in the compositional range 0.20 < x <
0.3S. Cubic pyrochlore and zirconolite-4M were reported for x
= 0.40 and 0.50, with single-phase pyrochlore observed beyond
x > 0.60.

Y3*: Jafar et al. also synthesized corresponding
Ca,_,Zr,_Y,,Ti,O, compositions with a sintering temperature
of 1300 °C.”° No perovskite phases were identified at any
interval, with single phase 2M and 4M formed at x = 0.10 and
0.40, respectively, with the intermediate compositions
composed of a mixture of polytypes. At x = 0.60, zirconolite-
4M was found to coexist with pyrochlore; however, cubic
pyrochlore was stabilized as a single phase beyond x > 0.70.

Nd**: The phase fields observed when doping Nd** into the
structure were observed to deviate from the conventional 2M
— 4M — Py phase evolution, as zirconolite-2M, 4M, or cubic
pyrochlore was not formed as a single phase at any
compositional interval>' Rather, co-mixtures of 2M, 4M,
and/or perovskite were present between 0.10 < x < 0.40,
progressing to mixtures of cubic pyrochlore and perovskite
between 0.50 < x < 0.70. As the end-member Nd,Ti,O,
structure is not capable of adopting the cubic pyrochlore
structure on the basis of ionic radii (Nd** = 1.109 A), a
monoclinic double-layered perovskite structure was preferen-
tially formed beyond x = 0.90.

Ce’": Meng et al. synthesized the corresponding Ce solid
solution; however, as Ce is known to adopt both Ce** and
Ce** oxidation states in zirconolite, the targeted composition
allowed for nonideal oxygen stoichiometry, and thus denoted
as Ca,_,Zr,_,Ce,, Ti,O,,5" Moreover, Ce 3d XPS data
confirmed that Ce was consistently distributed as ~50%
Ce®, inferring that the excess positive charge could be
compensated by cation vacancies. Unfortunately, the solid
solution was not progressed beyond x = 0.40, but, given the
relatively large radius of Ce*" in comparison to other REE**
cations, the formation of single-phase zirconolite-4M was
detected at a lower concentration, corresponding to both x =
0.20 and 0.30. When targeting x = 0.40, a co-mixture of
pyrochlore and perovskite was formed.
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features from Figure 9 and corresponding energies

https://doi.org/10.1021/acs.inorgchem.1c03816
Inorg. Chem. 2022, 61, 5744—5756


https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?fig=fig11&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(Table S2); and EXAFS fitting parameters for a range of
fitting models (Table S3) (PDF)

B AUTHOR INFORMATION

Corresponding Author
Lewis R. Blackburn — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3]D, UK,; ® orcid.org/0000-0002-
5889-2035; Email: lewis.blackburn@sheflield.ac.uk

Authors

Luke T. Townsend — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3]D, UK,; ® orcid.org/0000-0002-
7991-9444

Sebastian M. Lawson — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3]D, U.K; GeoRoc International
(GRI) Ltd, Whitehaven, Cumbria CA28 8PF, UK,

orcid.org/0000-0003-4786-6947

Amber R. Mason — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3JD, UK.

Martin C. Stennett — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3]D, UK,; ® orcid.org/0000-0002-
8363-9103

Shi-Kuan Sun — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3]D, U.K,; School of Materials Science
and Energy Engineering, Foshan University, Foshan 528000,
China; ® orcid.org/0000-0002-1688-5072

Laura J. Gardner — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3]D, UK,; ® orcid.org/0000-0003-
3126-2583

Ewan R. Maddrell — National Nuclear Laboratory,
Workington, Cumbria CA20 1PJ, UK.

