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ABSTRACT: A uranium(IV) phosphate, Na10U2P6O24, was synthesized under hydrothermal
conditions at 570 °C and 160 MPa and structurally characterized by single-crystal X-ray
diffraction. The valence state of uranium was established by UV−vis and U 4f X-ray
photoelectron spectroscopy. The powder sample has a second-harmonic-generation signal,
confirming the absence of a center of symmetry in the structure. The structure contains UO8
snub-disphenoidal polyhedra that are linked to monophosphate tetrahedra by vertex and edge
sharing such that a three-dimensional framework with intersecting 12-sided circular and
rectangular channels is formed. All 10 sodium sites are situated inside the channels and are
fully occupied. This is the first uranium(IV) phosphate synthesized under high-temperature,
high-pressure hydrothermal conditions. The isotypic cerium(IV) phosphate, Na10Ce2P6O24,
was also synthesized under the same hydrothermal conditions. It is the first structurally
characterized Ce(IV) phosphate with a P/Ce ratio of 3. Crystal data of Na10U2P6O24:
orthorhombic, P212121 (No. 19), a = 6.9289(3) Å, b = 16.1850(7) Å, c = 18.7285(7) Å, V =
2100.3(2) Å3, Z = 4, R1 = 0.0304, and wR2 = 0.0522. Crystal data of Na10Ce2P6O24:
orthorhombic, P212121 (No. 19), a = 6.9375(14) Å, b = 16.215(3) Å, c = 18.765(4) Å, V = 2111.0(7) Å3, Z = 4, R1 = 0.0202, and
wR2 = 0.0529.

■ INTRODUCTION

Although uranium exhibits oxidation states from +3 to +6, only
uranium(IV) and uranium(VI) are important in minerals.
When the U6+ cation is coordinated by seven or eight oxygen
atoms, it is almost always present as part of a uranyl ion, UO2

2+,
which is linear or nearly so. However, when the U6+ cation is
coordinated by six oxygen atoms, considerable bond length
variability is observed.1 Dissolved UO2

2+, which is derived from
the oxidative dissolution of U-bearing minerals, reacts with
oxyanions to form relatively insoluble uranyl oxysalt minerals
such as uranyl silicates, phosphates, vanadates, arsenates, and
molybdates.2 Uranyl silicates are the most abundant group of
uranyl minerals in many instances, and in addition, a large
number of synthetic uranyl silicates have been reported.3 In
contrast to uranyl silicate minerals, only two naturally occurring
uranium(IV) silicates, namely, coffinite, USiO4, and arapovite,
U4+(Ca,Na)2(K1−x□x)[Si8O22] (□ denotes vacancy), were
discovered.4,5 The structure of coffinite was reported for a
synthetic crystal to be a tetragonal orthosilicate isostructural
with zircon, ZrSiO4. A uranium(IV) germanate, UGeO4, has
been synthesized by a solid-state reaction.6 Recently, we
reported the first synthetic U(IV) silicate, Cs2USi6O15, whose
structure is closely related to that of Cs2ThSi6O15 and those of
several neodymium and zirconium silicates and germanates.7 A

U(IV) germanate, Cs4UGe8O20, that adopts a new structure
and contains four- and five-coordinate germanium was also
synthesized under high-temperature, high-pressure hydro-
thermal conditions.8

Uranium phosphate species are also among the most
numerous, widespread, abundant, and insoluble actinide-
bearing materials and, therefore, have been studied as potential
actinide host phases.9 Therefore, the synthesis and crystal
chemistry of uranium phosphates have been subjects of intense
interest because the structures and behaviors of these
compounds provide a basis from which to predict the long-
term behavior of actinide-bearing phosphates. Few tetravalent
uranium silicates are known; by contrast, a large number of
uranium(IV) phosphates have been reported.10 This is because
the phosphate materials can form in acidic solutions and the
reduction of uranium from UVI to UIV occurs more readily at
lower pH.11 Recently, we have extended the exploratory
synthetic and structural studies to the class of uranium
phosphates and obtained a new tetravalent uranium phosphate,
Na10U2P6O24 (further denoted as 1), under hydrothermal
conditions at 570 °C and 160 MPa. This is the first
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uranium(IV) phosphate synthesized under high-temperature,
high-pressure hydrothermal conditions. We report the syn-
thesis, single-crystal X-ray structure, and spectroscopic studies
of 1.
Structures of some tetravalent actinide compounds are

isotypic with their tetravalent rare earth analogues. Cerium(IV)
phosphates (CePs) are of interest because some of them exhibit
properties such as cation exchange, proton conductivity,
trapping of radioactive elements, and amine interaction.12,13

