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ABSTRACT: Rare earth elements (REEs), the 1S naturally occurring lanthanides plus ~ *
yttrium and scandium, are ubiquitously used in modern life as they are critical
components of many advanced devices and technologies. However, the demand for
REEs is not equal, with the heavy rare earth elements (HREEs) having a higher demand.
Xenotime (HREEPO,) is an important HREE ore mineral and globally is an economical
source of HREE. Most of the crystallographic and thermodynamic properties of
xenotime endmembers have been elucidated by calorimetric, solubility, and high- =. , 4
pressure studies. Yet, in natural systems, endmembers are rarely encountered, and A T B
instead, REE solid solutions are more commonly observed. In this work, we characterize =~ 21 : %
the crystal chemistry, thermodynamics of HREE mixing, and high-temperature material
behaviors and thermochemistry of a synthetic erbium (Er)—ytterbium (Yb) binary
xenotime solid solution (Er,Yb(,_,PO,) using a suite of experimental techniques,
including X-ray fluorescence spectroscopy, synchrotron X-ray powder diffraction
implemented with Rietveld analysis, Fourier transform infrared spectroscopy coupled
with attenuated total reflectance, Raman spectroscopy, thermogravimetric analysis coupled with differential scanning calorimetry,
and high-temperature oxide melt drop solution calorimetry. Our results shed light on the formation of natural xenotimes and lay the
foundation for their industrial applications as thermal coating materials.
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1. INTRODUCTION lanthanides exhibit a systematic decrease in atomic radii with
increasing atomic number (Z)."> The LREEs consist of
lanthanum (La)—europium (Eu), and HREEs consist of
gadolinium (Gd)—lutetium (Lu), in addition to Y and Sc.
Typically, LREEs comprise 60—90% of REE ores, whereas
HREEs, which are in most industrial demand, are rarely
concentrated to economic levels.”'*'” To date, there are only
a few notable deposits (i.e, Lofdal (Namibia) and Browns
Range (Australia)) where HREEs can make up >80% of the
total REE budget.'*™'

In both of these deposits, xenotime (HREEPO,) is an
important ore mineral and globally is an economical source of
HREE, which is commonly associated with other hydrothermal
deposits.”” Much of the thermodynamic properties on the

Rare earth elements (REEs), the 1S5 naturally occurring
lanthanides plus yttrium (Y) and scandium (Sc),' are
ubiquitous in modern pedestrian life as they are critical
components of many advanced devices and technologies. This
is reflected by REEs being utilized in permanent magnets
found in electric vehicles, wind turbines, and smartphones.2
However, industrially, REEs have been important commodities
for over a hundred years, being utilized in everything from gas
lighting mantels to petroleum cracking catalysis.” The list of
potential applications for REEs is ever-growing, with industries
continually finding even more applications for the elements.
The aerospace industry is an example that has historically used

. . 2 . .
REEs in guidance systems” and now investigates man . .
. 8 A . estig nany xenotime endmembers have been elucidated through a
different types of REE-based ceramic materials as environ- L . . 23-25 .
; ) ) ) combination of calorimetric methods, solubility stud-
mental barrier coatings (EBCs) to improve the efficiency of 22,26 27-30 .
However, in natural

combustion engines."~"” It is anticipated that the demand for e and high-pressure studies.
REEs will continue to surge, which, however, will certainly
stress the overall supply of REEs. While REEs have bulk crustal Received:  February 19, 2022
abundances equal to those of other industrially important Revised:  April 19, 2022
metals such as copper (Cu), zinc (Zn), or molybdenum Accepted:  April 20, 2022
(Mo),”"? they are hardly ever concentrated to economic levels. Published: May 2, 2022
REEs are commonly subdivided into light (LREEs) and heavy

(HREEs) based upon their atomic masses and radii,'”'* as the
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systems, endmembers are rarely observed, and instead,
intermediate compositions, as a result of solid solutions, are
more commonly observed. In solid solutions, the mixing
behavior of HREEs in the xenotime structure (I4,/amd) is
paramount in modeling ore-forming processes.”’ If HREEs are
mixing as ideal solutions, then no additional interaction
parameter (W,) is needed to model their thermodynamic
behavior; however, if their mixing is non-ideal, then regular or
subregular (or other more complex) solutions need to be
employed where W, must be included to accurately describe
their mixing behavior.”” Although W,s of other REE
phosphate minerals such as monazite (LREEPO,, space
group P2,/n) and cheralite ([ZREE](x)[CaTh](I_x)PO4, space
group 2/m) have been experimentally determined by
calorimetric techniques,” ™ only a few theoretical studies*>*’
and an empirically derived estimation®' have been conducted
on the HREE xenotime.

As mentioned above, many REE-based ceramic materials are
being investigated for a wide swath of applications as advanced
ceramic materials. The thermophysical and thermochemical
properties of xenotime make it ideal to be used as EBC or
thermal barrier coating (TBC) in aerospace applications*® as
the material possesses a low chemical reactivity and a high
melting point.39—44 Currently, through the utilization of solid
solutions, one can tailor and ultimately improve the
thermophysical and thermochemical properties of EBC or
TBC,® which is most likely a result of the entropy-driven
stabilization effect.”

