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ABSTRACT: The garnet structure has been proposed as a potential
crystalline nuclear waste form for accommodation of actinide
elements, especially uranium (U). In this study, yttrium iron garnet
(YIG) as a model garnet host was studied for the incorporation of U
analogs, cerium (Ce) and thorium (Th), incorporated by a charge-
coupled substitution with calcium (Ca) for yttrium (Y) in YIG,
namely, 2Y3+ = Ca2+ + M4+, where M4+ = Ce4+ or Th4+. Single-phase
garnets Y3−xCa0.5xM0.5xFe5O12 (x = 0.1−0.7) were synthesized by the
citrate−nitrate combustion method. Ce was confirmed to be
tetravalent by X-ray absorption spectroscopy and X-ray photo-
electron spectroscopy. X-ray diffraction and 57Fe−Mössbauer spec-
troscopy indicated that M4+ and Ca2+ cations are restricted to the c
site, and the local environments of both the tetrahedral and the
octahedral Fe3+ are systematically affected by the extent of substitution. The charge-coupled substitution has advantages in
incorporating Ce/Th and in stabilizing the substituted phases compared to a single substitution strategy. Enthalpies of formation
of garnets were obtained by high temperature oxide melt solution calorimetry, and the enthalpies of substitution of Ce and Th
were determined. The thermodynamic analysis demonstrates that the substituted garnets are entropically rather than
energetically stabilized. This suggests that such garnets may form and persist in repositories at high temperature but might
decompose near room temperature.

■ INTRODUCTION

Although borosilicate and phosphate glassy matrices are
currently used as nuclear waste forms,1−5 there is still potential
need for more durable waste forms, such as crystalline ceramics,
especially for actinides. A large body of research has been done
on various tailored ceramic waste forms, such as monazite,
pyrochlore, zircon, zirconolite, and defect fluorite.5−18 Among
such candidate mineral phases, garnet is a new storage form
suggested for incorporation of actinides.11,14,15,17,19−30 The
long-term stability of garnet has been confirmed by the recent
discovery of a natural uranium (U) containing garnet,
elbrusite−(Zr).19 Its significant U content, ∼27 wt % U,
suggests garnet can be a good waste form for U. Garnets with
higher concentrations of U, up to ∼about 30 wt %,11,31 have
been formed in laboratory studies.10,11,19,21,22,26,31 The garnet
structure has great chemical flexibility due to the presence of
sites with 8-, 6-, and 4-fold coordination and the possibility of
distortions and/or cation ordering to better accommodate
substitutions of different elements derived from spent nuclear

fuel or dismantled nuclear weapons. The radiation tolerance of
garnet was studied extensively20−22 and found to be comparable
to that of other ceramic waste forms and only weakly related to
its chemical composition, suggesting that it is topologically
constrained and therefore relatively uniform for different
compositions. Even though garnet becomes amorphous at
low radiation dose23 or becomes completely metamict as in
elbrusite−(Zr),19 its chemical stability is not heavily compro-
mised due to the amorphization23,24 and it performs well in
leaching studies compared to other ceramic nuclear waste
hosts.16,24 Thus, one can tailor garnet composition without
compromising radiation response and stability under incorpo-
ration of high levels of actinides.
Yttrium iron garnet, Y3Fe5O12 (YIG), a simple iron garnet,

was chosen as a host garnet in this study and in previous
studies.25−27 YIG has three different types of polyhedra in its
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three-dimensional framework28−30 (Figure 1). YO8 dodecahe-
dral c sites are edge sharing with both FeO6 octahedral a sites

and FeO4 tetrahedral d sites, and the latter two polyhedra share
corners alternately. Among these three polyhedral sites, the
large 24c dodecahedral site accommodates large tetravalent
ions, such as Ce, Th, and U.25,27,29,31,32

The complicated uranium substitution in garnet is a
challenge for determining structural and energetic changes.
Common oxidation states of U in garnet are tetravalent and
hexavalent and correlate with different U site occupancies. Such
complications have created difficulties in determining the
crystal chemical formula for some synthetic garnet systems21

whose compositions are close to elbrusite−(Zr) and for other
ferrigarnet systems.11,33 First-principles calculations also show
the complexity of U incorporation in Ca3(Ti,Zr,Hf,Sn)2(Fe2Si)-
O12 garnet matrices34 and in YIG garnet.35 Thus, the structural
and energetic effects of Ce and Th incorporation in YIG were
studied previously as a simpler model system.26,27 In Ce-
substituted YIG, Y3−xCexFe5O12 (Ce:YIG), Ce was found to
exist in different oxidation states. At low Ce content, there is
some Ce3+ present. With increasing Ce content, cerium exists
mostly as Ce4+ in dodecahedral sites coupled with reduced Fe2+

in tetrahedral sites.26 Th is tetravalent; thus, tetrahedral Fe3+ is
reduced in order to compensate for the extra charge introduced
by Th4+ substituting for Y3+ to form Y3−xThxFe5O12.