Compared with Zr, Ti, and Sn phosphates, which are well-
documented materials, CePs appear to be much more complex.
Many of these CePs structures have remained unknown. The
first structures of CePs with P/Ce ratios of 1.5/1 and 2/1,
Ce(PO4)(HPO4)0.5(H2O)0.5 and (NH4)2Ce(PO4)2·H2O, re-
spectively, have only recently been determined by powder X-
ray diffraction.12,13 Therefore, we conducted hydrothermal
crystal growth of the Ce(IV) phosphate Na10Ce2P6O24 (further
denoted as 2). To the best of our knowledge, 2 is the first
structurally characterized Ce(IV) phosphate with a P/Ce ratio
of 3.

■ EXPERIMENTAL SECTION
Synthesis and Initial Characterization. High-temperature, high-

pressure hydrothermal synthesis was performed in gold ampules
contained in a Leco Tem-Pres autoclave where the pressure was
provided by water. A reaction mixture of 259 μL of 10 M NaOH(aq),
13.6 mg of NaF, 30.9 mg of UO3, 3.5 mg of Zn, and 297.2 mg of
NaH2PO4 (39/1/0.5/12 Na/U/Zn/P molar ratio) sealed in a 4.1 cm
gold ampule (inside diameter of 0.48 cm) was placed in an autoclave
and counterpressured with water at a fill level of 55%. Zinc metal was
included in the reaction mixture as a reducing agent. The autoclave
was heated at 570 °C for 2 days, cooled to 350 °C at a rate of 5 °C/h,
and then quenched to room temperature by being removed from the
furnace. The pressure at 570 °C was estimated to be 160 MPa
according to the P−T diagram of pure water. The product was filtered
off, washed with water, rinsed with ethanol, and dried at ambient
temperature in a desiccator. The reaction produced green needle
crystals of 1 as the major phase together with some colorless crystals of
unidentified materials. A qualitative energy-dispersive X-ray (EDX)
analysis of several green crystals did not reveal any Zn or F and
confirmed the presence of Na, U, and P. A suitable crystal was selected
for single-crystal X-ray diffraction, from which the chemical formula
was determined. The green crystals were manually separated from the
others, giving a pure sample as indicated by powder X-ray diffraction
(Figure S1 of the Supporting Information). The yield of 1 was 57.3%
based on uranium. For comparison, a hydrothermal reaction at 400 °C
was also performed. We were unable to characterize the polycrystalline
product by powder X-ray diffraction. Attempts to synthesize the
potassium analogue of 1 have been unsuccessful.
A reaction mixture of 219.1 μL of 10 M NaOH(aq), 23.0 mg of

NaF, 31.4 mg of CeO2, and 262.9 mg of NaH2PO4 (27/1/12 Na/Ce/
P molar ratio) sealed in a 4.3 cm gold ampule (inside diameter of 0.48
cm) was placed in an autoclave and counterpressured with water at a
fill level of 55%. The autoclave was heated at 570 °C for 2 days, cooled
to 350 °C at a rate of 5 °C/h, and then quenched to room temperature
by being removed from the furnace. The reaction produced pale
yellow needle crystals of 2 as the major phase together with some
colorless wedge-shaped crystals. The latter crystal does not contain
phosphorus and has not been identified because of twinning. A needle
crystal was selected for single-crystal X-ray diffraction. The needle
crystals could be manually separated from the others, giving a pure
sample as indicated by powder X-ray diffraction (Figure S2 of the
Supporting Information). A pure product of 2 was prepared under the
same hydrothermal reaction conditions except that some NaNO3
(NaNO3/CeO2 molar ratio of 0.5) was included in the reaction
mixture to prevent the formation of the Ce(III) compound. The yield
was 80.7% based on cerium. For comparison, a hydrothermal reaction

at 400 °C was also performed. The polycrystalline product contained 2
and an unidentified phase.

UV−vis data were acquired from a pressed pellet of an intimate
mixture of 1 and KBr at room temperature using a Hitachi U-4100
spectrophotometer.