Additionally, the low chemical reactivity, low solubility, and
resistance to radiation damage also make xenotime a promising
ceramic waste host candidate for permanent immobilization
and disposal of actinides associated with nuclear wastes.**™>"
As xenotime is isostructural to other zircon structure-type
phases, including coffinite (USiO,), thorite (ThSiO,), and
stetindite (CeSiO,), they share many similar thermochemical
and thermophysical properties. Xenotime also has the ability to
accommodate trivalent elements, the dominant valence state of
the late actinides (Am—Es),”””>* which were predicted to be
thermodynamically unstable in orthosilicates.”” > All of the
actinide orthophosphates (Pu—Es) synthesized in the air have
been reported to adopt the monazite structure,””*>**7°" yet
there are also reports that Np and Pu were found to be
stabilized in the xenotime structure (Y, An(,_\PO,, where An
= Np or Pu) under reducing environments.”” This stabilization
within the xenotime structure could most likely be attributed
to the favorable energetics of mixing, similar to what is found
with uranothorite (Thy,U,_,)Si0,).**>*

Thus, studying the crystal chemistry and thermodynamics of
a xenotime solid-solution series has both fundamental and
applicable significance. In this work, we report the crystal
chemistry, high-temperature material behaviors, and thermo-
dynamic stability of an Er—Yb binary xenotime solid-solution
series (Er(,Yb(,_,PO,) with hydrothermal origins.

2. EXPERIMENTAL METHODS

2.1. Sample Synthesis. Er. Yb_, PO, were hydro-
thermally synthesized through the modification of a method
originally reported by Mesbah et al.®* for xenotime—thorite
solid solutions. The following reagents were used: Er(NO;);-
SH,0, Yb(NO;);-SH,0, H;PO,, NaHCO,;, NaOH, and
HNO;. The concentration of the solutions utilized was
0.05-0.3 M Er(NO,);-SH,0, 0.05—0.3 M Yb(NO,);-SH,0,
and 0.05-0.3 M H;PO,. A 1.0 M solution of NaHCO; was
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prepared as a buffer, and 4—8 M NaOH solutions were used to
adjust the pH to 8.7. The procedure involved pipetting
stoichiometric amounts of the Er’*, Yb**, and PO,*" solutions
under constant stirring. The pH was then adjusted to 11—12
by dropwise addition of NaOH and subsequently buffered to
8.7 by adding NaHCO;. The final solutions contained in a 23
mL Teflon line Parr autoclave were then placed in a preheated
oven of 220—250 °C for 7 days followed by natural cooling to
room temperature. The resulting precipitates were separated
from the supernatant by centrifugation at 4000 rpm and
washed four to five times with 18.2 mQ deionized water and
once with ethanol. The resulting solids were then dried
overnight at 60 °C. Safety statement: No unexpected or unusually
high safety hazards were encountered.

2.2, Total Reflection X-ray Fluorescence Spectrosco-
py (TXRF). A Bruker S2 PICOFOX benchtop TXRF
spectrometer equipped with an air-cooled molybdenum X-ray
source of 50 kV was used for the study.”® The instrument’s
gain correction and resolution were calibrated prior to each
series of measurements. Each measurement had an acquisition
time of 120 s and was performed in triplicate with the average
reported here. The spectra were processed by the Spectra 7
software using the optimized Bayes fit technique.’® The
resulting spectra are presented in Figures S1 and S2 and listed
in Table S1 in the Supporting Information.

2.3. Thermogravimetric Analysis Coupled with Differ-
ential Scanning Calorimetry (TGA-DSC). The TGA-DSC
measurements from 28 to 1200 °C, with a heating rate of 10
°C/min and under a flowing N, atmosphere (20 mL/min),
were performed by a Setaram SetSYS 2400 thermogravimetric
differential scanning calorimeter. The temperature and
sensitivity of the instrument were calibrated by heating indium,
tin, lead, zinc, and aluminum across their fusion point
repeatedly at the temperature change rates of S, 10, 15, and
20 °C/min. The calibration and methodology detailed above
are described in more detail in previous reports.’>®’~*

2.4. Vibrational Spectroscopies. Samples were charac-
terized through a combination of FTIR and Raman spectros-
copy. The FTIR spectra were recorded in the 600—4000 cm™
range via a PerkinElmer FTIR Spectrum 400 device. Powder
samples were deposited directly on the surface of an ATR
crystal without any prior preparation and with a collection time
of 30 s and five scans. The Raman spectroscopic measurements
were conducted using an HR Evolution LabRAM Raman
spectroscopy system equipped with both a 532 nm laser and a
785 nm laser. Each of these lasers was utilized to get a
complete understanding of the normal vibrational modes
associated with the Er(, Yb(,_,)PO, system, as both Er’* (532
nm) and Yb** (785 nm) exhibit strong laser-induced
photoluminescence.”’ The laser outputs were filtered to 25—
30 mW to prevent thermal damage. The total time of counting
ranged from 3 to 120 s. The system is equipped with a grating
of 600 g/mm, which yields an effective resolution of less than 1
cm™'. For both FTIR and Raman data, band component
analysis was done by means of the Peakfit function within the
OriginPro 2020 software suite using a Lorentz function with
the minimum number of components. The resulting fittings
and deconvolutions yielded correlation coefficients R* greater
than 0.967 and are displayed in Figures S3—S7 and reported in
Tables S2—S6 in the Supporting Information.

2.5. Scanning Electron Microscopy and Energy
Dispersive X-ray Spectroscopy (SEM-EDS). Scanning

electron microscopy was carried out to observe the size
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distribution and surface morphology by an FEI Apreo
VolumeScope SEM equipped with a field emission gun
electron source, backscattered electron detectors, and TEAM
Pegasus integrated EDS-EBSD. All micrographs were collected
under high vacuum conditions with an accelerating voltage of
20 kV, and magnifications from 50 to 40,000 times. The
resulting micrographs are presented in Figures S8—S17 in the
Supporting Information.