27

Energetics of both these substitutions, in low concentration,
have a near neutral effect, due to the competition between
energetically favorable lattice relaxation that attenuates strain
energy and energetically unfavorable reduction effects.26 This
competition also hinders further substitution of Ce or Th ions
in YIG.27

Thus, to minimize the destabilizing contribution from iron
reduction and enhance the stability of substituted garnet phase,
charge-coupled Ca2+−M4+ substitution is proposed as a new
substitution strategy to incorporate large tetravalent cations in
YIG. Here Ca2+ is introduced as a divalent cation to balance the
extra charge from the substitution of M4+ for Y3+. Other
divalent cations, such as Mg2+, can also be considered in this
strategy. Although magnesium is abundant in natural garnet
minerals, it is smaller in size than calcium, which increases the
size difference between the divalent ion and the lanthanide or

actinide and may make Mg-rich garnets less suitable for actinide
incorporation. Previously, Ca2+−Ln4+ (Ln = Ce, Pr, Tb)
charge-coupled substituted garnet compounds with large Ln
loads were synthesized.36 A large loading of Ce or Th in YIG
following this substitution scheme is expected to occur. In this
study, Y3−xCa0.5xM0.5xFe5O12 (M = Ce, Th) garnets with up to
0.5x = 0.7 atoms per formula unit (apfu) of Ce or Th were
synthesized. With increasing substitution, the structural change
was traced by distortions of Fe in octahedral and tetrahedral
sites by using 57Fe−Mössbauer spectroscopy. X-ray absorption
near-edge structure spectroscopy (XANES) and X-ray photo-
electron spectroscopy (XPS) were performed to evaluate
cerium oxidation state.
Enthalpies of formation and enthalpies of substitution were

obtained by high temperature oxide melt solution calorimetry.
By analyzing the structure and thermodynamics of both series
of garnet samples, we studied the effect of Ca2+, M4+ cation
substitution on the stability of these charge-coupled substituted
YIGs. These results were analyzed to provide insights into
waste form development.

■ EXPERIMENTAL METHODS
Reagents, Ca(NO3)3·4H2O (Fisher, 99%), Fe(NO3)3·9H2O (Sigma-
Aldrich, 99.99%), and (NH4)2Ce(NO3)6 (Alfa Aesar, 99%) or
Th(NO3)4·5H2O (CERAC, 99%), were mixed in appropriate
stoichiometry and dissolved in deionized water. An aqueous solution
of citric acid monohydrate (Alfa Aesar, 99.9%) was added, and the
ratio of citric acid to nitrate was kept at about 0.75.37 This solution was
heated at ∼90 °C while being constantly stirred by a magnetic bar to
ensure homogeneity, until viscous gels formed. The gels were then
heated to 350 °C in about 2 h for drying. The dried powder was
heated at 700 °C for 0.5 h for reaction through self-propagating
combustion38 to form aggregates of loose powders, which were then
pelletized for further calcination in air at 1300 °C for 24 h.
Y3−xCa0.5xM0.5xFe5O12 (M = Ce, Th) samples are denoted by
0.5xCa,0.5xM:YIG, where the coefficient 0.5x represents the
concentration of Ce or Th in a nominal composition of
Y3−xCa0.5xM0.5xFe5O12.

X-ray powder diffraction (XRD) measurements were performed
with a Bruker D8 diffractometer (Cu Kα radiation, 40 kV, 30 mA).
XRD patterns were obtained in the range of 2θ = 16−80° with a step
size of 0.016° with an exposure time of 1s step−1. Elemental analysis
was conducted using a Cameca SX-100 electron microprobe with
wavelength-dispersive spectroscopy (15 kV accelerating voltage, 10 nA
beam current and a spot size of 1 μm). The obtained powder samples
were pelletized, sintered, and then polished prior to analysis. Y3Al5O12,
CaWO4, Fe2O3, CeO2, and ThO2 were used as analytical standards. At
least 10 measurements were done for each sample. Homogeneity was
evaluated from X-ray mapping and electron backscatter imaging.

Mössbauer spectra were collected using either a WissEl Elektronik
(Germany) or Web Research Co. (St. Paul, MN) instrument that
included a closed-cycle cryostat SHI-850 obtained from Janis Research
Co., Inc. (Wilmington, MA), a Sumitomo CKW-210 He compressor
unit, and an Ar−Kr proportional counter detector with WissEl setup
or a Ritverc (St. Petersburg, Russia) NaI detection system. A 57Co/Rh
source (50−75 mCi, initial strength) was used as the gamma energy
source. With the WissEl setup, the transmitted counts were stored in a
multichannel scalar as a function of energy (transducer velocity) using
a 1024-channel analyzer. In both setups (WissEl and Web Research
Co.) the raw data were folded to 512 channels to provide a flat
background and a zero-velocity position corresponding to the center
shift (CS) of a metal alpha-Fe foil at room temperature. Calibration
spectra were obtained with a 25 μm thick Fe foil (Amersham,
England) placed in the same position as the samples to minimize any
geometry errors. The Mössbauer data were modeled with Recoil
software using a Voigt-based structural fitting routine.39 Sample
preparation is identical to the previously reported procedures.40