Single-Crystal X-ray Diffraction. A green crystal of 1 with
dimensions of 0.48 mm × 0.08 mm × 0.08 mm (Figure S2 of the
Supporting Information) was selected for indexing and intensity data
collection on a Bruker Kappa Apex II CCD diffractometer equipped
with a normal focus, 3 kW sealed tube X-ray source. Intensity data
were collected at 296 K over 1319 frames with φ and ω scans (width
of 0.5°/frame) and an exposure time of 10 s/frame. Determination of
integrated intensities and unit cell refinement were performed using
SAINT.14 SADABS was used for absorption correction (Tmin/Tmax =
0.472/0.746).15 On the basis of statistical analysis of the intensity
distribution and successful solution and refinement of the structure,
the space group was determined to be P212121 (No. 19). The structure
was determined by direct methods and successive difference Fourier
synthesis. Ten Na atom sites were located and refined with full
occupancy. The final cycles of least-squares refinement, including
atomic coordinates and anisotropic thermal parameters for all atoms,
converged at R1 = 0.0304, wR2 = 0.0522 for 4716 reflections with I >
2σ(I), GooF = 1.045, ρmax,min = 2.26, and −1.34 e Å−3. All calculations
were performed using SHELXTL version 6.14.16

A colorless crystal of 2 with dimensions of 0.57 mm × 0.07 mm ×
0.07 mm (Figure S4 of the Supporting Information) was selected for
indexing and intensity data collection. The crystal was found to be a
two-component nonmerohedral twin. The integration of collected data
using an orthorhombic unit cell yielded a total of 3597 independent
reflections to a maximal θ angle of 28.39°, of which 3526 (98.0%) were
greater than 2σ(F2). TWINABS based on multiple scanned reflections
was used for absorption correction.17 The structure was determined
from a detwinned HKLF 4 reflection file using cell_now18 and refined
by full-matrix least-squares refinement on F2 with SHELXL-97 using
the HKLF 5 option. An additional variable using the BASF instruction
that describes the fractional contributions of twin components was
introduced. All atoms were refined with anisotropic displacement
parameters: Tmin/Tmax = 0.568/0.746, R1 = 0.0202, wR2 = 0.0529 for
3526 reflections with I > 2σ(I), GooF = 1.072, ρmax,min = 0.70, and
−0.75 e Å−3. The crystallographic data are listed in Table 1 and
selected bond distances in Table 2.

Because SHG provides a highly sensitive and definite test of the
absence of a center of symmetry of crystalline materials, the SHG

Table 1. Crystallographic Data for Na10U2P6O24 (1) and
Na10Ce2P6O24 (2)

1 2

chemical formula Na10O24P6U2 Ce2Na10O24P6
formula weight 1275.78 1079.96
crystal system orthorhombic orthorhombic
space group P212121 (No. 19) P212121 (No. 19)
a (Å) 6.9289(3) 6.9375(14)
b (Å) 16.1850(7) 16.215(3)
c (Å) 18.7285(7) 18.765(4)
V (Å3) 2100.3(2) 2111.0(7)
Z 4 4
T (°C) 23 23
λ(Mo Kα) (Å) 0.71073 0.71073
Dcalc (g cm−3) 4.035 3.398
μ(Mo Kα) (mm−1) 16.19 50.4
R1
a 0.0304 0.0202

wR2
b 0.0522 0.0529

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑w(Fo

2 − Fc
2)2/∑w(Fo

2)2]1/2,
where w = 1/[σ2(Fo

2) + (aP)2 + bP], where P = [max(Fo
2,0) +

2(Fc)
2]/3, where a = 0.023 and b = 0 for 1 and a = 0.0231 and b =

5.62 for 2.
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responses of powder samples of 1 and 2 were measured.19 When the
powder sample was exposed to the fundamental output (1064 nm) of
a pulsed Nd:YAG laser, a weak but definite green emission generated
from the sample could be detected, confirming the absence of a center
of symmetry in the structures of both compounds (Figures S3 and S4
of the Supporting Information).
X-ray Photoelectron Spectroscopy. The XPS data of a crystal of

1 were recorded on a PHI Quantera SXM spectrometer using
monochromatic Al Kα (1486.6 eV) X-ray radiation at room
temperature. The anode was operated at 24.2 W with a typical spot
size of 100 μm. The sample was etched using a 1 kV Ar+ ion beam for
5 s before measurement. The binding energy scale was referenced to
adventitious C 1s at 285.0 eV. The U 4f data were analyzed with
MultiPak software using the iterated Shirley background and the
asymmetric peak profile for both primary and satellite peaks. The
fitting parameters of the XPS data are given in Table S1 of the
Supporting Information.