Claire L. Corkhill — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3]D, UK,; ® orcid.org/0000-0002-
7488-3219

Neil C. Hyatt — Department of Materials Science and
Engineering, Immobilisation Science Laboratory, University of
Sheffield, Sheffield S1 3]D, UK,; ® orcid.org/0000-0002-
2491-3897

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.1c03816

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support from the
Nuclear Decommissioning Authority (NDA) and EPSRC
under grant numbers EP/S01019X/1, EP/N017870/1, and
EP/RS511754/1. Collection of the Dy L;-edge XAS data was
performed under the approval of the Photon Factory Advisory
Committee (Proposal No. 2019GS86). The support of
Yoshihiro Okamoto (Japanese Atomic Energy Agency) and
Noriko Usami (The High Energy Accelerator Research
Organisation—Ko Enerugi Kasokuki Kenkya Kiko) during

5755

the experiment is gratefully acknowledged. The authors are
also grateful to Giannantonio Cibin for assistance in Dy L;-
edge XAS calibration. This research utilized the HADES/
MIDAS facility at the University of Sheffield established with
financial support from EPSRC and BEIS, under grant EP/
T011424/1.°* The authors declare that they have no known
competing financial interests or personal relationships that
could have appeared to influence the work reported in this

paper.

B REFERENCES

(1) Zhang, K;; Yin, D.; Xu, K.; Zhang, H. Self-propagating synthesis
and characterization studies of Gd-bearing Hf-zirconolite ceramic
waste forms. Materials 2019, 12, No. 178.

(2) Leturcq, G.; McGlinn, P. J.; Barbe, C.; Blackford, M. G.; Finnie,
K. S. Aqueous alteration of nearly pure Nd-doped zirconolite
(Ca0.8Nd0.2ZrTi1.8A10.207), a passivating layer control. Appl.
Geochem. 2005, 20, 899—906.

(3) Cai, X;; Teng, Y.; Wu, L,; Zhang, K;; Huang, Y. The synthesis
and chemical durability of Nd-doped single-phase zirconolite solid
solutions. J. Nucl. Mater. 2016, 479, 455—460.

(4) Meng, C.; Ding, X;; Li, W.; Zhao, J.; Yang, H. Phase structure
evolution and chemical durability studies of Ce-doped zirconolite—
pyrochlore synroc for radioactive waste storage. J. Mater. Sci. 2016, S1,
5207-521S.

(5) Blackburn, L. R.; Crawford, R.; Walling, S. A.; Gardner, L. J;
Cole, M. R;; Sun, S.; Gausse, C.; Mason, A. R,; Stennett, M. C;
Maddrell, E. R;; Hyatt, N. C.; Corkhill, C. L. Influence of accessory
phases and surrogate type on accelerated leaching of zirconolite
wasteforms. npj Mater. Degrad. 2021, S, No. 24.

(6) Vance, E. R;; Jostsons, A,; Day, R. A; Ball, C. J.; Begg, B. D.;
Angel, P. J. Excess Pu Disposition in Zirconolite-Rich Synroc. Mat.
Res. Soc. Symp. Proc. 1995, 412, 41—47.

(7) Ringwood, A. E.; Oversby, V. M.; Kesson, S. E.; Sinclair, W,;
Ware, N.; Hibberson, W.; Major, A. Immobilization of High-Level
Nuclear Reactor Wastes in Synroc: A Current Appraisal. Nucl. Waste
Manag. 1981, 2, 287—305.

(8) Vance, E. R.;; Lumpkin, G. R; Carter, M. L.; Cassidy, D. J.; Ball,
C.J.; Day, R. A; Begg, B. D. Incorporation of Uranium in Zirconolite
(CaZrTi,0,). J. Am. Ceram. Soc. 2002, 85, 1853—1859.

(9) Begg, B. D.; Day, R. A.; Brownscombe, A. Structural Effect of Pu
Substitutions on the Zr-site in Zirconolite. Mat. Res. Soc. Symp. Proc.
2001, 663, No. 259.

(10) Begg, B. D.; Vance, E. R.; Conradson, S. The incorporation of
plutonium and neptunium in zirconolite and perovskite. J. Alloys
Compd. 1998, 271-273, 221-226.

(11) Wiss, T.; Deschanels, X.; Hiernaut, J. P.; Roudil, D.; Peuget, S.;
Rondinella, V. V. Helium release from plutonium and curium-doped
zirconolite. . Nucl. Mater. 2007, 362, 431—437.

