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La,_ Nd PO, monazite-type ceramics were synthesized by precipitation and sintering. The obtained crystalline
powders and pellets were structurally characterized by X-ray diffraction, electron microscopy, and infrared and
Raman spectroscopy. The determined unit cell constants agree with published values for the pure end-members
ranging from LaPO, to DyPO,, as well as with values for known mixed monazite-type lanthanide orthopho-
sphates, indicating a homogeneous solid solution. However, Raman spectroscopy shows a change in short-range
order and the results of high temperature oxide melt solution calorimetry suggest a subregular solid solution,
which requires two Margules parameters to calculate the observed enthalpy of mixing AH,

for La, _,Nd PO,

mix

which is positive and asymmetric and shows a maximum at x = 0.299 (AH,,,, = 7.53 + 0.01kJ mol"") at 298 K.

1. Introduction

Monazite-type solid solutions with general composition LnPO,
(Ln=La to Gd) are considered as ceramic immobilization matrices for
the conditioning of actinides like U, Np, Pu, Am and Cm [1-5].
Monazite-type binary solid solutions represent suitable model systems
for the investigation of characteristic properties of mixed orthopho-
sphates. The chemical composition of the mineral monazite is domi-
nated by several lanthanides as well as actinides like thorium and
uranium. The crystal structure remains intact over very long time
periods despite the ongoing radiation exposure. Such ceramic phases
can contain one, two or even more cations on the variable Ln position.
Although it has long been known that monazite shows outstanding
radiation resistance and chemical durability [6], even a rather simple
system like La,_ Nd PO,, where Nd** is a possible surrogate for Am’*, is
not yet fully understood in terms of structure and stability. The aim of
the present study is to investigate the crystal structure and thermo-
dynamic properties of LaPO, — NdPO, solid solutions and to under-
stand the microscopic (structural) reasons for the observed thermo-
dynamic behaviour.

Recent publications differ regarding the structural character of
La,_ Nd PO, solid solutions. Palke and Stebbins [7], who performed *'P
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nuclear magnetic resonance (NMR) experiments on this system, stated
that La,_ Nd, PO, is not a single phase, but is more likely a phase with
LaPO,-rich chemical inhomogeneities, where the dissolution of NdPO,
into LaPO, is not complete. On the other hand, Maron et al. [8], who
also performed 3'P NMR and additionally electron spin resonance
(ESR) experiments, concluded that La,_Nd PO, actually is a single
phase, and they emphasized the importance of synthesis and prepara-
tion procedures. The clarification of this contradiction represents the
first part of our motivation to investigate this particular system.
There are few prior thermodynamic studies of solid solutions in this
system. Popa et al. [9] determined the excess enthalpy between 515 K
and 1565 K. This is an excess heat content reflecting differences in heat
capacities and not a heat of mixing and will not be discussed further. Li
et al. [10] performed DFT calculations to obtain heats of mixing in the
solid solution. The values were positive (endothermic) and were fit to a
subregular mixing model. Get'man and Radio [35], calculated the
mixing energies of some monazite-type solid solutions, based on the
assumption of a symmetric regular solution, with no significant change
in short-range ordering, and therefore consequently only one Margules
interaction parameter was considered. To the best of our knowledge
there are no direct calorimetric determinations of heats of mixing in
this system, so obtaining such values on well characterized samples

1 Present address: Forschungszentrum Jiilich GmbH, IEK-1: Materials Synthesis and Processing, D-52425 Jiilich, Germany.
2 Present address: RWTH Aachen, Institut fiir Gesteinshiittenkunde, Mauerstr. 5, D-52064 Aachen, Germany.

https://doi.org/10.1016/j.jssc.2018.11.040

Received 9 October 2018; Received in revised form 27 November 2018; Accepted 29 November 2018

Available online 03 December 2018
0022-4596/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/00224596
http://www.elsevier.com/locate/jssc
https://doi.org/10.1016/j.jssc.2018.11.040
https://doi.org/10.1016/j.jssc.2018.11.040
https://doi.org/10.1016/j.jssc.2018.11.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2018.11.040&domain=pdf

H. Schlenz et al.

using high temperature oxide melt solution calorimetry is a major goal
of the present study. To this end, we have synthesized 20 different
compositions of La,_,Nd,PO,, and investigated their homogeneity and
crystal structure using powder X-ray diffraction, electron microscopy
(SEM for elemental analysis using energy-dispersive X-ray spectro-
metry; see Section 2.2), and infrared and Raman spectroscopy. The
mixing properties were determined by high temperature oxide melt
solution calorimetry. Our goal is to obtain a comprehensive picture of
this system and to relate the thermodynamic mixing properties to
possible short range order and structural evolution in the solid
solution.