■ RESULTS AND DISCUSSION

Structures. The structure of 1 consists of the following
distinctly different structural elements: two UO8 polyhedra, six
monophosphate tetrahedra, and 10 Na sites. Both uranium
atoms are bonded by eight oxygen atoms at distances ranging
from 2.214 to 2.460 Å for U(1)O8 and from 2.216 to 2.563 Å
for U(2)O8. These two polyhedra do not contain a UO2

2+

cation. The average U−O bond lengths are 2.379 and 2.380 Å
for U(1)O8 and U(2)O8, respectively, which are close to the
predicted value of 2.35 Å for the U4+−O bond according to the
effective ionic radius for an eight-coordinate U4+ ion.20 Bond
valence sums were used to correlate the crystal structure
analysis results and oxidation states. Using the parameters from
Brese and O’Keeffe, Ro = 2.112 Å and b = 0.37 Å,21 the bond
valence sums at U(1) and U(2) sites are 3.99 and 4.00 valence
units, respectively, consistent with the presence of U4+ ions at
these sites. These UO8 polyhedra correspond to a snub
disphenoid that has 12 triangular faces. This triangular
dodecahedron is not a regular polyhedron because some
vertices have four faces and others have five. The U4+ cations
occur in several recently reported uranium(IV) silicates and
germanates in regular octahedral coordination, in contrast to
the dodecahedron in 1. For example, the UO6 octahedron in
the silicate Cs2USi6O15 is regular with d(U−O) in the range
from 2.209(6) to 2.256(4) Å.7 The U−O bond lengths in the
UO6 octahedron in the germanate Cs4UGe8O20 are in the range
from 2.197(3) to 2.277(3) Å.8 The phosphate tetrahedron is
smaller in size than that of silicate, and the oxygen atom
receives more bond valence from phosphorus than from silicon.
Thus, the coordination number of U4+ in phosphate tends to be
larger than that in silicate. This is in agreement with the
observation that in contrast to the relative paucity of phosphate
structures with the tetravalent actinides in 6- or 7-fold
coordination, 8-fold coordination is shown by at least six
different structure types.20 Both U(1) and U(2) in the structure
of 1 are joined to four phosphate groups by vertex sharing and
with two phosphate groups by edge sharing (Figure 1). Each U
atom is connected to three U atoms through phosphate groups
to form a three-dimensional framework with intersecting 12-
sided circular and rectangular channels along the a and b axes,
respectively (Figure 2). Columns with the 12-membered
circular window are closely packed in space. The rectangular
channel is narrow with a width of only one UO8 polyhedron

Table 2. Selected Bond Lengths (angstroms) for
Na10U2P6O24 (1) and Na10Ce2P6O24 (2)

a

Compound 1

U(1)−O(1) 2.450(4) U(1)−O(4) 2.460(5)
U(1)−O(5) 2.444(5) U(1)−O(8) 2.385(4)
U(1)−O(12) 2.446(5) U(1)−O(16) 2.324(5)
U(1)−O(19) 2.310(5) U(1)−O(20) 2.214(5)
U(2)−O(2) 2.349(4) U(2)−O(7) 2.354(5)
U(2)−O(10) 2.438(5) U(2)−O(11) 2.442(4)
U(2)−O(14) 2.353(4) U(2)−O(15) 2.563(5)
U(2)−O(21) 2.328(4) U(2)−O(24) 2.216(5)
P(1)−O(1) 1.549(6) P(1)−O(2) 1.536(4)
P(1)−O(3) 1.510(5) P(1)−O(4) 1.539(5)
P(2)−O(5) 1.549(5) P(2)−O(6) 1.505(5)
P(2)−O(7) 1.536(5) P(2)−O(8) 1.540(5)
P(3)−O(9) 1.516(5) P(3)−O(10) 1.550(5)
P(3)−O(11) 1.540(5) P(3)−O(12) 1.537(5)
P(4)−O(13) 1.507(4) P(4)−O(14) 1.548(5)
P(4)−O(15) 1.537(5) P(4)−O(16) 1.538(5)
P(5)−O(17) 1.498(5) P(5)−O(18) 1.510(5)
P(5)−O(19) 1.537(5) P(5)−O(20) 1.567(5)
P(6)−O(21) 1.556(5) P(6)−O(22) 1.511(5)
P(6)−O(23) 1.499(5) P(6)−O(24) 1.564(5)