(12) Burakov, B. E.; Ojovan, M. L; Lee, W. E. Crystalline Materials
for Actinide Immobilisation, 1st ed.; Imperial College Press, 2010; Vol.
1.

(13) Blackburn, L. R;; Bailey, D. J.; Sun, S.; Gardner, L. J.; Stennett,
M. C; Corkhill, C. L; Hyatt, N. C. Review of zirconolite crystal
chemistry and aqueous durability. Adv. Appl. Ceram. 2021, 120, 69—
83.

(14) Cheary, R. W.; Coelho, A. A. A site occupancy analysis of
zirconolite CaZr,Ti; ,O,. Phys. Chem. Miner. 1997, 24, 447—454.

(15) Clark, B. M.; Sundaram, S. K; Misture, S. T. Polymorphic
Transitions in Cerium-Substituted Zirconolite (CaZrTi,O;). Sci. Rep.
2017, 7, No. $920.

(16) Coelho, A. A; Cheary, R. W.; Smith, K. L. Analysis and
Structural Determination of Nd-Substituted Zirconolite-4M. J. Solid
State Chem. 1997, 129, 346—359.

(17) Blackburn, L. R; Sun, S.; Gardner, L. J.; Maddrell, E. R;
Stennett, M. C.; Corkhill, C. L.; Hyatt, N. C. Synthesis, Structure and
Characterisation of the Thorium Zirconolite CaZr, Th,Ti,O,
System. J. Am. Ceram. Soc. 2021, 104, 2937—-2951.

https://doi.org/10.1021/acs.inorgchem.1c03816
Inorg. Chem. 2022, 61, 5744—5756


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03816/suppl_file/ic1c03816_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lewis+R.+Blackburn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5889-2035
https://orcid.org/0000-0002-5889-2035
mailto:lewis.blackburn@sheffield.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luke+T.+Townsend"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7991-9444
https://orcid.org/0000-0002-7991-9444
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+M.+Lawson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4786-6947
https://orcid.org/0000-0003-4786-6947
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amber+R.+Mason"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+C.+Stennett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8363-9103
https://orcid.org/0000-0002-8363-9103
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shi-Kuan+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1688-5072
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+J.+Gardner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3126-2583
https://orcid.org/0000-0003-3126-2583
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ewan+R.+Maddrell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claire+L.+Corkhill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7488-3219
https://orcid.org/0000-0002-7488-3219
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Neil+C.+Hyatt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2491-3897
https://orcid.org/0000-0002-2491-3897
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03816?ref=pdf
https://doi.org/10.3390/ma12010178
https://doi.org/10.3390/ma12010178
https://doi.org/10.3390/ma12010178
https://doi.org/10.1016/j.apgeochem.2004.10.006
https://doi.org/10.1016/j.apgeochem.2004.10.006
https://doi.org/10.1016/j.jnucmat.2016.07.042
https://doi.org/10.1016/j.jnucmat.2016.07.042
https://doi.org/10.1016/j.jnucmat.2016.07.042
https://doi.org/10.1007/s10853-016-9822-x
https://doi.org/10.1007/s10853-016-9822-x
https://doi.org/10.1007/s10853-016-9822-x
https://doi.org/10.1038/s41529-021-00171-8
https://doi.org/10.1038/s41529-021-00171-8
https://doi.org/10.1038/s41529-021-00171-8
https://doi.org/10.1557/PROC-412-41
https://doi.org/10.1016/0191-815X(81)90055-3
https://doi.org/10.1016/0191-815X(81)90055-3
https://doi.org/10.1111/j.1151-2916.2002.tb00364.x
https://doi.org/10.1111/j.1151-2916.2002.tb00364.x
https://doi.org/10.1557/PROC-663-259
https://doi.org/10.1557/PROC-663-259
https://doi.org/10.1016/S0925-8388(98)00058-9
https://doi.org/10.1016/S0925-8388(98)00058-9
https://doi.org/10.1016/j.jnucmat.2007.01.096
https://doi.org/10.1016/j.jnucmat.2007.01.096
https://doi.org/10.1080/17436753.2021.1877596
https://doi.org/10.1080/17436753.2021.1877596
https://doi.org/10.1007/s002690050059
https://doi.org/10.1007/s002690050059
https://doi.org/10.1038/s41598-017-06407-5
https://doi.org/10.1038/s41598-017-06407-5
https://doi.org/10.1006/jssc.1996.7263
https://doi.org/10.1006/jssc.1996.7263
https://doi.org/10.1111/jace.17627
https://doi.org/10.1111/jace.17627
https://doi.org/10.1111/jace.17627
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(18) Shoup, S. S.; Bamberger, C. E.; Haire, R. G. Novel plutonium
titanate compounds and solid solutions Pu,Ti,0,-Ln,Ti,O0:
Relevance to nuclear waste disposal. J. Am. Ceram. Soc. 1996, 79,
1489—1493.