Figure 1. Schematic representation of garnet structure. Translucent
blue polyhedra are c sites occupied by Y and Ce or Th. Octahedra
(dashed) are a cites, and tetrahedra (black) are d cites.
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XANES spectroscopy was performed at the GSECARS X-ray
microprobe beamline (13-ID-E) at the Advanced Photon Source
(APS), Argonne National Laboratory (Argonne, IL, USA). Detailed
information on procedures can be found in the literature.41 Cerium
XANES spectra were collected in fluorescence mode with a 4-element,
silicon-drift-diode, solid-state, X-ray fluorescence detector (Vortex-
ME4, Hitachi High-Technologies Science America, Inc.). Fluorescence
XANES spectra were corrected for detector dead time and for self-
absorption based on the calculated chemical formulas for each
compound and using the algorithm published by Haskel.42 XANES
spectra of Ce(IV)O2 and Ce(III)PO4 standards were measured in
transmission mode with He-(I0) and N2-(I1) filled ion chambers.
XANES spectra were obtained by scanning the monochromator
through the Ce LIII absorption edge (∼5725 eV) and recording both
the Ce Lα fluorescence and the total absorption. The energy step sizes
were 5 eV from 5623 to 5713 eV, 0.25 eV from 5713 to 5748 eV, and
1.0 eV from 5748 to 6100 eV. Dwell time at each energy step was 2 s,
and up to nine spectra were collected and summed to improve the
signal-to-noise. Energy calibration was obtained using an Fe metal foil
(first derivative peak) and measured to be 7111.20 eV, consistent
within uncertainty with the value reported by Kraft et al.43 of 7111.29
eV. Samples and standards were prepared as thin powder layers
mounted between Scotch tape. The X-ray absorption spectroscopy
data processing software Athena44 was used for analysis.
X-ray photoelectron spectroscopy (XPS) on garnet samples was

performed using a Kratos Axis DLD spectrometer equipped with a
monochromatic X-ray source of Al Kα (15 mA, 14 kV). The
instrument work function was calibrated to give a binding energy (BE)
of 83.96 ± 0.05 eV for the Au 4f7/2 line for metallic gold, and the
spectrometer dispersion was adjusted to give a BE of 932.62 ± 0.05 eV
for the Cu 2p3/2 line of metallic copper. High-resolution analyses were
carried out with an analysis area of 300 × 700 μm and a pass energy of
80 eV. The Kratos charge neutralizer system was used on all
specimens. Spectra have been charge corrected to the main line of the
carbon 1s spectrum (adventitious carbon) set to 285.0 eV. Spectra
were analyzed using CasaXPS software (version 2.3.16 PR 1.6).
A custom-built Tian-Calvet twin microcalorimeter45,46 operated at

702 °C was used for measurements of enthalpies of drop solution
(ΔHds) in molten sodium molybdate (3NaO·4MoO3) solvent. The
chamber of the calorimeter was flushed with oxygen at ∼50 mL/min
to maintain a constant composition for the head space gas above the
solvent. Oxygen was also bubbled through the melt at ∼5 mL/min to
maintain an oxidizing environment and to stir the solvent to facilitate
dissolution of samples and prevent local saturation.47 The calorimeter
was calibrated by transposed temperature drops of ∼5 mg α-Al2O3
pellets. For each experiment, the garnet sample was hand pressed as a
∼5 mg pellet and weighed on a microbalance. Accuracy of the
measurement was optimized by making multiple drops (5−10 per
composition) of each sample. Uncertainties are reported as two
standard deviations of the mean. The equipment, calibration, and
experimental method have been described in detail elsewhere.45,46,48

■ RESULTS
The XRD patterns of Ca,Ce:YIGs and Ca,Th:YIGs are
presented in Figure S1, Supporting Information. Single-phase
garnets were obtained for Ce or Th content less than 0.7 apfu
(x = 1.4). The phase purity of samples was confirmed by XRD
and Mössbauer spectroscopy. The homogeneity of all samples
was confirmed by electron backscatter imaging and X-ray
mapping. The actual chemical compositions of garnet samples
were acquired from electron microprobe analysis and are shown
in Tables S1 and S2, Supporting Information, for Ca,Ce:YIGs
and Ca,Th:YIGs, respectively.
Lattice parameters were obtained by using a whole profile-

fitting procedure, and Vegard’s law was followed in that an
approximately linear expansion of the lattice parameters was
observed with increasing Ce or Th content (Figure 2). Lattice
parameters rCe of Ca,Ce:YIG were related to the content of Ce

in Ca,Ce:YIG by rCe = 12.378(1) + 0.051(2)·0.5x (Å), with
adjusted R2 = 0.994, and that of rTh in Ca,Th:YIG is rTh =
12.375(1) + 0.134(1)·0.5x (Å), with adjusted R2 = 1.000. As
expected, rTh increases faster than rCe, because of the larger size
of Th4+ than that of Ce4+. For the maximum substitution
amount, the lattice expands by 0.3% for Ca,Ce:YIG and 0.9%
for Ca,Th:YIG.
Mössbauer spectroscopic data indicated that the samples are

phase pure, without any contribution from either YFeO3 or
poorly crystalline/amorphous iron oxides, in agreement with
XRD. The data also indicated that in all samples the
octahedral:tetrahedral Fe3+ ratio is close to 2:3 (as in pure
YIG), based on octahedral (a + a′) and tetrahedral (d + d′)
Fe3+ sextet spectral areas (Tables 1 and S3, Supporting
Information); only room-temperature-modeled spectra of
Y3−xCa0.5xM0.5xFe5O12 with 0.5x = 0.1 and 0.7 are shown in
Figure 3. More importantly, the octahedral:tetrahedral Fe3+

ratio suggests that M4+ and Ca2+ cations are located mainly or
entirely in dodecahedral sites. Spectra of Ca,Ce:YIGs are shown
in Figure 4a, and those of Ca,Th:YIGs are shown in Figure 4b.
Model-derived parameters are shown in Tables 1 and S3,
Supporting Information.
Ce LIII-edge XANES spectra were collected on two cerium