2. Experimental methods
2.1. Synthesis

All compounds were synthesized by precipitation reactions out of
aqueous solutions. Therefore the following easily soluble salts were
used: Nd(NO3);-H,0 (= 99.9%, Ventron GmbH), La(NO;);-6 H,O (>
99.9%, Aldrich), and (NH,),HPO, (> 99.0%, Merck). The appropiate
masses of La(NO;)-6 H,O were weighed in glass crucibles and diluted
with distilled water. Then volumes of the Nd(NO;);-solution were filled
into the same crucibles. The needed amounts of (NH,),HPO, were
diluted in 20 mL vials with distilled water. Finally all solutions were
mixed under continuous stirring. Slowly a rosy precipitate was formed
which then was dried at 363 K, followed by heat treatment of the
samples for ten hours at 1073 K and atmospheric pressure. Through
this step remaining NO, was evolved. The obtained samples were well
ground in an corundum mortar and then five pellets of 1 g and 10 mm
diameter each were pressed for all compositions. The pellets were
finally sintered at 1723 K on a platinum sheet for eight hours, different
to the work of Popa et al [9] who treated their samples at 1373 K
without sintering.

2.2. Analytical methods

After synthesis the samples were chemically investigated by scan-
ning electron microscopy (SEM) using a Quanta 200F (FEI) equipped
with a Genesis EDAX-system. Using energy dispersive X-ray spectro-
scopy (EDX) in a vacuum of 60 Pa operating at 20kV, the ratio &N
was determined to 1.002 + 0.020 and therefore very close to the
optimum value 1.0. No other elements could be detected than
La, Nd, and P (O was calculated). The determined mole fractions of
La for the samples under investigation are given in Tables 1 and 2 and
in the tables in the supplementary information, with an estimated
average uncertainty of + 0.004.

A Bruker D4 Endeavor diffractometer with Cu K, (1 = 1.54187 A)
was used for powder X-ray diffraction (XRD) measurements, equipped
with an one-dimensional silicon strip LynxEye detector (Bruker), using
a voltage of 40 kV and an electric current of 40 mA (1.6 kW). Data were
recorded in the range 20 = 10 — 130° (total counting time=10 s/step;
stepsize=0.01° 20; 5 separate runs with 2 s/step each). The aperture of
the fixed divergence slit was set to 0.2 mm and the aperture of the
receiving slit to 8.0mm. In order to reduce possible fluorescence
effects, the discriminator of the detector was set to an interval of
0.16-0.25V. Complete Rietveld refinements were performed using the
software TOPAS 4.2 (Bruker), which enables the application of
fundamental parameters for the definition of peak shape functions,
using e.g. the precise diffractometer geometry.

Unpolarized Raman spectra were recorded using a Horitba LabRAM
HR spectrometer equipped with a Peltier cooled multi-channel CCD
detector. An objective with 50x magnification was linked to the
spectrometer allowing the analysis of samples as small as 2 pm in
diameter (sintered pellets). The incident radiation was produced by a
HeNe laser at a power of 17mW (4, = 632.81 nm). The focal length of
the spectrometer was 800 mm and a 1800 gr/mm grating was used. The

471

Journal of Solid State Chemistry 270 (2019) 470-478

spectral resolution was around 1 cm™' with a slit of 100 um. Spectra
were recorded in the range 100 — 1250 cm™'. No significant photolumi-
nescence (PL) was observed.

Infrared spectroscopic investigations were carried out in the
wavenumber range of 400 — 4000 cm™' using a Bruker AXS FT-IR
spectrometer EQUINOX 55. Approximately 1 mg of the as prepared as
well as the sintered powder of each sample was mixed with 250 mg KBr
and pressed to pellets for the measurements. Opus software (Bruker)
was used for peak search.