(19) Ewing, R. C.; Weber, W. J; Lian, J. Nuclear waste disposal-
pyrochlore (A,B,0;): Nuclear waste form for the immobilization of
plutonium and ‘minor” actinides. J. Appl. Phys. 2004, 95, 5949—5971.

(20) Lumpkin, G. R; Begg, B. D.; Smith, K. L. Radiation Damage
Effects in Pyrochlore and Zirconolite Ceramic Matrices for the
Immobilization of Actinide-Rich Wastes, Proceedings of International
Conference Science Research Back-end Fuel Cycle 21st Century,
November 2000; pp 1—-10, 2000.

(21) Hart, K. P; Zhang, Y.; Loi, E; Aly, Z.; Stewart, M. W. A;
Brownscombe, A.; Ebbinghaus, B. B.; Bourcier, W. Aqueous
Durability of Titanate Ceramics Designed to Immobilise Excess
Plutonium. Mat. Res. Soc. Symp. Proc. 1999, 608, 353—358.

(22) Aluri, E. R;; Grosvenor, A. P. A study of the electronic structure
and structural stability of Gd,Ti,O, based glass-ceramic composites.
RSC Adv. 2015, S, 80939—80949.

(23) Gregg, D. J,; Zhang, Y.; Middleburgh, S. C.; Conradson, S. D.;
Triani, G.; Lumpkin, G. R;; Vance, E. R. The incorporation of
plutonium in lanthanum zirconate pyrochlore. J. Nucl. Mater. 2013,
443, 444—4S51.

(24) Jafar, M; Phapale, S. B.; Mandal, B. P.; Mishra, R.; Tyagi, A. K.
Preparation and Structure of Uranium-Incorporated Gd,Zr,0,
Compounds and Their Thermodynamic Stabilities under Oxidizing
and Reducing Conditions. Inorg. Chem. 2015, 54, 9447—9457.

(25) Zhang, Y. B.; Wang, J.; Wang, J.; Huang, Y.; Luo, P.; Liang, X.
F.; Tan, H. B. Phase evolution, microstructure and chemical stability
of Ca,_,Zr,_,Gd,,Ti,0, (0.0 < x < 1.0) system for immobilizing
nuclear waste. Ceram. Int. 2018, 44, 13572—13579.

(26) Jafar, M.; Achary, S. N.; Salke, N. P,; Sahu, A. K; Rao, R;
Tyagi, A. K. X-ray diffraction and Raman spectroscopic investigations
on CaZrTi,0; - Y,Ti,O, system: Delineation of phase fields
consisting of potential ceramic host materials. J. Nucl. Mater. 2016,
475, 192—199.

(27) Zhang, K; He, S.; Yin, D.; Peng, L.; Wu, J. Self-propagating
synthesis and aqueous durability of Nd-bearing zirconolite-rich
composites using Ca(NO,), as the oxidant. J. Nucl. Mater. 2016,
478, 315—321.