Compound 2

Ce(1)−O(1) 2.390(4) Ce(1)−O(4) 2.456(4)
Ce(1)−O(5) 2.446(4) Ce(1)−O(8) 2.347(3)
Ce(1)−O(12) 2.444(4) Ce(1)−O(16) 2.308(4)
Ce(1)−O(19) 2.298(4) Ce(1)−O(20) 2.208(4)
Ce(2)−O(2) 2.352(4) Ce(2)−O(7) 2.342(4)
Ce(2)−O(10) 2.445(4) Ce(2)−O(11) 2.395(4)
Ce(2)−O(14) 2.312(4) Ce(2)−O(15) 2.538(4)
Ce(2)−O(21) 2.322(4) Ce(2)−O(24) 2.196(4)
P(1)−O(1) 1.548(4) P(1)−O(2) 1.553(4)
P(1)−O(3) 1.511(4) P(1)−O(4) 1.556(4)
P(2)−O(5) 1.556(4) P(2)−O(6) 1.514(4)
P(2)−O(7) 1.549(4) P(2)−O(8) 1.540(4)
P(3)−O(9) 1.521(4) P(3)−O(10) 1.560(4)
P(3)−O(11) 1.544(5) P(3)−O(12) 1.555(4)
P(4)−O(13) 1.510(4) P(4)−O(14) 1.551(5)
P(4)−O(15) 1.547(4) P(4)−O(16) 1.552(4)
P(5)−O(17) 1.513(4) P(5)−O(18) 1.514(4)
P(5)−O(19) 1.556(4) P(5)−O(20) 1.570(4)
P(6)−O(21) 1.565(4) P(6)−O(22) 1.519(4)
P(6)−O(23) 1.509(4) P(6)−O(24) 1.574(4)

aThe Na−O distances are available in the Supporting Information.

Figure 1. Coordination environments of U(1) in 1 showing the atom
labeling scheme. Thermal ellipsoids are shown at 50% probability.
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(Figure S4 of the Supporting Information). All 10 sodium sites
are situated inside the channels and are fully occupied.
Nevertheless, only Na(1) is located at the intersection of
these perpendicular channels. The sodium atoms are
coordinated by six, seven, eight, or nine oxygen atoms when
the limiting value for the Na−O bond length, 3.19 Å, of
Donnay and Allmann is considered.23 The bond valence sum
for Na(5) is 0.75, and those for other Na atoms range from
0.85 to 1.16. The significantly smaller valence sum and
relatively larger thermal parameter for Na(5) indicate that the
sodium atom is loosely bound. To check whether the Na(5)
site is fully occupied, the multiplicity of Na(5) was allowed to
be refined. Na(5) refined to a multiplicity of 1.00(1), indicating
that the Na site is fully occupied.
Compound 2 is isotypic with 1. Both Ce atoms are eight-

coordinate with a geometry of snub disphenoid. Roulhac and
Palenki reported that the average value of bond valence
parameter Ro for a Ce−O bond length of 2.094 Å gave a good
indication of whether the oxidation state of the Ce ion is +3 or
+4 from the observed distances without any assumptions.24

Bond valence sum calculations using the parameter give values
of 3.99 and 4.02 valence units at Ce(1) and Ce(2) sites,
respectively, consistent with the presence of Ce4+ ions in these
sites. The sodium atoms are coordinated by six, seven, eight, or
nine oxygen atoms. The bond valence sum for Na(5) is 0.73,
and those for other Na atoms range from 0.86 to 1.14. The
significantly smaller valence sum and relatively larger thermal
parameter for Na(5) indicate that the sodium atom is loosely
bound. The Na(5) site is fully occupied because the Na atom
refined to a multiplicity of 1.00(1).
The structural chemistry of CePs is complex, but only a few

have been structurally characterized. The first structures of
CePs with P/Ce ratios of 1.5/1 and 2/1 have only recently
been determined by powder X-ray diffraction. Two CePs with a
P/Ce ratio of 3 have been reported, namely, Ce(HPO4)-
(H2PO4)2·2H2O and Na5Ce(PO4)3.