2.3. Calorimetric measurements

High temperature oxide melt solution calorimetry allows the
determination of the enthalpy of formation AH°; of a chemical
compound directly from the heat effect caused by a sample that is
dropped into a molten solvent of constant temperature [11]. The
measured heat effect (enthalpy of drop solution, AH) is a sum of two
effects: the heating of the sample from room temperature to the
temperature of the solvent (usually 973 K or 1073 K) and the enthalpy
of dissolution of the sample in the solvent, which may include effects
from oxidation state change or gas evolution. High temperature drop
solution calorimetry of this work was performed using a custom build
Tian-Calvet-type twin calorimeter at 973 K [12,13]. The calorimeter
was calibrated by measuring the heat content of « — Al,O; pellets. Each
side of the twin calorimeter contained a Pt-crucible with 20 g of sodium
molybdate solvent (3 Na,0-4 MoO;). For each measurement, approxi-
mately 5 mg of the sample were pressed to a cylindrical pellet of 1 mm
diameter, accurately weighed on a microbalance, and then dropped
into the solvent. All samples were thermally treated at 1073 K for at
least 8h prior the calorimetric measurements, in order to remove
possible adhesive water from the surface. At least 8—10 drops were
performed per composition. To prevent slow dissolution or saturation
of the solvent not more than 60 mg of sample was dropped into one
batch of 20 g solvent. During the measurement the melt was stirred by
bubbling with oxygen (flow rate 5.9 mL/min). This assures an oxidative
environment and also enhances the dissolution and prevents a local
saturation of the solvent [11]. In addition, a constant flow of O, gas was
flushed through the calorimeter chamber (40 mL/min) to generate a
constant gas environment above the solvent and to remove any evolved
created gases. The integral of the heat flow versus time curve for the
duration of the experiment, after applying the appropriate calibration
factor, provided the measured heat effect. Only reactions that returned
to the initial baseline signal within an hour were used. The methodol-
ogy has been described in numerous papers and applied extensively to
rare earth oxide materials (see e.g. [11] and references therein). The
measured signal of heat flow over time was integrated using the
software CALISTO (Setaram) to calculate AH,,. The achievable accu-
racy of AH,, is about +1 kJ mol™' (see Tables 1 and 2). Using appropriate
thermochemical cycles, enthalpies of formation from oxides and
elements as well as the enthalpy of mixing were calculated (Table 2).
Table 1 shows an example of a thermochemical cycle for the calculation
of the enthalpy of formation from oxides and elements at 298 K for
La,_,Nd, PO, from drop solution experiments. In order to determine the
enthalpy of mixing the values of the enthalpy of drop solution were
subtracted from a composition weighted average of the enthalpy of
drop solution of the two end members.

3. Results and discussion
3.1. X-ray powder diffraction and Rietveld refinements

Only Bragg reflections that refer to monazite (space group P 2,/n)
were observed and all samples appeared to be single phases. With
increasing Nd content we observed a continuous shift of all Bragg
reflections to higher diffraction angles. Fig. 1 shows the shift of the
(120) reflection from 28.7° to 29.1° from pure LaPO, to pure NdPO,,
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Thermochemical cycle for the determination of the enthalpy of formation of La; _,Nd PO, solid solutions from oxides and elements. The subscripts correspond to: s = solid, 298 = 298 K,
973 =973 K, sln=solution, ds=drop solution, cr=crystalline, g=gaseous. * from [42]. 5 from [14]. € from [43]. 4 from [44]. The errors of AH are two standard deviations of the mean for

the as measured values and are propagated for the calculated values.

Reaction

AH(KJ mol™)

1 1 1
(Lay _,Nd)POys 295) = 5(1 - X)LaZOS(sln,973)+EXNd203(sln,973) + EPZOS(sln,WS)

Lay03cr,208) = LayO3(51n,973)
NdyO3cr 208) = NdyO3(510 973

PyOs5(cr,298) = P2Oss1n,973)

3
2Nd s 298 + 502(3.298) = NdyOs5,298)

2La 298) + %OZ(g.ZQS) — LayOs5 208

2R 208) + %02(&298) — P05 205)

%(1 = ©)Lay03; 298) + %XNdzoys,zt)s) +%P205(s,298) — (La;_yNdy)POy
AH(8) = — AH(1) + I%AH(Z) + %AH(S) + %AH(‘D

(1 = x)La 298) + XNd(5 208) + Bs 208) + 202(g 298) —(La; _,Nd,)PO,

1-x

AH9) = %AH(S) + AH(6) + %AH(7) + AH(8)

(1) AHy (La;_,Nd,)PO, see Table 2

(2) AH,, Lay0,
(3) AHy, NdyOs

—225.10 + 3. 16"
—163.40 + 3. 44”