standards for comparison to Ca,Ce:YIG powders (Figure 5a).
CePO4 was analyzed as a representative trivalent Ce standard
and CeO2 as a representative tetravalent phase. The Ce LIII
spectra for CePO4 give an absorption edge energy (E0) of
5724.4 eV and, as is true for other Ce3+ compounds, is
characterized by the presence of a strong peak at about 5726.4
eV attributed to the dipole-allowed transition of Ce 2p3/2 to
4f15d final states.49 The tetravalent CeO2 standard gives a
higher E0 value of ∼5725.8. CeO2 also shows, as other
tetravalent Ce species do, a distinct spectral doublet at higher
energy (with maxima at about 5730.3 and 5737.5 eV) of
roughly equal intensity attributed to the presence of a mixture
of the two cerium ground-state electronic configurations 4f0

and 4f150. CeO2 spectra also typically display a small pre-edge
structure generally considered a result of the dipole-forbidden
2p3/2 to 4f transition50 and a low-energy shoulder due to

Figure 2. Lattice parameters of substituted garnets obtained from the
whole profile fitting procedure against Ce concentration for
Ca,Ce:YIGs (open circles) and against Th concentration for
Ca,Th:YIGs (filled circles), which increase linearly with the Ce or
Th concentration (adjusted R2 for Ca,Ce:YIGs and Ca,Th:YIGs are
0.994 and 1.000, respectively).
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splitting of the Ce 5d states in the cubic crystal field of the
oxygen.
All measured Ca,Ce:YIG spectra, regardless of Ce content,

give E0 values of ∼5725.8 eV within uncertainty, indistinguish-
able from E0 measured for CeO2 (Figure 5b). All Ca,Ce:YIG
spectra display white line doublets considered indicative of
tetravalent Ce. Linear component fitting of measured spectra
with mixtures of spectra measured for CePO4 and CeO2 show

that spectra are well modeled as solely CeO2-like materials. In
other words, within our ability to distinguish an additional
spectral component at 5726.4 eV that may represent Ce3+,
these materials appear to contain no measurable trivalent Ce
within error (as compared to the standard CeO2). Small
differences in the intensity of the white line doublets are
observable relative to the edge step between samples, but we
believe these differences most likely are due to the accuracy

Table 1. Modeled Room-Temperature Mössbauer Spectral Parameters of Y3−xCa0.5xCe0.5xFe5O12

sample x sextet HWHM,a mm/s ⟨CS⟩,b mm/s ⟨ε⟩,c mm/s ⟨|H|⟩,d mm/s line width,e mm/s %f

0 (YIG)26 Octa 0.132 0.37 0.06 49.0 0.45 28.7
Octa′ 0.37 −0.16 48.4 0.31 9.2
Tetd 0.06 0.08 40.2 0.55 20.6
Tetd′ 0.18 −0.03 39.2 1.34 38.6
Dodec 0.26 −0.10 50.2 1.87 2.9

0.1 (Y2.9Ce0.1Fe5O12)
26 Octa 0.125 0.36 0.06 49.1 0.44 30.4

Octa′ 0.36 −0.17 48.4 0.30 9.5
Tetd 0.06 0.08 40.3 0.40 18.0
Tetd′ 0.18 −0.03 39.3 1.05 42.1

0.2 (0.1Ca,0.1Ce:YIG) Octa 0.135 0.37 0.06 49.0 0.48 28.5
Octa′ 0.39 −0.15 48.3 0.30 8.6
Tetd 0.05 0.10 40.1 0.57 18.1
Tetd′ 0.19 −0.03 39.2 1.28 41.8
Dodec 0.26 −0.10 48.5 1.00 3.1

0.2 (Y2.8Ce0.2Fe5O12)
26 Octa 0.140 0.36 0.05 48.4 0.80 30.9

Octa′ 0.36 −0.17 47.7 0.32 8.8
Tetd 0.07 0.08 39.9 0.56 18.5
Tetd′ 0.19 −0.03 39.2 1.05 30.8
Tetd″ 0.11 −0.01 36.2 2.24 11.0

0.4 (0.2Ca,0.2Ce:YIG) Octa 0.140 0.38 0.06 49.0 0.44 28.6
Octa′ 0.39 −0.15 48.4 0.22 7.6
Tetd 0.08 0.08 40.0 0.74 23.3
Tetd′ 0.19 −0.04 39.2 1.40 36.6
Dodec 0.20 −0.10 48.5 1.00 4.0

0.6 (0.3Ca,0.3Ce:YIG) Octa 0.149 0.38 0.06 49.0 0.48 28.8
Octa′ 0.39 −0.14 48.3 0.29 8.1
Tetd 0.06 0.10 40.1 0.77 19.0
Tetd′ 0.19 −0.04 39.2 1.59 40.8
Dodec 0.25 −0.10 48.5 1.00 3.3

0.8 (0.4Ca,0.4Ce:YIG) Octa 0.147 0.38 0.06 49.0 0.52 28.4
Octa′ 0.40 −0.14 48.3 0.32 8.1
Tetd 0.06 0.11 40.1 0.87 18.7
Tetd′ 0.19 −0.04 39.2 1.67 41.2
Dodec 0.25 −0.10 48.5 1.00 3.6