(28) Jafar, M; Sengupta, P.; Achary, S. N.; Tyagi, A. K. Phase
evolution and microstructural studies in CaZrTi,O, (zirconolite)-
Sm,Ti,0, (pyrochlore) system. J. Eur. Ceram. Soc. 2014, 34, 4373—
4381.

(29) Yadav, P. K.; Upadhyay, C. Quantum criticality in geometrically
frustrated Ho2Ti207 and Dy2Ti207 spin ices. J. Magn. Magn. Mater.
2019, 482, 44—49.

(30) Mito, M.; Kuwabara, S.; Matsuhira, K.; Deguchi, H.; Takagi, S.;
Hiroi, Z. Uniaxial pressure effects on spin-ice compound Dy2Ti207.
J. Magn. Magn. Mater. 2007, 310, e432—e434.

(31) Jaques, B. J.; Osterberg, D. D.; Alanko, G. A.,; Tamrakar, S.;
Smith, C. R;; Hurley, M. F,; Butt, D. P. In situ characterization of the
nitridation of dysprosium during mechanochemical processing. J.
Alloys Compd. 2018, 619, 253—261.

(32) Nikitin, S. N.; Shornikov, D. P.; Tarasov, B. A; Baranov, V. G.;
Burlakova, M. A. Imitators of plutonium and americium in a mixed
uranium- plutonium nitride fuel. IOP Conf. Ser. Mater. Sci. Eng. 2016,
130, No. 012036.

(33) Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS:
Data analysis for X-ray absorption spectroscopy using IFEFFIT. J.
Synchrotron Radiat. 2008, 12, 537—541.

(34) Farmer, J. M.; Boatner, L. A.; Chakoumakos, B. C.; Du, M. H.;
Lance, M. J.; Rawn, C. J; Bryan, J. C. Structural and crystal chemical
properties of rare-earth titanate pyrochlores. J. Alloys Compd. 2014,
605, 63—70.

(35) Whittle, K. R;; Hyatt, N. C.; Smith, K. L.; Margiolaki, I; Berry,
F. J.; Knight, K. S,; Lumpkin, G. R. Combined neutron and X-ray
diffraction determination of disorder in doped zirconolite-2M. Am.
Mineral. 2012, 97, 291-298.

5756

(36) Downward, L.; Booth, C. H.; Lukens, W. W; Bridges, F. A
Variation of the F-Test for Determining Statistical Relevance of Particular
Parameters in EXAFS Fits EXAFS Energy Shift and Structural
Parameters, AIP Conference Proceedings, 2007; pp 129—131.

(37) Salamat, A.; McMillan, P.; Firth, S.; Woodhead, K.; Hector, A.
L.; Garbarino, G.; Stennett, M. C.; Hyatt, N. C. Structural
Transformations and Disordering in Zirconolite (CaZrTi,O;) at
High Pressure. Inorg. Chem. 2013, 52, 1550—1558.

(38) Blackburn, L. R; Sun, S.; Gardner, L. J.; Maddrell, E. R;
Stennett, M. C.; Hyatt, N. C. A systematic investigation of the phase
assemblage and microstructure of the zirconolite CaZr,_,Ce,Ti,O,
system. J. Nucl. Mater. 2020, 535, No. 152137.

(39) Glerup, M.; Nielsen, O. F.; Poulsen, F. W. The structural
transformation from the pyrochlore structure, A,B,0, to the fluorite
structure, AO,, studied by Raman spectroscopy and defect chemistry
modeling. J. Solid State Chem. 2001, 160, 25—32.

(40) Gupta, H. C.; Brown, S.; Rani, N.; Gohel, V. B. Lattice dynamic
investigation of the zone center wavenumbers of the cubic A,Ti,O,
pyrochlores. J. Raman Spectrosc. 2001, 32, 41—44.

(41) Wei, T.; Zhang, Y.; Kong, L.; Kim, Y. J.; Xu, A.; Karatchevtseva,
I; Scales, N.; Gregg, D. J. Hot isostatically pressed Y,Ti,O, and
Gd,Ti,O, pyrochlore glass-ceramics as potential waste forms for
actinide immobilization. J. Eur. Ceram. Soc. 2019, 39, 1546—1554.