(4) AHyq P05 —164.6 £ 0.5

(5) AHJ Nd,O5 ~1806.9 + 3. 0°
(6) AHY Lay0, ~1791.6 £ 1. 0°
(7) AHY P,O5 -1504.0 0. 5

(8) AH,, (Laj_ Nd PO, see Table 2

(9) AHJ o (Lay_Nd,)PO, see Table 2

Table 2

The enthalpies of drop solution AH 73 in 3 NayO-4 MoO; at 973 K for La; _,Nd, PO, solid
solutions with molar fractions 1 — x of La, the calculated enthalpies of formation from
oxides AH?V,,X at 298 K and from elements AHﬁe, at 298 K using the thermochemical cycle
in Table 1, and finally the calculated enthalpy of mixing AH,,;,.

L=x  AHy g mol™)  AHP, (KImol™)  AHP,(dmol™)  AH,,; (kI mol™")

0 145.57 £ 021 —309.55 +426  —19659 +43 000+ 0.14
0.109  147.56 + 1.61 —31491 £455  —19704+46  —137+201
0.296 144.89 + 1.19 —31801 442  —19720+45 236+ 1.69
0.394 14458 + 1.10 32072+ 440  —19739+45 323+ 1.64
0.460 14278 + 0.92 3176 £436  —19742+45 541 =150
0.679  142.30 + 091 32722 +436  —1978.1+45  7.13 % 1.60
0.792 14370 + 0.72 —33213£432 —19821+45 638+ 146
0.874 14453 + 054 33548 +429  —19848 +44 601+ 1.32
1 15126 + 0.82 —346.11 £434  —19944 45  0.00 = 0.02
Lo NdPO,
N x = 0.891
v x=0.793
__—,A_J\_LA_A x = 0.704]
3 \ ) X =0.606
oI e i = Bl = )
= v x = 0.540
- 1
2 f x=0415
]
£ Loh x = 0.321
1
) X =0.208
b R x=0.126
o) LaPO,
T T T — T T T T

20 (°)
Fig. 1. Selected range of the powder X-ray diffraction patterns of eleven selected
compositions (Table 1 of the supplementary information). The first pattern at the bottom
belongs to pure LaPO, and the Nd-content increases from bottom to top (pure NdPOy).
The continuous shift of e.g. the (120) reflection is clearly visible (from 28.7° — 29.1°).

repectively. This shift is reasonable, because the ionic radius of
Ndif = 1.163 A is significantly smaller than that of Lajy = 1.216 A
[15]. As starting structure models for the Rietveld refinements, single
crystal data [16] of the pure end-members LaPO, for the compositional
range x = 0 — 0.49 and NdPQ, for x = 0.5 — 1 were applied. During all
refinements La>* and N&®* shared one identical crystallographic site.
Weighted R-values for all refinements were in the range of
Ry, =2 — 7% (background corrected). All values for the goodness-
of-fit were in the range of GoF = 1 — 2. An example for the result of a
complete Rietveld refinement (1 — x =0.610; see Table 1 of the
Supplementary information) is shown in Fig. 2. The Rietveld model
covers the experimental curve almost completely. Very small deviations
are visible through the difference curve below. The determined cell
constants for all twenty compositions including end-members are
shown in Fig. 3. All cell constants a, by, ¢y, the monoclinic angle g
(Fig. 3b), as well as the volume of the unit cell V. show linear relations
and obey Vegard's law [17]. They are also consistent to literature values
[8]. The calculated densities (Fig. 3c) also show a linear relation. We
determined a density of p = 5.06(2)g/cm’ for pure LaPQ,, which is very
similar to the values given by Terra et al. [18] [p = 5.03 g/cm3] and Ni
et al. [16] [p = 5.08 g/cm’], respectively. For pure NdPO, we obtained
p = 5.43(2)g/cm’, which is identical to the value given by Ni et al. [16]
[p =545 g/cm3] for ambient conditions within error limits. The deter-
mined cell volumes (Table 1 of the supplementary information) also
agree with the systematic trends of the fitted cell volumes of a total of
71 different compositions of synthetic pure and binary monazite-type
phases that are plotted as a function of the average cubic radii of the
nine-fold coordinated lanthanide cations (Fig. 4). This plot is an
extension of the analysis given by [4], and the additional data enable
a refinement of their Eq. (1) for the calculation of the unit cell volume
as a function of r;:

(Vi) (B) = (196.020 % 0.713) + (61.468 + 0.447)-r(A) )