2.6. Synchrotron Powder X-ray Diffraction (XRD).
Synchrotron powder X-ray diffraction was conducted at
Sectors 6-ID-D and 11-ID-C of the Advanced Photon Source
(APS) at Argonne National Laboratory (ANL). The wave-
length of the X-ray beam was 0.123696 A (the distance to the
detector between 350 and 360 mm) and 0.1173 A (1600 mm
as the sample—detector distance), respectively, for 6-ID-D and
11-ID-C. All collected two-dimensional (2D) images were
calibrated, masked, and inte%rated through the use of the
Dioptas processing software,” which were then analyzed
through the Rietveld method using the General Structure
Analysis System software version II (GSAS-II),”* where the
instrument parameters were obtained using the CeO, standard.
The backgrounds were modeled by the Chebyshev function
with 6—20 coeflicients. The above Rietveld refinement
procedures are also stated previously elsewhere.”””*~"”

2.7. High-Temperature Oxide Melt Solution Calorim-
etry. The enthalpies of the drop solution (AH,,) were directly
measured by a Setaram AlexSYS-1000 Calvet-type calorimeter.
The calibration of the instrument was conducted by perform-
ing transpose temperature drops using solid pieces of a-Al,O,
and Pt. Powdered samples were hand pressed into pellets, with
masses between 1.211 and 5.217 mg, and dropped from room
temperature into a molten solvent of sodium molybdate
(Na,0-MoO;) contained in a Pt crucible at 700 °C. The
calorimeter chambers were continuously flushed with O, gas at
arate of ~110 mL/min to facilitate a constant gas environment
above the solvent. The flushing of O, gas above the solvent
also further aids in maintaining an oxidative solvent environ-
ment by oxidizing any low-valence Mo to Mo*®. All of the
calibration and methodology employed in this study are further
described in more detail in previous reports.”>*>¢”737878>

3. RESULTS

3.1. Thermogravimetric Analysis Coupled with Differ-
ential Scanning Calorimetry (TGA-DSC). TGA-DSC
experiments (Figure 1) revealed that the samples have good
thermal stability up to 1200 °C under an inert N, atmosphere.
A long mass loss (~4.2%) was identified from SO to 1000 °C,
which could correspond to the removal of absorbed and
confined molecular water (in the [001] channel of the
xenotime structure), as well as hydroxyl species due to its
endothermic nature. Such an attenuated or “sluggish”
dehydration and dehydroxylation of other zircon-type
materials have been previously reported and discussed in the
works by Strzelecki et al.”* Further details on the dehydration
and dehydroxylation are discussed in later sections.

3.2. Synchrotron Powder X-ray Diffraction (XRD). The
diffraction patterns of the pristine samples confirmed a single-
phased orthophosphate (I4,/amd) with no observed impurities
or chemical inhomogeneities (Figure S18). We performed
Rietveld refinements based on the structural models reported
by Ni et al® for ErPO, and YbPO,. The occupancy of the
MOy site in Er,Yb;_ PO, was fixed to the compositions
determined by TXRF. The resulting refinements yielded R,
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Figure 1. TG and DSC of Er(Yb;_nPO,; up to 1200 °C,
respectively, plotted in solid and dashed curves.

values ranging from 2.65 to 8.34%. The pristine xenotime
phases are nanocrystalline, with sizes ranging from 15 to 70
nm.**"*” Samples recovered after the TGA-DSC to 1200 °C
have additional non-xenotime diffraction peaks (Figure S19),
which point to Er—Yb sesquioxide solid-solution phases
(Er(a)Yb(_5,)O;3) that are isostructural to bixbyite (Ia3).”
As xenotime has been found to be thermally stable to over
1600 °C till melting,39 the observation of Erg,)Yb(,_5,)O;
implies that there could be amorphous Er(,,yYb(,_,,yO; in the
pristine samples, similar to what have been found in the
hydrothermally synthesized uranothorite.”’ Confirmation of
these requires high-temperature XRD or X-ray absorption
spectroscopic measurements, which we intend to perform in
the future.

The refined unit cell parameters of pristine and thermally
treated Er(,)Yb(,_,)PO, (listed in Tables S7 and S8 and plotted
in Figure 2) decrease almost linearly as a function of x
following Vegard’s law. However, both the unit cell volume
and the g-parameter of all compositions significantly decrease
after being thermally treated to 1200 °C. By contrast, the c-
parameter increases for some compositions but decreases for
others. Causes of the change in unit cell parameters before and
after the thermal treatment will be discussed in the succeeding
sections.

3.3. Vibrational Spectroscopies. The FTIR spectra were
recorded for the pristine (Figure 3a) and thermally treated
samples (Figure 3b). The spectra of the pristine samples could
be separated into three distinct zones of interest: 600—1300,
1300—2000, and 2500—4000 cm™'. The spectra of those
collected after TGA-DSC to 1200 °C only had one distinct
zone of interest (the first zone, 600—1300 cm™). Being
isostructural to zircon, xenotime shares similar vibrational
behaviors and band assignments, which have been reported by
Nasdala et al.”* and Dawson et al.”” for zircon. The I4,/amd
space group has seven active FTIR vibrational modes, which
were determined through a factor-group analysis.”””* These
vibrational modes can be assigned to the internal and external
vibrations of the PO, tetrahedron. Of the seven vibrational
modes, four (I, = 2A,, + 25,) can be assigned to internal
vibrational modes and three (I',, = A,, + 2g,) to external
vibrational modes. The vibrations observed within 600—1300
cm™! correspond to the internal vibrational modes of the PO,
tetrahedron. Note that a wide massif was systematically

https://doi.org/10.1021/acsearthspacechem.2c00052
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Figure 2. Variation of unit cell parameters of Er(,)Yb;_PO, as a
function of Er content. Blue symbols (a—c) indicate data points of the
pristine samples, red symbols indicate date collected on the samples
recovered after TGA-DSC, and green symbols indicate literature
values.”**%* The data represented with circles were collected at
beamline 6 ID-D, and those represented with squares were collected
at beamline 11 ID-C.