(42) Sanjuan, M. L.; Guglieri, C.; Diaz-Moreno, S.; Aquilanti, G;
Fuentes, A. F,; Olivi, L.; Chaboy, J. Raman and x-ray absorption
spectroscopy study of the phase evolution induced by mechanical
milling and thermal treatments in R,Ti,0, pyrochlores. Phys. Rev. B
2011, 84, No. 104207.

(43) Andreeva, A. Y.; Pankin, I. A.; Sukhikh, T. S.; Kravtsova, A. N.;
Konchenko, S. N.; Kozlova, S. G.; Soldatov, A. V. Application of X-ray
absorption spectroscopy for L;-edges of Dy and Yb in dibenzoylme-
thanide complexes: Experiment and theoretical interpretation. J. Mol.
Struct. 2019, 1188, 205—213.

(44) Zhou, K. J; Cui, M. Q;; Hua, W.; Zhao, Y. D.; Huang, Y. Y.
Resonant inelastic x-ray scattering from highly correlated dysprosium
compounds. X-Ray Spectrom. 2006, 35, 106—111.

(45) Shoup, S. S.; Bamberger, C. E. On the Formation of
Americium- and Neptunium-Containing Titanates. Radiochim. Acta
1997, 76, 63—69.

(46) Iadecola, A.; Joseph, B.; Simonelli, L.; Maugeri, L.; Fratini, M.;
Martinelli, A.; Palenzona, A.; Putti, M.; Saini, N. L. Effect of Ru
substitution on atomic displacements in the layered SmFe, Ru
AsOggsFo 15 superconductor. Phys. Rev. B 2012, 85, No. 214530.

(47) Marshall, T. A;; Morris, K; Law, G. T. W,; Livens, F. R;
Mosselmans, J. F. W,; Bots, P.; Shaw, S. Incorporation of uranium into
hematite during crystallization from ferrihydrite. Environ. Sci. Technol.
2014, 48, 3724—3731.

(48) McBriarty, M. E.; Kerisit, S.; Bylaska, E. J.; Shaw, S.; Morris, K;
Ilton, E. S. Iron Vacancies Accommodate Uranyl Incorporation into
Hematite. Environ. Sci. Technol. 2018, 52, 6282—6290.

(49) Shannon, R. D. Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallogr., Sect. A 1976, 32, 751-767.

(50) Mccauley, R. A. Structural characteristics of pyrochlore
formation. J. Appl. Phys. 1980, 51, 290—294.

(51) Jafar, M; Sengupta, P.; Achary, S. N.; Tyagi, A. K. Phase
evolution and microstructural studies in CaZrTi,0,-Nd,Ti, O,
system. J. Am. Ceram. Soc. 2014, 97, 609—616.

(52) Hyatt, N. C.; Corkhill, C. L,; Stennett, M. C; Hand, R. J;
Gardner, L. J.; Thorpe, C. L. The HADES Facility for High Activity
Decommissioning Engineering & Science: Part of the UK National
Nuclear User Facility. IOP Conf. Ser.: Mater. Sci. Eng. 2020, 818,
No. 012022.