The correlation coefficient for this fit is R* = 0.99631 and all data are
within a 2¢ confidence interval.
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Fig. 2. Complete Rietveld refinement for the composition with 1 — x = 0.610 (values are given in Table 1 of the Supplementary information). The Rietveld model (red) covers the
experimental curve (blue) almost completely. Deviations are visible through the difference curve (grey) below. For a clear illustration, only a section of 2@ = 15 — 80° has been selected.
However, all calculations were carried out for the range 26 = 10 — 130°. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article).
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Fig. 3. a) Cell constants a, (squares; blue line), b, (dots; red line), and ¢ (triangles; bottom line) as a function of composition; b) monoclinic angle f; ¢) calculated density; d) volume of
the unit cell as a function of the average cubic radii r,%(/?) of the nine-fold lanthanide cations. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article).
3.2. Raman and infrared spectroscopy

Eleven out of twenty samples were investigated by infrared spectro-
scopy (see Table 2 of the Supplementary information). The spectra of
the pure end-members and of the mixed phases are very similar (Fig. 5)
and compare well to literature data for pure LaPO, and NdPO, [21] for
all samples and the typical splitting of the [PO,]-bands v, — 1 is clearly
visible for all compositions. An important result is that no bands that
would be typical for pyrophosphates at wavenumbers
~ 870 — 1260 cm™ or metaphosphates ~ 600 — 900 cm™" are visible
within the spectral range [21].

Raman spectroscopy provides more specific information about the
influence of composition on short-range order. Fig. 6 shows the shift of
the two [PO,] stretching vibrations (¢;: symmetric stretch and v;: anti-
symmetric stretch) to larger wavenumbers with increasing Nd-content.
The decreasing average cation radius simultaneously causes decreasing
(P — O) bond lengths. Consequently the frequencies of the stretching
vibrations will be increased, an observation that has already been
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extensively investigated and described by Popovié et al. [22], and is
interpreted as a common response of phosphate crystal structures. The
frequencies of the determined [PO,] bands for the pure end-members
given in Fig. 7, agree with literature data [23—25] and all four modes
for all compositions exhibit strong linear relations with composition,
which probably would not be present if chemical inhomogeneities
would be a dominant structural feature.

However, with increasing Nd content, the symmetric [PO,] stretch-
ing band ¢, at 967 cm™' (pure LaPO,) broadens and shifts towards larger
wavenumbers (Fig. 8), reflecting slight structural changes. The band
broadening reflects the general decrease of the lifetime of phonons
[26]. The observed shift towards larger wavenumbers indicates a
moderate shortening of P — O bonds [22] caused by distortion and
tilting of the [PO,] tetrahedra. The full width at half maximum (FWHM)
determined for pure LaPO, is 2.88 + 0.08 cm™', and this value increases
up to 3.27 + 0.02 cm™' (Fig. 9). Some of the observed changes of the
FWHM may result from differences in sample preparation but the main
cause probably reflects structural differences. A similar broadening of
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® Ln[PO,]
e (LaCe)PO,
305+ (La,Gd)[PO,]
v (Sm,Ce)PO,]
3004 & (LaNd)PO,]
(La,Eu)[PO,]
295 4 (Sm,Tb)[PO,]
< 290
3
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280 4
2754
270

T T T T T T T T T T T
125 1.30 1.35 140 145 150 155 1.60 1.65 1.70 1.75 1.80
<r(Ln*)>* (A%

Fig. 4. Linear fit of the average cubic radii ;-,3((A3) of the nine-fold lanthanide cations [15]
in pure monoclinic orthophosphates and in well characterized solid solutions versus the
weighted mean values of the corresponding unit cell volumes VuC(A3 ). Error bars are
within symbol size. 71 different compositions were included in the linear fit
(R? = 0.99631). The result of this fit is expressed by Eq. (1). The data for LnPO,,
(La, Ce)PQy, (La, Gd)PO, and (Sm, Ce)PO,, respectively, are identical to that used in [4].
The data for (La, Nd)PO, can be found in Table 1 of the Supplementary information.
(La, Eu)POy is from [19], and (Sm, Tb)PO, from [20].

NdPO,

v
X = 0.891 v, v, v, 2
W
x = 0.793

W

x = 0.606

= 0.540~—

x =0.415

x = 0.208 7 } B
o= [ (DG o

M
A Vw |

Transmission (a.u.)