recorded between 700 and 1200 cm™, similar to what was
found in Clavier et al,”® which makes it difficult to
unambiguously differentiate the components assigned to
symmetric and antisymmetric stretching vibrations. As only
the antisymmetric internal motions of the PO, tetrahedron are
visible by IR, this would mean that the doubly degenerate
antisymmetric stretching mode (v3—E,) is around 998 cm™,
while the antisymmetric stretching mode (v3—A,,) would be
around 1125 cm™. The sharp band centered around 639 cm™
corresponds to the antisymmetric deformation mode (v,—
A,,). Then, the doubly degenerate antisymmetric deformation
mode (v,—E,) and the three external vibrational modes (I, =
Ay, + 2g,) could not be observed as they would appear below
600 cm™.

The vibrational bands occurring in 1300—2000 and 2500—
4000 cm™' are indicative of hydration and hydroxylation,
which only appear in the pristine samples. Three relatively
sharp vibration bands were observed, with the first
corresponding to the deformation band of hydroxyl (OH™)
groups located near 1300 cm™}, the second located near 1400
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Figure 3. FTIR spectra of Er,)Yb(,_,PO,: (a) pristine and (b) after
TGA-DSC experiments to 1200 °C.

cm™ for the stretching mode of CO,, and the third near 1600
cm™! for the deformation band of molecular water. Lastly, a
large broad band in high wavenumbers (~3500 cm™')
corresponds to the stretching modes of both hydroxy groups
and molecular water.”*”"*

For Raman spectroscopy, the I4,/amd space group has 12
active Raman vibrational modes belonging to the D, point
group.93’94’99 Seven (I}, = 2A15 + 2Bg + By + 2E )% can
be assigned to the internal vibrations of the PO, tetrahedron,
while the remaining five (I, = 2By, + 3Eg)93’99 can be
assigned to the external vibrations of the PO, tetrahe-
drons.”>””'% Due to the interaction of the PO, tetrahedra
with the MOy dodecahedra, the tetrahedra cannot be
considered as strictly independent units,'" and so there are
no reported sgectra with all 12 active Raman modes for zircon-
type phases.”” All the spectra from the two lasers are separated
into two distinct zones of interest (Figure 4): 900—1200 and
100—900 cm™'. First, P—O stretching motions are observed
and assigned as the symmetric stretching (v,—A;,) occurring
around 1005 cm™’, the anti-symmetric stretching (v3=Byy)
occurring around 1065 cm ™', and the doubly degenerate anti-
symmetric stretching (1/3—Eg) occurring around 1029 cm™h,
The second zone contains the internal bending motions of the
PO, tetrahedron and the lattice or external motions of the PO,
tetrahedron. In addition, the second zone has the majority of
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Figure 4. Raman spectra collected with 532 and 785 nm lasers for (a)
ErPO, and (b) YbPO,.

Er’* and Yb®" photoluminescence, observed when using the
532 and 785 nm laser, respectively. However, several of the
bands were able to be assigned as the symmetric bending (v,—
Alg) occurring around 492 cm™' and the anti-symmetric
bending (,—B,,) occurring around 692 cm™. The spectra and
peak positions are in excellent agreement with those of ErPO,
and YbPO, previously reported by Begun et al.'”

3.4. High-Temperature Oxide Melt Drop Solution
Calorimetry. The standard enthalpy of formation (AH®;) and
enthalpy of formation from oxides (AH ,,) were determined
for Er(,)Yb;_, PO, by high-temperature oxide melt drop
solution calorimetry in the Na,O-MoO; solvent. Prior to
calorimetry, samples were calcinated at 1200 °C to remove
hydrous species (absorbed molecular water, confined molec-
ular water, and hydroxyl groups). Trace amounts of RE,O;
impurity (identified by XRD, Table S9) were corrected in the
thermochemical cycles. The experimentally determined AHy,
as a function of erbium content «x is plotted in Figure Sa and
tabulated in Table S10. The variation in AHy4 was fitted by eq
1 and suggests a negative deviation from thermodynamic
ideality.