https://doi.org/10.1021/acs.inorgchem.1c03816
Inorg. Chem. 2022, 61, 5744—5756


https://doi.org/10.1111/j.1151-2916.1996.tb08754.x
https://doi.org/10.1111/j.1151-2916.1996.tb08754.x
https://doi.org/10.1111/j.1151-2916.1996.tb08754.x
https://doi.org/10.1063/1.1707213
https://doi.org/10.1063/1.1707213
https://doi.org/10.1063/1.1707213
https://doi.org/10.1557/PROC-608-353
https://doi.org/10.1557/PROC-608-353
https://doi.org/10.1557/PROC-608-353
https://doi.org/10.1039/C5RA10720B
https://doi.org/10.1039/C5RA10720B
https://doi.org/10.1016/j.jnucmat.2013.07.030
https://doi.org/10.1016/j.jnucmat.2013.07.030
https://doi.org/10.1021/acs.inorgchem.5b01300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.5b01300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ceramint.2018.04.191
https://doi.org/10.1016/j.ceramint.2018.04.191
https://doi.org/10.1016/j.ceramint.2018.04.191
https://doi.org/10.1016/j.jnucmat.2016.04.016
https://doi.org/10.1016/j.jnucmat.2016.04.016
https://doi.org/10.1016/j.jnucmat.2016.04.016
https://doi.org/10.1016/j.jnucmat.2016.06.033
https://doi.org/10.1016/j.jnucmat.2016.06.033
https://doi.org/10.1016/j.jnucmat.2016.06.033
https://doi.org/10.1016/j.jeurceramsoc.2014.07.001
https://doi.org/10.1016/j.jeurceramsoc.2014.07.001
https://doi.org/10.1016/j.jeurceramsoc.2014.07.001
https://doi.org/10.1016/j.jmmm.2019.03.010
https://doi.org/10.1016/j.jmmm.2019.03.010
https://doi.org/10.1016/j.jmmm.2006.10.441
https://doi.org/10.1016/j.jallcom.2014.08.193
https://doi.org/10.1016/j.jallcom.2014.08.193
https://doi.org/10.1088/1757-899X/130/1/012036
https://doi.org/10.1088/1757-899X/130/1/012036
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1107/S0909049505012719
https://doi.org/10.1016/j.jallcom.2014.03.153
https://doi.org/10.1016/j.jallcom.2014.03.153
https://doi.org/10.2138/am.2012.3848
https://doi.org/10.2138/am.2012.3848
https://doi.org/10.1021/ic302346g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic302346g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic302346g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jnucmat.2020.152137
https://doi.org/10.1016/j.jnucmat.2020.152137
https://doi.org/10.1016/j.jnucmat.2020.152137
https://doi.org/10.1006/jssc.2000.9142
https://doi.org/10.1006/jssc.2000.9142
https://doi.org/10.1006/jssc.2000.9142
https://doi.org/10.1006/jssc.2000.9142
https://doi.org/10.1002/1097-4555(200101)32:1<41::AID-JRS664>3.0.CO;2-R
https://doi.org/10.1002/1097-4555(200101)32:1<41::AID-JRS664>3.0.CO;2-R
https://doi.org/10.1002/1097-4555(200101)32:1<41::AID-JRS664>3.0.CO;2-R
https://doi.org/10.1016/j.jeurceramsoc.2018.11.012
https://doi.org/10.1016/j.jeurceramsoc.2018.11.012
https://doi.org/10.1016/j.jeurceramsoc.2018.11.012
https://doi.org/10.1103/PhysRevB.84.104207
https://doi.org/10.1103/PhysRevB.84.104207
https://doi.org/10.1103/PhysRevB.84.104207
https://doi.org/10.1016/j.molstruc.2019.03.073
https://doi.org/10.1016/j.molstruc.2019.03.073
https://doi.org/10.1016/j.molstruc.2019.03.073
https://doi.org/10.1002/xrs.873
https://doi.org/10.1002/xrs.873
https://doi.org/10.1524/ract.1997.76.12.63
https://doi.org/10.1524/ract.1997.76.12.63
https://doi.org/10.1103/PhysRevB.85.214530
https://doi.org/10.1103/PhysRevB.85.214530
https://doi.org/10.1103/PhysRevB.85.214530
https://doi.org/10.1021/es500212a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es500212a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1063/1.327368
https://doi.org/10.1063/1.327368
https://doi.org/10.1111/jace.12664
https://doi.org/10.1111/jace.12664
https://doi.org/10.1111/jace.12664
https://doi.org/10.1088/1757-899X/818/1/012022
https://doi.org/10.1088/1757-899X/818/1/012022
https://doi.org/10.1088/1757-899X/818/1/012022
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03816?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