T T T T
1200 1000 800 600 400

Wavenumber (cm™)

Fig. 5. Normalized IR spectra of all eleven compositions listed in Table 2 of the
Supplementary information, in the range of 400 — 1250 cm™". The first spectrum at the
bottom belongs to pure LaPO, and the Nd-content increases from bottom to top (pure
NdPO,). The typical splitting of the [POy]-bands v, — 1 is clearly visible for all
compositions. No bands that would be typical for pyrophosphates at wavenumbers
~ 870 — 1260 cm ™' or metaphosphates ~ 600 — 900 cm ™!, respectively, are visible within
the spectral range [21].

v, and a similar shift towards larger wavenumbers has been observed
for pure CePO, as a function of pressure [27]. With increasing pressure
the Ce — O bond length and the P — O bond length both decrease, and
the same happens in La,_ Nd PO, solid solutions with increasing Nd
content. The average Ln — O bond length (Ln = La, Nd) and the average
P — O bond length also both decrease significantly, as does the volume
of the unit cell. In pure LaPO, the average La — O bond length is
2.5785 A and the average P — O bond length is 1.5384 A [16]. In pure
NdPO, these values are significantly smaller: Nd — O =2.5245 A and P —
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LV NdPO,
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2 | S

‘@ I N 3P x = 0.540
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- L r\ x =0.321
;

' x =0.208

—JLA x=0.126

I DU LaPO,
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Raman shift (cm™)

Fig. 6. Selected range of unpolarized Raman spectra of eleven compositions (Table 2 of
the Supplementary information) that show a continuous shift to larger wavenumbers of
the symmetric (v;) and the anti-symmetric (v3) stretching vibration of the [PO,]
tetrahedra with increasing Nd-content. The first spectrum at the bottom belongs to pure
LaPO, and the Nd-content increases from bottom to top (pure NdPOy).

0=1.5366 A. Therefore, because of the different radii of La’>* and Nd**,
in solid solutions the atomic positions of the cations are slightly shifted
from the ideal positions. A similar observation was made for cheralite
CaTh(PO,), [28], which also has a monazite-type crystal structure, at
ambient conditions.

3.3. High temperature calorimetry

The analytical methods we have applied yielded no indications for
phase separation or chemical inhomogeneities. Therefore a homoge-
neous average longe-range distribution of cations can be anticipated,
although there is indication of moderate changes of short-range order
as discussed above. Using high temperature oxide melt solution
calorimetry we determined the enthalpy of drop solution AH,, o;; for
the solid solutions (see Section 2.3), and these values, together with an
appropiate thermochemical cycle, enabled us to calculate the enthalpy
of formation from the oxides AH}{M and from the elements AH? o
respectively (Table 2), and finally the enthalpy of mixing AH,, (last
column in Table 2). However, the AH,, ;; value for LaPO, published by
Ushakov et al. [14] is out of range, but fortunately we had the chance to
re-measure the original samples of Ushakov et al. [14] under improved
experimental conditions (see Section 2.3). During the experiments of
Ushakov et al. [14] accidently no gas bubbling occurred in the
calorimeter (pers. comm. with S. Ushakov). This is the only difference
to our repeated experiments. We measured the same samples and we
even used the identical calorimeter. In order to assure, that we did not
measure hydrated samples, all samples were dried at T=1073K for
about 12 h before the measurements. The new values of the repeated
measurement of the Ushakov material, the material of this work, as
well as the LaPO, endmembers of Hirsch et al. [46] and Neumeier et al.
(2017; measured during the same campaign) were in very good
agreement. As a result the old data point for pure LaPO, determined
by Ushakov et al. (AH,, ;3 = 143.73 + 0.89 kJ/mol) was totally out of
range in Fig. 10. Because new data for most of the remaining pure
phase (TbPO,, GdPO,, EuPO, and SmPO,) are available, we are quite sure
that the new data point for LaPO, is reliable. Additionally recent data
given by Janots et al. [29] were included and all data together allow the
calculation of reasonable values of AH }{m for pure LaPO,. Fig. 10 shows
the strong linear relation between the ionic radii of the lanthanide
cations (3 +, 9-fold coordination [15]) and the enthalpy of drop
solution AH,, ;5 for the pure end members. This linear trend supports
the accuracy of AH,, ;; values used in our calculations of the two end
members LaPO, and NdPO,. Recently Rawat et al. [33] published new
high temperature calorimetric data for LaPO,. They determined sig-
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Fig. 8. Comparison of the symmetric Raman stretching band v; (left) for pure LaPO,
(solid curve) and La 4¢Ndg 5,PO4 (dashed curve), respectively. This figure shows the shift
to a larger wave number, the increase of the FWHM, and increasing development of band
asymmetry with increasing Nd content of the solid solution. The two latter spectral
changes strongly suggest a change in short-range order.

nificantly lower values for AH})’UX and AH}’,e,, respectively, compared to
our results (Table 2). Even the heat capacities they determined differ
significantly to established reference data (see e.g. Kowalski et al. [34]
and references therein). The data of [33] were not taken into account
for our own calculations.