AHy = a + bx + cx’ (1)

where a = 145.66 + 0.13 kJ/mol, b = —18.23 + 0.69 kJ/mol, ¢
20.19 + 0.72 kJ/mol, and adjusted R? 0.995. The
determined enthalpies of formation from oxides (AH;,,) and
elements (AH%) at room temperature (Table 1) were
calculated through the thermochemical cycles in accordance

1379

(a)
160

185 |

150

AHg(kJ/mol)

_,
S
[$)]
T
I
/
/I
£ ]
4 I
'
——
7 |
J |
|
i
[}
]
‘ 4
1
1
]
|
|
I
)
\ 1
\ 1
}
 §
\ 1
\
\
I
—e—
1
\\ |
1
\
\\
(S|
Al
N

140 -

135 |

130 1 1 | 1 1 1 1 Il 1 1 1
00 01 02 03 04 05 06 07 08 09 1.0

Er (x) (apfu)

(b)

30

20 -

=
o
T

AH, (kJ/mol)
o
T
i
T
Rl
Y
R

\
: \
Lo
1 \
L
1 1

I

I
| |
1 I
Lo
1 1

!
e
L
II
I,
1

N
o
T

=30 | I—— 1 1 1 1 1 1 | T |

00 01 02 03 04 05 06 07 08 09 1.0
Er (x) (apfu)

(c)
-260

-270 |

-280

AH; , (kd/mal)

-290

03 04 05 06 07
Er (x) (apfu)

_300 1 L 1 2 1 I 1 n 1 n 1
00 01 02 08 09 10

Figure 5. (a) Enthalpies of the drop solution; (b) enthalpies of
mixing, fitted by AH,;, = 20.3x(1 — x); and (c) enthalpies of the
formation of Er(,)Yb(;_,)PO, from their binary oxides at 25 °C as a
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with Hess’s law (Table S11). Note that AH;, of ErPO,
(—282.35 + 4.74 kJ/mol) and YbPO, (—277.20 + 3.73)
obtained from this work agree in general with the previous
values reported in Ushakov et al. for ErPO, (—275.6 + 1.9 kJ/
mol) and YbPO, (—269.6 + 2.4 kJ/mol).”’
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Table 1. Enthalpies of the Formation of Er(,)Yb(,_,)PO,
from Binary Oxides and Elements

formula AH;,, (kJ/mol) AH®; (kJ/mol)
ErPO, —282.4 + 4.7 —1984.8 + 6.6
Erg4sYbo2PO, —280.0 + 5.4 —19773 + 53
ErysYbg,sPO, —2774 + 32 —1969.1 + 4.9
Ety6Ybo 3sPO, —2758 + 4.4 —1961.9 + 4.9
Erg47Ybo53PO, 2744 + 49 —1954.2 + 5.0
Erg2Ybo7sPO, —2749 + 34 —1944.1 + 47
YbPO, —277.2 + 3.7 —1936.9 + 5.7

4. DISCUSSION

4.1. Role of Water/Hydroxyl in the Xenotime
Structure. The mass losses observed in TGA from 50 to
1000 °C are interpreted to be a combination of the breakdown
of hydroxylated phosphate tetrahedrons (PO,_,(OH),),
similar to what has been observed in zircon’”'%’ and
coffinite.”* The release of confined molecular water within
the [001] channels in the xenotime structure has also been
seen for coffinite’* and stetindite.”* This is also supported by
the determined unit cell parameters of samples before and after
thermal treatment (Figure 2). The unit cell volume has a
significant decrease (1.5 + 0.2%) after being heated to 1200
°C, which agrees extremely well with those of the endmembers
previously reported by Ushakov et al.”> and Ni et al,*’ who
used flux-grown crystals that were completely anhydrous.

The reduction in the unit cell volume is mainly a result of
the decrease in the a axis (Figure 2a) or, more precisely, the
contraction along the (001) plane. Since the channels along
the ¢ axis contain water, the removal of water upon heating
causes the contraction of the structure parallel to (001). This
further collaborates with the original hypothesis of Janeczek'**
and later confirmation by Strzelecki et al.”* Kijkowska also
observed a prolonged mass loss via TGA-DSC for hydro-
thermally prepared xenotimes and sequent contractions of the
unit cell parameters on the sample recovered afterward,'*®
which, however, were hypothesized to be related to zeolitic
water. In regard to the ¢ axis, there was no systematic trend
before and after thermal treatments (Figure 2b). This may be
because of the cancellation of hydrated and hydroxylated
effects, the latter of which yields a shorter unit cell axis than
one without.”*'®® Our vibrational spectroscopy results
collaborate with all previous assertions. FTIR spectra indicate
that the pristine samples are clearly both hydrated and
hydroxylated (Figure 3a), whereas post-TGA samples are
completely anhydrous. From Raman spectra, the positions of
the v, and v; vibrational bands move to higher wavenumbers
after being calcined (Figure 6), which indicate the decrease in
P—O bond length upon calcination and implies the removal of
the confined [001] water.'”” Again, this is in excellent
agreement with observations by Strzelecki et al.”* on CeSiO,,
where the v, and v; vibrational bands shift to higher
wavenumbers using in situ high-temperature Raman spectros-
copy.

These results have important implications for the descriptive
mineralogy and geologic history of REE deposits, as vibrational
spectroscopic techniques become more prevalent in geologic
laboratories."”'% For instance, Clavier et al.”> proposed a
schematic methodology for categorizing lanthanide phosphate
polymorphs through vibrational spectroscopy besides the
common diffraction techniques (e.g, X-ray, neutron, electron
diffraction). For example, to discern xenotime from the
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Figure 6. Variation in the frequencies of P—O stretching modes of
Er(,yYb(;_PO, as a function of Er content.