1.0 (0.5Ca,0.5Ce:YIG) Octa 0.147 0.38 0.05 49.0 0.57 28.9
Octa′ 0.40 −0.15 48.2 0.30 7.4
Tetd 0.06 0.11 40.1 0.90 18.1
Tetd′ 0.19 −0.04 39.1 1.74 42.0
Dodec 0.25 −0.10 48.5 1.00 3.6

1.2 (0.6Ca,0.6Ce:YIG) Octa 0.144 0.38 0.06 48.9 0.63 29.4
Octa′ 0.41 −0.15 48.2 0.35 7.8
Tetd 0.06 0.12 40.1 0.98 16.6
Tetd′ 0.19 −0.04 39.1 1.77 42.8
Dodec 0.25 −0.10 48.5 1.00 3.3

1.4 (0.7Ca,0.7Ce:YIG) Octa 0.146 0.38 0.06 48.9 0.65 28.4
Octa′ 0.40 −0.14 48.2 0.34 7.7
Tetd 0.06 0.13 40.1 1.12 16.9
Tetd′ 0.19 −0.05 39.1 1.91 43.1
Dodec 0.25 −0.10 48.3 1.00 3.8

aLorentzian half-width at maximum. bCenter shift. cQuadrupole shift parameter. dAverage hyperfine magnetic field. eStandard deviation or line width
of H. fRelative % contribution (assuming identical recoilless fraction for the species).
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with which the self-absorption correction can be applied. Even
considering these intensity variations, no measurable Ce3+ can
be identified.

XPS was performed on 0.7Ca,0.7Ce:YIG with the maximum
Ce concentration. The Ce 3d spectral region is comprised of
many peaks including the Ce 3d5/2 and Ce 3d3/2 lines at 882

Figure 3. Mössbauer spectra modeled with two octahedral sextets (a and a′) and two tetrahedral sextets (d, d″) of Ca,Ce:YIG samples with x = 0.2
(a) and 1.4 (b).

Figure 4. (a) Mössbauer spectra (from −8.5 to −5.5 and 5.5 to 8.5 mm/s regions) of Ca,Ce:YIG samples show broadening of (a, a′, d, and d′)
sextets. (b) Mössbauer spectra (from −8.5 to −5.5 and 5.5 to 8.5 mm/s regions) of Ca,Th:YIG samples show broadening of (a, a‘, d, and d′) sextets.
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and 898 eV, respectively. In addition to the Ce 3d lines this
spectral region has overlapping Fe Auger lines that extend from
∼888.0 to 910.0 eV. The Ce 3d5/2 4f

0 line at 916.8 eV (Figure
6) confirms the presence of significant Ce4+ since this line is
consistent with Ce4+ reference spectra.51

Enthalpies of drop solution (ΔHds, Table 2) of all garnet
samples were directly obtained from high temperature oxide
melt calorimetry. The reaction for dissolving each garnet
sample is reaction 1 or 2 in Table 3. These values, along with
known ΔHds values of Y2O3, CaO, Fe2O3, CeO2, and ThO2,
were used to calculate the enthalpy of formation (ΔHf,ox, Table
2) of each garnet sample from binary oxides at room
temperature. For Ca,Ce:YIG samples, thermochemical cycles

(Table 3) were applied to derive their ΔHf,ox from Y2O3, CaO,
Fe2O3, and CeO2. Similar thermochemical cycles (Table 3)
were used to calculate ΔHf,ox of Ca,Th:YIG from Y2O3, CaO,
Fe2O3, and ThO2. In addition, standard enthalpies of formation
(ΔHo

f, Table 2) of Ca,Ce:YIGs and Ca,Th:YIGs from elements
were calculated based on thermochemical cycles in Table S4,
Supporting Information.

■ DISCUSSION

Pure YIG (without any c-site Fe3+) displays one tetrahedral and
two octahedral sextets in its room-temperature Mössbauer
spectrum.57 This is due to the orientation of the electric field
gradient of Fe3+ along one and two directions with respect to

Figure 5. Cerium LIII XANES spectra for the 0.7Ca,0.7Ce:YIG and two standards: Ce(IV)O2 and Ce(III)PO4. Ce(III)PO4 is characterized by a
dominant peak at around 5727 eV, yet Ce(IV)O2 has a doublet at higher energy range (about 5730−5738 eV) (top); cerium LIII XANES spectra for
the 0.5xCa,0.5xCe:YIGs. All spectra are dominated by Ce4+ as indicated by the strong doublet at around 5730−5738 eV (bottom).
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the easy magnetization axis in tetrahedral and octahedral
environments, respectively.58 Substituted YIGs, on the other
hand, display two tetrahedral sextets in accord with previous
studies.26,59 These two sextets are likely due to two distinct
environments with different short-range ordering, as noted in
(Ca3−xAx)(Zr2−yFey)Fe3O12 garnets, where A = Ce, Th, and
Gd.60 Substitution of cations in the c site also affected the
octahedral Fe3+ environment to some extent.
The charge-coupled substitutions of Ca,Ce, and Ca,Th in