25,26 However, the crystal
structures of these two compounds have remained unknown.
Na5Ce(PO4)3 was prepared under mild hydrothermal con-

ditions in the pH range of 8−9 and was studied by elemental
chemical analysis, powder XRD, IR, Raman, 31P MAS NMR,
and XPS spectroscopies. A comparison of the powder patterns
of Na5Ce(PO4)3 and compound 2 shows that they have the
same structure. Using the high-temperature, high-pressure
hydrothermal method, we have grown crystals of 2. Its
structure has been determined by single-crystal X-ray
diffraction.

Spectroscopic Studies. As shown in Figure 3, transitions
consistent with the UIV valence state are observed in the solid-

state UV−vis spectrum of 1. The spectrum is similar to those of
several U(IV) phosphates and phosphites.27 The bands at 400−
515, 515−560, and 580−700 nm are assigned to the transitions
from the 3H4 ground level to 3P2 +

1I6,
3P1, and

3P0 +
1D2 +

1G4
levels, respectively, according to the study of the absorption
spectrum of U4+ in zircon (ZrSiO4).

28 The structure of zircon
also consists of eight-coordinate polyhedra (snub disphenoids).
The strong band at 375 and shorter wavelengths are ascribed to
5f2 → 5f16d1 transitions.
The U 4f XPS spectrum of 1 is shown in Figure 4, which was

fit with one component and satellite peaks. The binding
energies (BEs) of all peaks were referenced to the adventitious
C 1s at 285 eV. The fitting parameters are listed in Table S1 of
the Supporting Information. The primary peak positions are at
381.3 eV (U 4f7/2) and 392.2 eV (U 4f5/2), which are higher

Figure 2. Structure of 1 viewed along the a axis. The yellow and green
polyhedra are UO8 dodecahedra and PO4 tetrahedra, respectively. Blue
circles represent Na atoms.

Figure 3. Room-temperature UV−vis absorption spectrum of 1.

Figure 4. U 4f XPS spectrum of 1 (black line for data, red line for the
fit envelope, blue line for main peaks, green line for satellites, and
dotted line for the deviation).
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than those of U4+ in Cs2USi6O15 (379.7 and 390.5 eV,
respectively),7 Cs4UGe8O20 (380.0 and 390.8 eV, respec-
tively),8 and U(UO2)(PO4)2 (U 4f7/2, 380.7 eV),27a and
comparable to that of U4+ in H8UMo12O42 (U 4f7/2, 381.4
eV).29 For uranium, both U 4f peaks show satellites at higher
BEs: 6−7 eV for U4+, 7.8−8.5 eV for U5+, and 4 and 10 eV for
U6+.30 The separations between the satellites and primary peaks
for 1 are 6.4 and 6.1 eV, which are in good agreement with the
values for U4+. The XPS spectrum confirms the presence of U4+

in 1.
In summary, we have synthesized and structurally charac-

terized a new uranium(IV) phosphate that contains UO8 snub-
disphenoidal polyhedra. This is the first U(IV) phosphate
synthesized under high-temperature, high-pressure hydro-
thermal conditions. The valence state of uranium was
established by UV−vis and U 4f X-ray photoelectron
spectroscopy. The isotypic Ce(IV) phosphate has also been
synthesized and its crystal structure determined by single-
crystal X-ray diffraction. It is the first structurally characterized
Ce(IV) phosphate with a Ce/P ratio of 3. Both compounds are
anhydrous, although they were synthesized in water. It has been
reported that hydrothermal reaction under vigorous conditions
prefers the formation of the anhydrous phase as compared with
mild conditions.31 The successful use of the hydrothermal
method in the synthesis of these U(IV) and Ce(IV) phosphates
suggests further opportunities for synthesizing more examples
in these interesting classes of compounds. In the course of
researching the synthesis of reduced uranium phosphates, we
observed other phases whose dark color is indicative of mixed-
valence compounds. Further research to synthesize reduced
uranium phosphates and Ce(IV) phosphates and silicates is
ongoing.
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