hydrous HREE phosphate mineral churchite (HREEPO,
2H,0, space group C2/c), one would observe if there are
vibrational bands between 1500 and 1600 cm™ in FTIR
spectra since bending motions of H,O only clearly present in
churchite but not xenotime. This method has been used by
Zhukova et al. to discern the mineralogy of the Mount Weld
REE supergene deposit in Australia.'”” However, as demon-
strated above, all of the pristine hydrothermally prepared
xenotime samples have the deformation modes of H,0
between 1500 and 1600 cm™' in the FTIR spectra with
small intensities. This observation does not undermine the use
of the vibrational spectroscopy-based methodology for tracing
the geologic conditions but suggests a more careful
examination of the origin of mineral samples. Xenotime
typically forms as a primary accessory mineral in igneous and
metamorphic (i, granites and schist) rocks at elevated
temperatures,'' """ whereas churchite forms as a secondary
trace mineral as a weathering product (ie., laterites) under
much lower temperatures,"'>'"® which is even reflected in the
synthetic conditions of producing churchite."'* Thus, the
identification of these minerals has a profound influence on
interpreting the geologic history of a given lithology. If
vibrational spectroscopy alone is to be used to discern the
proper identification of which HREEPO, phase is present, the
deformation bands associated with the bending motions of the
P—O in both IR and Raman are much more indicative of
elucidating if the phase is xenotime or churchite. This is due to
the absence of the symmetric bending motions in IR spectra of
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g modes of synthetic and natural xenotimes versus the
15,95,702,116—121

xenotime, as discussed above. Lastly, one should always
perform additional diffraction examinations to differentiate
phosphate phases.

4.2. Thermodynamics of Xenotime Solid Solutions
with Implications for Their Mineralization. When looking
at the size distribution of the ionic radii of the HREEs within

the xenotime structure (VHIrHREE3+), the average size is 1.008

A, closest to that of Er’* (1.004 A). The maximum difference
in ionic radii exhibited by the HREEs in the xenotime structure
is 6.25% (Tb and Lu), while the average difference in the size
of the ionic radii is 2.0%, approximately that of Er’* and Yb**
(1.9%). On the other hand, naturally occurring xenotime is
dominated by Y**, which reflects that it has the highest overall
geochemical abundance of any HREE.""” The difference in size
between Y** and other HREESs is 1.8%, also approximately that
of Er’* and Yb** (1.9%). This is demonstrated when plotting
the variation in the positions of the symmetric (Alg) and
antisymmetric (By,) stretches reported in a suite of synthetic
and natural xenotimes (Figure 7).13’95’102’“6_121 Here one can
observe that both synthetic and natural samples follow a nearly
linear dependency of the average ionic radii of the A-site,
assuming metals to be eightfold coordinated. The only
observed deviations are associated with symmetric (Alg)
stretches reported by Svecova et al. for the natural xenotimes,
which may be due to the samples being both hydrothermally
altered and metamict.''® Details of Raman peak positions of
synthetic and natural xenotimes are reported in the Supporting
Information (Table $12).'%719%116=121 Therefore, the ErPO,-
YbPO, solid-solution system is an ideal analogue system in
understanding the thermodynamic mixing behavior of HREEs
in natural xenotime systems.

The results of the XRD (and Raman) indicate that the
mixing of Er and Yb in Er(, Yb(;_,yPO, follows Vegard’s law, as
their unit cell parameters have a nearly linear dependency as a
function of x. This would imply that a regular solution model
should be employed effectively to evaluate the thermody-
namics of cationic mixing in the ErPO,-YbPO, solid solution.

1381

In accordance with the regular solution model, the Gibbs free
energy of mixing can be calculated as follows:

AGmix = AI{mxx - TASmlx (2)

where both the enthalpy of mixing (AH,,,) and the entropy of
mixing (AS,;,) are needed. As the regular solution model is
being used, AH_; can then be expressed by using the
interaction parameter (W,):

AH_, = Wox-(1 — x) (3)

Here we evaluated W, experimentally by calorimetry, which
has been greviously demonstrated in solid-solution sys-
tems."*71**7127 AH_. can be derived from the measured
AHy, by the equation AH,,;, = — AHy(Er Yb; _ 4PO,) +
xAH (ErPO,) + (1 — x)AHy(YbPO,). The derived heats of
mixing (Figure Sb) show a deviation from the ideal mixing
toward the endothermic direction, suggesting that the
intermediate compositions are slightly enthalpically unstable
compared to a mixture of the two endmembers. Using eq 3, the
interaction parameter can be obtained to be W, = 20.3 + 0.8
kJ/mol, suggesting that the solid solution is enthalpically not
favorable to form (Figure 8a). Note that the calorimetrically
determined W, value includes two contributions: (1) the
elastic term that originates from the volume of mixing due to
mismatch of sizes and (2) the chemical term considering
bonding and local mixing features.””'*® The elastic contribu-
tion of W, can be empirically approximated based on the unit
cell volume and Young’s modulus, which has been used by
Migdisov et al’' to estimate the heats of mixing of HREE
xenotimes:

_[AV?
oV (4)
where E is the average Young’s modulus of all REE xenotime
endmembers (168.8 GPa)>' and AV is the difference between

the molar volumes of the two endmembers, 42.453 + 0.009
cm?/mol for ErPO, and 41.646 + 0.005 cm?/mol for YbPO,,

A
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both experimentally determined from XRD (Table S6). Using
these values and eq 4, the elastic W, term was thus
volumetrically derived to be 0.4 kJ/mol.

Glynn'* proposed that for a solid-solution system to be
thermodynamically stable, the interaction parameter needs to
be constrained by W/(KT) < 2, which then transforms to W <
5 kJ/mol at ambient conditions.’”'* Regarding the calori-
metrically determined W,, one would expect exsolution or
phase separation to occur due to a possible miscibility gap
between ErPO, and YbPO,. Only considering the elastic term
that is volumetrically derived would predict a full solid solution
across the whole composition. Such difference emphasizes the
importance of performing calorimetric measurement to obtain
the total enthalpy of mixing that includes both elastic and
chemical effects, which thus reliably and accurately accounts
for the non-ideal mixing effect.