YIG introduce systematic changes to the structure, especially to
the tetrahedral Fe3+ sublattice. In both series, sextet peaks
broadened roughly linearly with increasing x (Figure 7). Line
broadening is due to gradual microscopic distortion of Fe3+

local environments of the d sublattice with increasing
substitution of Ca2+,M4+ in the c site that generates multiple
environments with similar parameters. A linear increase in c-site
average cation size with x may cause such systematic line
broadening. However, from the extent of line broadening with

x, it appears that Ca2+,M4+ loading affects tetrahedral and
octahedral sublattices very differently (Figure 7a and 7b).
Relatively smaller changes in a and a′ line widths than in the
tetrahedral line widths, however, suggest that Ca2+,M4+ cations
in the c sites have a minor effect on the octahedral sublattice.
Furthermore, the nature of the M4+ cation appears not to be
critical since Ca2+,Ce4+:YIG and Ca2+,Th4+:YIG spectra have
identical line widths for a given x (Figure 7).
Although the substitution only occurs in the c site in the YIG

host (Ce:YIG,26 Th:YIG,27 La:YIG59), there are major
differences in substitution and thermodynamic stability
among Ca2+,M4+:YIG garnets and single-substituted YIG
garnets. For instance, it is clear that the YIG structure is
more receptive to Ca2+−M4+ couple than to La3+ substitution.
A 1.45 apfu of Y can be substituted by Ca2+−M4+ in
C a 2 + ,M 4 + : Y I G [ ( Y 1 . 5 8 C a 0 . 7 1 C e 0 . 7 1 ) F e 5O 1 2 o r
(Y1.55Ca0.72Th0.70Fe0.03)Fe5O12], while only about one-half of
that amount was achievable in La3+:YIG (Y2.2La0.8Fe5O12). On
the other hand, the highest concentration of Ce or Th in
Ca2+,M4+:YIG is 0.7 apfu, compared to only 0.2 apfu of Ce in
Ce:YIG26 and 0.07 apfu of Th in Th:YIG.27 Thus, in general,
these comparisons suggest that YIG structures have higher
affinity toward the charge-coupled substitution of Ca2+−M4+

than for the substitution of large trivalent or tetravalent ions
alone. Therefore, the charge-coupled substitution can better use
the capacity of YIG as a host to incorporate more lanthanide
and actinide ions.
Y3−xCa0.5xM0.5xFe5O12 garnets are thermodynamically stable

with respect to physical mixtures of their binary oxides as
shown by the large negative values of ΔHf,ox. ΔHf,ox of each
substituted YIG was compared with that of undoped YIG for
determining the thermodynamic stability of substitution based
on the following reaction

+ +

→ +

=
−

x x

x

Y Fe O 0.5 CaO 0.5 MO

Y Ca M Fe O 0.5 Y O (M

Ce, Th)
x x x

3 5 12 2

3 0.5 0.5 5 12 2 3

(1)

The enthalpies of substitution (ΔHsub, Table 4) for reaction
1, calculated by subtracting ΔHf,ox of the substituted YIG from
that of undoped YIG, are positive and increase with the extent

Figure 6. High-energy resolution photoemission spectra of the Ce 3d
spectral region. The Ce 3d5/2 4f0 line at 916.8 eV confirms the
presence of significant Ce4+.

Table 2. Enthalpies of Drop Solution and Enthalpies of Formation of Y3−xCa0.5xM0.5xFe5O12 (M = Ce, Th) from Binary Oxides
and from Elements at 25 °C

sample Ce or Th amount 0.5x ΔHds(kJ/mol) ΔHf,ox(kJ/mol)b ΔH°f(kJ/mol)c

YIG 0 110.79 ± 1.76 (10)26a −55.75 ± 3.2426 −4979.1 ± 5.726

−4979.052

0.1Ca,0.1Ce:YIG 0.1 118.61 ± 1.2 (7) −53.02 ± 2.95 −4958.3 ± 5.5
0.2Ca,0.2Ce:YIG 0.2 119.23 ± 0.9 (6) −43.09 ± 2.79 −4930.2 ± 5.3
0.3Ca,0.3Ce:YIG 0.3 123.19 ± 0.8 (6) −36.50 ± 2.76 −4905.5 ± 5.1
0.4Ca,0.4Ce:YIG 0.4 129.47 ± 1.6 (10) −32.2. ± 3.11 −4883.1 ± 5.2
0.5Ca,0.5Ce:YIG 0.5 132.73 ± 3.04 (6) −24.94 ± 4.07 −4857.6 ± 5.8
0.7Ca,0.7Ce:YIG 0.7 132.68 ± 1.64 (4) −3.78 ± 3.26 −4800.2 ± 5.1
0.1Ca,0.1Th:YIG 0.1 111.51 ± 1.19 (5) −53.37 ± 2.93 −4972.4 ± 5.5
0.2Ca,0.2Th:YIG 0.2 112.74 ± 1.38 (7) −51.52 ± 2.99 −4966.2 ± 5.4
0.3Ca,0.3Th:YIG 0.3 106.78 ± 0.90 (6) −42.46 ± 2.79 −4952.8 ± 5.2
0.4Ca,0.4Th:YIG 0.4 104.36 ± 0.33 (6) −36.95 ± 2.66 −4942.9 ± 5.1
0.5Ca,0.5Th:YIG 0.5 94.90 ± 0.80 (5) −24.43 ± 2.80 −4926.0 ± 5.2
0.7Ca,0.7Th:YIG 0.7 90.70 ± 1.00 (6) −13.99 ± 2.90 −4897.2 ± 5.4