Fig. 11 shows the calculated enthalpy of mixing as a function of
composition. Squares denote the experimental data and the solid line
represents the best fit to this data, using a third degree polynomial. The
asymmetry of AH,,, is clearly visible and AH,,, shows a maximum at
x=0299 (AH,,; =7.53 +0.01 kJ mol'!). We used the Redlich-Kister
equation [30,31] for the calculation of two Margules interaction
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Fig. 9. Development of the FWHM of the symmetric Raman stretching band »; as a
function of composition. The data represent average values of four or five measurements
per composition and the error bars represent the uncertainties of the calculated mean
values. The data were fitted using a second degree polynomial (R* = 0.99951).

parameters from AH,,;, of this subregular binary solution [32]:

AH,..
m—WH‘(Wz—Wl)'X @
This linear equation enables the determination of W, as the intercept
and (W, — W) as the slope of a straight line derived by linear least
squares fitting of the data points. Taking an average error of +0.004
for all compositions into account (see Section 2.2) and the
error of AH,,. as given in Table 2, one gets the following fit-parameters:
W, = 60.50 + 4.02 kI mol”" and W, = — 17.52 + 11.35kJ mol”' (R* = 0.94934).
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Fig. 11. Enthalpy of mixing as a function of composition. Experimental values are given
in Table 2 of the supplementary information. The red area shows the 95% confidence
interval and the light red area shows the 95% prediction band, respectively.

3.4. Joint analysis of structural and thermodynamic properties

The enthalpies of mixing are in the expected range for a solid
solution in which phase separation or compound formation is not
observed. Similar results were e.g. obtained for comparable phases like
the endothermic eastonite-phlogopite  mica  system, with
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AH,, < 12.57 kI molI"! [36], and for the exothermic spinel system

Fe,0, — Fey;0,, with AH,, > — 10.84 kI mol"' [32]. The subregular
model is the simplest model for asymmetric solutions, and has been
widely used in the mineralogical literature. It represents an extension
of the regular solution model by making the Margules interaction
parameter W a simple function of composition (W= WX, + WX)).
Therefore, the subregular model is a weighted average of two regular
solution models fitted to the data near the two terminal segments of a
binary solution (see e.g. [37], chp. 9.2, p. 256—273). In other words, the
symmetric Margules formulation is just a special case of the more
general approach, that also takes short-range order into account (see
[38] for a comprehensive explanation). Here, short-range order simply
means the average regular environment of a cation within short
distances (e.g. <5 A), characterized by interatomic distances or bond
lengths, bond angles, and coordination numbers. The loss in short-
range order can be quantified quite easily, by the structural analysis of
the [PO,]-tetrahedra and the [LnO,]-polyhedra and their respective
environments. Using the structural data published by Ni et al. [16]
(see also Section 3.2), the average P-O bond length is equal 1.5384 A for
LaPO, and 1.5366 A for NdPO, (- 0.12%), respectively. The average LnO
bond length decreases from 2.5785 A (LaPO,) down to 2.5245A
(NdPO,), that represents a reduction of about 2.1%. In the crystal
structure of NdPO, the [PO,]-tetrahedra are significantly smaller and
more regular than they are in the structure of LaPQ,, i.e. the variation of
bond lengths is less pronounced. However, the [LnO,]-polyhedra are
even smaller, but less regular in NdPO, compared to LaPO,. As a
consequence the phosphorus environment of the La’* cation is more
regular in LaPO, than that of Nd** in NdPO,. The opposite is true for the
P-P environment. This is significantly more regular in the structure of
NdPO, compared to LaPQO,. Fig. 12 is an illustrating example of
inevitably occurring polyhedral distortions, by visualizing different
Ln-O-P bond angles in LaPO, (left) and NdPO, (right), respectively.
With an increasing amount of NdPO, in the structure of LaPO,, the
[LnO,]-polyhedra will be clearly changed to a greater extent than the
[PO,]-tetrahedra. This result is consistent with the findings of Huittinen
et al. [39], who probed the structural homogeneity of Eu’*-doped
La,_,Gd,PO, monazite-type solid solutions by a combinatorial approach
using Raman spectroscopy, time-resolved laser fluorescence spectro-
scopy (TRLFS), and computer simulations. They also concluded, that
increasing amounts of GAPO, mixed with LaPO, result in a loss of short-
range order, showing a stronger distortion around the lanthanide
cation site than around the phosphate anion (see also [40,41] for
recent reviews on the correlation of local structure and the thermo-
chemistry of phosphate solid solutions). However, the system
LaPO, — GdPO, is assumed to be a symmetrical regular solution [45],
and not a subregular one.