We derive AS,;, from both the configurational entropy of
mixing (AS, Conﬂg) and vibration entropy of mixing
(AS® pixvin) Of Er’* and Yb* in the MOg dodecahedron site
at room temperature. The configurational term can be
calculated using the Boltzmann entropy formula, as follows:

AS —R-[(1 — %) In(1 — x) + x-In(x)] ()

'mix, config =
whereas the AS° . ., was estimated by using an empirical
relation of the standard entropy of formation (S°,9s ) to the
molar volume (V,,) of a compound."**"*" Typically, the linear
equations presented in Jenkins and Glasser are used to
45,67,73,132
calculate S5 k- However, large discrepancies
between the experimentally derived values of S°ggy for
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phosphate minerals > were found when applying
these equations. Therefore, we derived our own empirical
relation of standard S°,¢5 ¢ and V, for phosphate minerals that
minimizes the discrepancies between the experimentally
derived values of $°q >~ >»"?*71% (Table S11, Figures S20
and $21)23256213% B6=1ss This empirical relation is repre-
sented by the following equation,

Sk = k(V,) + ¢ (6)

where coefficient k is 2.46 + 0.03 /] K ' mol™! and ¢is 5.79 +
7.03 /JK ™' mol™’, and V,, is the experimentally obtained molar
volume (cm?®) of Er(,)Yb(;_,)PO,. This value largely reflects the
change in the vibrational entropy based on the volumetric
change of the unit cell. The calculated $°95 of
Er(,)Yb(;_,)PO, is presented in Table S14. By calculating the
difference between the S$%45y of EryYb(,_,)PO, and
endmembers (ErPO, and YbPO,), an approximated AS°, ; .
was extracted and combined with the configurational
AS i config to yield an estimate for AS,;. (Figure 8b). Using
all this information, AG,, values at 25, 100, 250, and 400 °C
were obtained (Tables S15 and S16) and plotted in Figure 8c.
These elevated temperatures were selected based on relevant
geochemical conditions, such as fluid inclusion homo$emza—
tion temperatures, reported for known REE deposits."”">°~">

While the determined AH,, are endothermic and thus
enthalpically unfavorable, the overall AG;, values are
exothermic at elevated temperatures (Figure 8c). Particularly,
using the calorimetry derived W,, AG,; values are only
positive at temperatures below 250 °C, implying a miscibility
gap between Er- and Yb-rich xenotimes. This gap should
shrink on increasing temperature due to the increasingly
dominating effect from AS_;. As stated earlier, the ErPO,-
YbPO, solid-solution system is an ideal analogue system to
understand the mixing behavior of HREE; this then further
indicates that AS_; may be the major driving force and
enthalpy a secondary role for HREE mixing in xenotimes. This
result is reasonable because HREEs have their 4f electrons
more deeply shielded due to lanthanide contraction, and thus,
their bonding is dominantly ionic. A similar entropy-driven
stabilization for mixing REEs has been seen in a thermody-
namic study of a (La,Nd) hydroxylbastnisite solid solution.”
Furthermore, it is interesting to compare our result on mixing
of HREEs in xenotime with mixing of early actinides (Th and
U) in an isostructural system (zircon), the latter of which
shows a strong influence on the thermodynamics of mixing
from AH,_; rather than AS_; that originated from the
relatively stronger covalent characters of actinides.””*> We
then can conclude that mixing HREEs in xenotime, described
by a regular solution model, is close to ideal due to the largely
pure ionicity, which may be deviated more from ideality when
early actinides and/or LREEs are presented for mixing (i.e.,
HREE,An(,_,)PO,, where An = Th, U, Np, or Pu).

These findings have important implications to the
fractionation of HREEs in phosphate ore bodies. As stated
previously, REEs have a gradual systematic change in their
chemical properties from LREEs to HREEs; however, there are
some processes that can fractionate the REEs: either (1)
LREEs from HREEs or (2) individual REEs. One mechanism
to fractionate the LREEs from the HREEs is by the
crystallographic constraints of the orthophosphates.’**” 160
This is demonstrated by LREEs, with larger ionic radii,
crystallizing into the monazite structure that has large nine-
coordinated metal polyhedral sites, whereas HREEs, with
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smaller jonic radii, crystallize into the xenotime structure in an
eightfold coordination environment. Another mechanism for
REE fractionation relies on the difference in the thermody-
namic stabilities of REE—chloride aqueous complexes under
hydrothermal conditions, where LREE—chloride complexes
are more stable than HREE—chloride complexes.®"'**'! 719
If a REE—chloride hydrothermal fluid comes into contact with
a phosphate source such as apatite, Ca,y(PO,)s(OH,CLF),,
this difference in the stabilities would cause LREE—chlorides
to be more mobile and be deposited distal to the fluid source
as monazite, while, in opposition, HREE—chlorides begin to
precipitate out of the aqueous system as xenotime. Such REE
fractionation was predicted by the models of Migdisov et al.*’
anfl6 7demonstrated by the experimental work of Strzelecki et
al.

On top of the crystallographic and aqueous thermodynamic
mechanisms, this study emphasized another cause for
fractionation, which is the non-ideal thermodynamics in the
solid-solution phases that are attributed to majorly entropic
and minorly enthalpic effects. The non-ideality controlled by
W, can lead to the separation of neighboring HREE into
different xenotime endmembers. However, one should not
overestimate such enthalpic effect in natural systems, where
often multiple HREEs are mixing in xenotime and attenuate
the non-ideal effect because of high entropy. Thus, a reliable
W, (e.g, measured by calorimetry) can ensure the accurate
generation of a solid-solution model, which will be combined
with thermodynamic descriptions of aqueous phases for the
correct prediction of mineralization and fractionation of REEs
under relevant geochemical conditions.