aUncertainty is two standard deviations of the average value, number of measurements in parentheses. bData taken from Table 3. cData taken from
Table S4, Supporting Information.
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of substitution (Figure 8a and 8b). Diminishing the energetic
stability for substituted garnet phases with higher Ce or Th
content may be due to both the lattice expansion and the
tetrahedral Fe sublattice distortions.
Compared to Ce:YIG, there is a great improvement in the

energetic stability of Ca2+,M4+:YIG. For 0.1 apfu of Ce, ΔHsub

of 0.1Ca,0.1Ce:YIG is 2.7 ± 2.2 kJ/mol which is much less
endothermic than 12.7 ± 2.9 kJ/mol of 0.1Ce:YIG. For 0.2
apfu of Ce, ΔHsub of 0.2Ca,0.2Ce:YIG is 12.7 ± 2.0 kJ/mol,
which is also less destabilizing than the value of 26.4 ± 2.2 kJ/
mol for 0.2Ce:YIG. Reduction reactions, such as Ce4+→ Ce3+

or Fe3+→ Fe2+, are thermodynamically unfavorable in air and
could prevent further substitution in YIG.26 Thus, because such
reactions were avoided during the formation of Ca,M:YIG by
introducing Ca2+, Ce4+ couples with Ca2+ rather than with Fe or
Ce reduction. As a result, ΔHsub is significantly less positive and
the extent of substitution is greatly increased.
Changes of entropy (ΔSsub, Table 4) in reaction 1 originate

from the structural changes of Ca,M:YIGs due to the
substitution. Changes of thermal (vibrational) entropy are
generally small for solid−solid reactions like reaction 1. As the
result of cation mixing, the configurational entropy is

Table 3. Thermochemical Cycles for Determination of the Enthalpies of Formation of Garnets from Binary Oxides (based on
drop solution calorimetry in molten 3NaO·4MoO3 at 702 °C)

reaction ΔH (kJ/mol)

(1) Y3−xCa0.5xCe0.5xFe5O12(s,25 °C) → (3−x)/2Y2O3(sln,702 °C) + 5/2Fe2O3(sln,702 °C) + 0.5xCaO(sln,702 °C) + 0.5xCeO2(sln,702 °C) ΔH1 = ΔHds

(2) Y3−xCa0.5xTh0.5xFe5O12(s,25 °C) → (3−x)/2Y2O3(sln,702 °C) + 5/2Fe2O3(sln,702 °C) + 0.5xCaO(sln,702 °C) + 0.5xThO2(sln,702 °C) ΔH2 = ΔHds

(3) Y2O3(s,25 °C) → Y2O3(sln,702 °C) ΔH3 = −120.74 ± 0.94
(9)53

(4) Fe2O3(s,25 °C) → Fe2O3(sln,702 °C) ΔH4 = 94.46 ± 0.93 (8)54

(5) CaO(s,25 °C) → CaO(sln,702 °C) ΔH5 = −90.70 ± 1.67 (6)55

(6) CeO2(s,25 °C) → CeO2(sln,702 °C) ΔH6 = 75.47 ± 1.09 (35)56

(7) ThO2(s,25 °C) → ThO2(sln,702 °C) ΔH7 = 0.89 ± 0.48 (3)56

(8) (3−x)/2Y2O3(s,25 °C) + 5/2Fe2O3(s,25 °C) + 0.5xCaO(s,25 °C) + 0.5xCeO2(s,25 °C) → Y3−xCa0.5xCe0.5xFe5O12(s,25 °C), ΔHf,ox = −ΔH1 +
(3−x)/2ΔH3 + 5/2ΔH4 + 0.5xΔH5 + 0.5xΔH6

ΔH8 = ΔHf,ox

(9) (3−2x)/2Y2O3(s,25 °C) + 5/2Fe2O3(s,25 °C) + 0.5xCaO(s,25 °C) + 0.5xThO2(s,25 °C) → Y3−xCa0.5xTh0.5xFe5O12(s,25 °C), ΔHf,ox = −ΔH2 +
(3−x)/2ΔH3 + 5/2ΔH4 + 0.5xΔH5 + 0.5xΔH7

ΔH9 = ΔHf,ox

Figure 7. Charge-coupled substitutions introduce systematic broadening of sextet peaks: (a) line widths of tetrahedral Fe against x; (b) line widths of
octahedral Fe against x.

Table 4. Enthalpies, Entropies, and Gibbs Free Energies of Substitution at 25 and 400 °C

sample ΔHsub (kJ/mol) ΔSsub (J/mol·K) ΔGsub (kJ/mol) ΔG400 °C
sub (kJ/mol)