Currently our results can be interpreted as follows: The symmetry

- -
-

Fig. 12. Detail of the monazite crystal structure: LaPO, (left) and NdPO, (right) with an arbitrary, but identical viewing direction (P - orange, O - red, La - blue, Nd - green). Both

fragments appear similar, but bond lengths and bond angles differ significantly (see text). The La-O-P bond angle is 104.90° and 94.46° within the molecule on the left hand side, and the
Nd-O-P bond angle is equal 105.39° and 93.71° on the right hand side of this graph. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article).
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of the FWHM as a function of composition (Fig. 9) elucidates, that from
a structural point of view it is not crucial from which side of the system
one starts to incorporate additional cations into the structure. Starting
from pure NdPO, (left hand side of Fig. 9) the effort for the incorpora-
tion of larger lanthanum cations appears quite the same as vice versa.
But even though the overall structure remains constant, short-range
order changes can be detected by a clearly visible increase of the
FWHM. However, differences are still rather small, with a maximum
AFWHM =~ 0.33 cm™, and the increase in FWHM at intermediate
compositions is consistent with a larger variety of local environments,
which would exist even with a close to random arrangement of cations.
This is generally expected in a solid solution.

The enthalpies of formation that are listed in Table 2 prove that
LaPQ, is more stable with respect to the binary oxides than to NdPO,.
AH_;{OX is about 37kJ -mol”' more negative for pure LaPO,.

In summary, La,_Nd,PO, monazite-type solid solutions show a
change of short-range order and an asymmetrical development of the
enthalpy of mixing AH,, with increasing Nd content. Therefore, this
system behaves differently from comparable systems like La,_ Gd PO,
and La,_ Eu PO, [45], respectively, but even the system La, _ Pr. PO, [46]
shows a non-symmetrical development of AH,,.. It must therefore be
emphasized that a symmetrical development of AH,,;, as a function of
composition can not be easily assumed for all La,_LnPO, solid
solutions (Ln=Ce, Pr, Nd, Pm, Sm, Eu, Gd). Before our measurements,
the asymmetric behaviour of the enthalpy of mixing has not been
detected. We used Nd as a surrogate for Am. A smaller value for the
enthalpy of mixing means a more stable solid solution, which is an
essential property of a ceramic nuclear waste form. Therefore, accord-
ing to Fig. 11, only smaller amounts of Am should be added to LaPO,, in
order to keep the enthalpy of mixing reasonably small. However, all
these results together indicate, that rare earth cation radius probably is
the dominant controlling factor.

4. Conclusions

All analytical results suggest that La;_,Nd,PO, is a homogeneous
solid solution without any phase separation, domain building, or
tendency toward compound formation. Therefore our results support
the conclusions given by Maron et al. [8] that this solid solution is a
single phase and that sample preparation and processing are crucial for
sample quality. All cell constants, the volume of the unit cell, the
density, and even the vibrational modes show strong linear relations
with composition. The determined unit cell volumes of all twenty
compositions investigated within this work, fit trends seen in other
lanthanide monazite-type phases, regardless of whether one or two
lanthanide cations are present on the nine-fold coordinated sites.
However, the results of our Raman measurements clearly show
structural changes as a function of composition in the solid solution.
Increased FWHM and increasing development of band asymmetries
are consistent with possible bond length changes and greater variability
in local Ln—O and P-O environment. High temperature oxide melt
solution calorimetric experiments indicate a subregular (asymmetric)
solid solution. The enthalpies of mixing are consistent with a homo-
geneous solid solution without phase separation above ambient
temperature.
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