4.3. High-Temperature Thermochemistry of
Er,Yb(;_PO,. With the increasing interest in using
HREEPO, for various high-temperature ap;)lications, such as
a topcoat for EBC in the aerospace industry,”” it is necessary to
understand the bulk thermochemistry of HREEPO, phases at
high temperatures. Here we calculated other thermodynamic
parameters of Er,)Yb(;_,yPO, to evaluate their suitability for
such applications. First, it is paramount to determine the heat
capacity (C,), the function of which will yield temperature-
dependent enthalpy and entropy terms of a given phase:

T
AH, = AH,,, + / CdT
T 298 208 T 7

T
G
AS; = AS, 55 + / —dT

298 T (8)

Although C, of both ErPO, and YbPO, have been
determined experimentally by various calorimetric techni-
ques,”#?%*>* "C_ of intermediate compositions are not
available. We estimated the C, of the intermediate
compositions by employing the Neumann—Kopp rule, which
relies on the summation of known C, of its constituent binary
oxides.'®® The derived Cpl33'169 (Table S17) are in good
agreement with the previously reported data for ErPO, and
YbPO, (Figure $22).°******* AH. and AS; can then be
calculated and combined to derive AGy for each composition
for the following potential reaction of interest to the
aeronautical industry: Er,Yb, _ POyeuq) + 3H,O(g —
Er,Yb, _x(OH)3(gaS) + H3POy(g,). However, due to the lack
of gas-phase thermodynamic data of H;PO, at high temper-
atures, the thermochemistry of the above reaction cannot be
assessed. Therefore, we performed a thermochemical evalua-
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tion of just the Er(,)Yb(;_,)PO, solid-solution phase up to 727
°C (or 1000 K), with their detailed thermodynamic parameters
deposited in the electronic supplement (Tables S18—S22). As
the temperature increases, the effects of the positive entropy of
mixing become increasingly more obvious to the point that, at
the highest temperature investigated (727 °C), an overall
deviation of the composition-dependent AG; toward the
exothermic direction begins to emerge (Figure 9). The

-1580
T=727°C
m  Calorimetry Derived
-1590 - O Volumetrically Derived
-1600
g -1610
=
=
¢ 1620
<
-1630
-1640
-1650 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Er, (apfu)

Figure 9. Predicted free energies of formation (AG) of
Er(,Yb(;_)PO, at 727 °C as a function of Er content. Open circles
represent the volumetrically derived AH,;, whereas the closed
squares represent the calorimetry derived AH, ;.

maximum of the negative curvature is at the composition
where the concentration of Er is nearly equal to that of Yb.
This implies that the entropy of mixing in the Er(,)Yb,_,,PO,
solid solution can further enhance its thermal stability with
respect to the two endmembers.

Thus, from an application point of view, if Er(,yYb(;_, POy, is
used as an EBC material, one should synthesize the material
that realizes an equal molar of Er and Yb. Furthermore, to
further increase the favorable entropy of mixing and ultimately
improve the thermal stability, multiple HREEs in nearly equal
molar quantities would be recommended. Ideally, the selected
HREEs should be chosen so that the differences are minimized
for their ionic radii and thus the steric effect. For instance,
mixing of equal molar portions of Y, Ho, Er, Tm, and Yb (the
maximum difference in cation radii is only 3.4%) will generate
a configurational entropy of 14.4 J/mol'K (using eq S) to
benefit thermal stability that scales up with temperature.
Recent work by Zhao et al applied such a high-entropy
concept to LREEPO,-monazite, with promising results.'”* The
advantage of the HREEPO,-xenotime system over the
LREEPO,-monazite system is that the predicted W, of
HREE is smaller than that for the LREE.’
manufacturing and processing perspective, this would lead to
more predictable phases being able to be produced, as there
would be less likelihood for developing nanodomains or
7! Overall, these observations support the concept
for high-entropy oxides,'”” similar to their alloy counterparts
that make use of the entropy of mixing to develop materials
with superior high-temperature stability.'”

From a

exsolution.
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5. CONCLUSIONS

The crystal chemistry and thermodynamic properties of a
binary ErPO,-YbPO, xenotime solid-solution series have been
investigated using a suite of techniques, including X-ray
fluorescence spectrometry, synchrotron X-ray powder diffrac-
tion implemented with Rietveld analysis, Fourier transform
infrared spectroscopy coupled with attenuated total reflec-
tance, Raman spectroscopy, thermogravimetric analysis
coupled with differential scanning calorimetry, and high-
temperature oxide melt drop solution calorimetry. We found
that water plays a significant role in unit cell dimensions of the
xenotime phases when prepared or originated hydrothermally.
Furthermore, the unit cell parameters of the xenotime solid
solution follow Vegard’s law, suggesting a random distribution
of Er and Yb over the cation site in the xenotime structure.
This further enables a complete thermodynamic analysis using
a regular solution model, where the entropy of mixing is the
dominating factor that controls the thermodynamic stability of
ErPO,-YbPO,. It is expected that the use of a HREE solid
solution or high-entropy xenotime ceramics as an environ-
mental barrier coating or thermal barrier coating will be greatly
benefited by the entropy-driven phase stabilization.
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