0.1Ca,0.1Ce:YIG 2.73 ± 2.16 7.26 0.57 ± 2.16 −2.9 ± 2.2
0.2Ca,0.2Ce:YIG 12.66 ± 2.00 12.10 9.05 ± 2.00 3.0 ± 2.0
0.3Ca,0.3Ce:YIG 19.25 ± 2.03 15.94 14.50 ± 2.03 6.2 ± 2.0
0.4Ca,0.4Ce:YIG 23.52 ± 2.54 19.08 17.84 ± 2.54 7.6 ± 2.5
0.5Ca,0.5Ce:YIG 30.82 ± 3.68 21.64 24.36 ± 3.68 12.3 ± 3.2
0.7Ca,0.7Ce:YIG 51.97 ± 2.86 25.30 44.42 ± 2.86 29.5 ± 2.9
0.1Ca,0.1Th:YIG 2.38 ± 2.13 7.26 0.21 ± 2.13 −3.9 ± 2.1
0.2Ca,0.2Th:YIG 4.23 ± 2.27 12.10 0.63 ± 2.27 −6.6 ± 2.3
0.3Ca,0.3Th:YIG 13.29 ± 2.06 15.94 8.53 ± 2.06 −1.5 ± 2.1
0.4Ca,0.4Th:YIG 18.80 ± 1.96 19.08 13.11 ± 1.96 0.5 ± 2.0
0.5Ca,0.5Th:YIG 31.36 ± 2.14 21.64 24.87 ± 2.14 10.0 ± 2.2
0.7Ca,0.7Th:YIG 41.74 ± 2.40 25.30 34.22 ± 2.40 15.2 ± 2.5
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considered the leading term for the overall ΔSsub. This term
rises from the (assumed) random distribution of introduced
Ca2+ and M4+ and the remaining Y3+ in the dodecahedral sites.
The Boltzmann entropy formula was used to calculate ΔSsub

Δ

=

= − − − + −

+ +

+ + +

⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

S x

S

R
x x x x x

R

( Ca , M : YIG)

(Ca , M , Y )

3
3 /2

3
ln

3 /2
3 6

ln
6 2

ln
1
2

sub
2 4

conf
2 4 3

(2)

The entropy contribution, −TΔSsub, plays an important role
in enhancing the thermodynamic stability of Ca,M:YIG. The
Gibbs free energies (ΔGsub = ΔHsub − TΔSsub, Table 4, Figure
8) at room temperature are lower than ΔHsub by 2.2−7.5 kJ/
mol. As clearly seen in Figure 8a, Ca,Ce:YIG sample with a Ce
content less than 0.1 apfu has near zero ΔGsub, suggesting the
substitution has only a slight impact on the stability of the YIG
phase. For Ce content larger than 0.2 apfu, the enthalpy term
increases in a much faster rate than the entropy term, such that
−TΔSsub at room temperature can no longer compensate for
the positive value of ΔHsub. A similar trend was seen for
Ca,Th:YIGs in Figure 8b. The Ca,Th substitution has almost a
zero impact on the stability of YIG phase with Th content less
than 0.2 apfu, which corresponds to 0.4 apfu of Y having been
substituted. At Th content larger than 0.3 apfu, the enthalpy
term begins to increase sharply to more endothermic values.
As temperature increases, the significance of −TΔSsub also

rises. Consider T = 400 °C, which is within the temperature
range of nuclear waste repositories storing spent nuclear
fuel.61,62 For Ca,Th:YIGs, see Figure 8b, the stability region for
Th content in the system extends to 0.4 apfu, beyond which the
free energies of substitution at 400 °C (ΔG400 °Csub, Table 4)
are positive. Similarly, Ca,Ce:YIG extends its stability region to
0.3 apfu of Ce. Thus, we conclude that the high temperature in
nuclear waste repositories favors stabilizing Ca,M:YIG garnets
that contain moderate amounts of Ce or Th, which is
consistent with the study on the Ce:YIG garnet host.26

At the synthesis temperature (1300 °C), the Gibbs free
energy of substitution of Ca,M:YIGs with 0.7 apfu of Ce or Th
content is almost zero and becomes positive at higher loading.

This explains why it is difficult to produce a single-phase garnet
with more than 0.7 apfu of Ce or Th at 1300 °C.
The pattern of thermodynamic stability shown by this study

suggests that the charge balancing of tetravalent substitution by
Ca, rather than by redox reactions with Ce or Fe, produces
much more stable garnets and extends the accessible range of
actinide loading in YIG-based garnets. It is likely that a similar
conclusion holds for uranium substitution, and U4+−Ca2+
substitution for trivalent ions in dodecahedral sites may be
the best way to accommodate large loading of actinides in the
garnet structure. However, the presence of higher uranium
oxidation states may complicate the energetics. More complex
garnet compositions may need to be tailored to provide stability
with respect to other phases in a multiphase ceramic waste form
and in the repository environment, but this study of a simple
model system suggests a general mechanism for thermodynami-
cally favorable actinide incorporation.

■ CONCLUSION

Significant amounts of Ce or Th were substituted into
Y3−xCa0.5xM0.5xFe5O12 (M = Ce, Th) garnet matrices. The
structural changes due to the substitution, especially systematic
distortions of tetrahedral Fe sites, were observed in Mössbauer
spectroscopy. Even though the substitution occurs only in
dodecahedral sites, it has significant and consistent influences
on Fe in tetrahedral sites. The thermodynamic stability
decreases with increasing Ce or Th content but is improved
at higher temperature due to the entropic contribution. The
knowledge of structures and thermodynamic properties of
Y3−xCa0.5xM0.5xFe5O12 suggests a possible favorable substitution
mechanism for the application of this garnet host or other
similar hosts for immobilizing lanthanides/actinides under
repository conditions.
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PXRD patterns and completed Mössbauer spectra, tabulated
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Figure 8. Enthalpies of substitution at room temperature (filled circles), Gibbs free energies of substitution at room temperature (open circles), and
Gibbs free energies of substitution at 400 °C (cross-centered circles) of Ca,Ce:YIGs (a) and Ca,Th:YIGs (b). All plotted values are listed in Table 4.
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