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orthophosphates under microwave-assisted hydrothermal synthesis
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The effect of hydrothermal-microwave treatment time at 180 ◦C on the phase composition, dimensional parameters of crystallites and nanoparticles
of solid solutions of lanthanum and yttrium orthophosphates in the system 0.53LaPO4–0.47YPO4–(nH2O) has been determined. It has been
proposed the mechanism for structural transition of lanthanum-yttrium orthophosphate solid solution with rhabdophane structure into monazite
structure, which consists in the degeneration of nanocrystals having rhabdophane structure along certain edges into monazite structure. It is
shown that phase nanoparticles of monazite structure having average crystallite size of 15–17 nm begin to form after 30 minutes of hydrothermal-
microwave treatment at 180 ◦C immediately after complete crystallization of amorphous phase in the system. The nanoparticle size increase (length
of nanorods) with monazite structure after the stage of their formation occurs, mainly due to matter transfer from nanoparticles having rhabdophane
structure to nanoparticles having monazite structure. In this case, the system considered conditions of hydrothermal treatment (temperature –
180 ◦C, pressure ∼1–1.5 MPa, duration – up to 120 min) remains two-phase.
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1. Introduction

Much attention to the study of formation processes, structure and properties of materials, including nanocrystalline
materials, based on orthophosphates of rare earth elements is associated with set of practically important properties
that they possess. Ceramic materials based on rare earth element (REE) orthophosphates due to their high strength,
thermal stability and resistance to aggressive media are used as high-temperature insulation [1–3]. They have a high
isomorphic capacity for large number of lanthanides and actinides [4–7], are resistant to radiation damage [8], which
makes them promising as ceramic matrices for radioactive waste immobilization. Among the numerous REE or-
thophosphates, two- and multicomponent phases [9, 10] are of considerable interest. They have applicability as struc-
tural [11] and luminescent materials [12, 13], thermal barrier coatings [14], as proton-conducting electrolyte [15–18].
Lanthanum orthophosphate is used as component of two-phase mixtures with refractory oxides to produce reinforced
high-temperature ceramics [19].

A number of papers [20–26] have shown that some properties of materials change significantly in cases when
the crystal size is of the nanoscale region. This behavior pattern of nanocrystalline materials also applies to REE
orthophosphates [27–31]. In this regard, it is interesting, particularly, to study the processes of phase formation, struc-
tural transformations and physicochemical properties of nanocrystalline solid solutions in the system LaPO4–YPO4–
(H2O). Phase formation and their properties in this system were considered in [5, 32–35], however, the discrepancies
in obtained results make it relevant to continue such studies.

To obtain multicomponent nanocrystalline orthophosphates, methods of soft chemistry are successfully applied,
such as precipitation [36], sol-gel [37, 38], microreactor synthesis [39], hydrothermal [40–43] and hydrothermal
microwave-assisted synthesis [43–45]. Hydrothermal conditions make it possible to obtain nanocrystalline parti-
cles with different structures and morphologies by varying the pH, treatment time and temperature of synthesis
[9, 10, 46, 47]. One of the advantages for microwave-assisted synthesis is the rapid heating of reaction medium.
This feature, along with possibility of sensitive control of temperature and treatment time, is important for studying
the kinetics of nanocrystalline particles formation [43].

This paper is aimed at studying processes of formation and structural transformations under microwave-assisted
conditions of nanocrystalline solid solutions based on lanthanum-yttrium orthophosphates in the system 0.5LaPO4–
0.5YPO4–(nH2O). The article discusses the effect of isothermal holding time on formation and change in dimensional
parameters of nanocrystals of lanthanum-yttrium orthophosphates with rhabdophane and monazite structures.
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2. Experimental

Nanocrystalline samples of solid solutions of lanthanum-yttrium orthophosphates in the system LaPO4–YPO4–
(H2O) were synthesized in an Anton Paar Monowave 400 hydrothermal microwave reactor. Equimolar solutions of
lanthanum nitrate hexahydrate (C.P.), yttrium nitrate pentahydrate (C.P.) and ammonium dihydrogen phosphate (C.P.)
were used as mother substances. The ammonium phosphate solution was added at constant stirring for 10 minutes to
water solution of premixed lanthanum and yttrium nitrates with pH = 1. The ratio of reagent solutions was selected
to ensure the pre-set stoichiometry of products. The resulting suspension was transferred into glass autoclave flask of
microwave reactor (the fill factor 0.3). The daughter of reaction was stirred at 600 rpm during the whole treatment
time. The reactive atmosphere treated at 180 ◦C and was recorded inside the autoclave using the ruby thermometer.
The pressure into autoclave flask was about 1–1.5 MPa. The reactive atmosphere was heated to pre-set temperature
for 1 minute, the isothermal holding time from 5 up to 120 minutes, followed by cooling to 70 ◦C for 8 minutes.
Treatment products were precipitated by centrifugation, washed several times with distilled water, and dried at 80 ◦C.

The elemental composition of the samples was determined by EDAX attachment for X-ray spectral microanalysis
for FEI Quanta 200 scanning electron microscope (SEM) having composition determination error was about 2%.

Powder X-ray diffraction patterns were taken with a Rigaku SmartLab 3 X-ray diffractometer The X-ray (CuKα
radiation) within the angle range 2θ = 10–65 ◦C with an 0.01 ◦C step at a scanning speed 1 ◦C/min. Qualitative X-ray
diffraction analysis was carried out using the PDF-2 database. The rhabdophane and monazite phase ratio in these
samples was calculated according to the peaks that did not overlap in the pahse mixture: the characteristic peak for
rhabdophane is (100), and for monazite – (200). The X-ray amorphous phase portion was determined using corundum
as the internal standard. The average crystallite sizes, as well as lognormal size distributions, were defined using the
SmartLab Studio II software by Rigaku according to the specified reflexes.

Sample micrographs and electron microdiffraction data were obtained using the JEOL JEM-2100F transmission
electron microscope at accelerating voltage 200 kV. The images were processed using the ImageJ program. The
particle size were determined were determined from the data on approximately 100 separate particles for each sample.

3. Results and discussion

Elemental analysis of samples shows that the ratio of elements La:Y is 53:47 (± 1–2%) atm %, the ratio of
elements (La + Y): P is 51:49 (± 2%) at.%, corresponding within the analysis uncertainty to the ratio set by synthesis
LaPO4 : YPO4 = 0.5 : 0.5.

The X-ray diffraction data (Fig. 1) show that in as-precipitated sample, before the hydrothermal microwave-
assisted treatment, are presented rhabdophane reflexes.

Figure 2 shows data on quantitative phase ratio in the system depending on the isothermal holding time during
hydrothermal-microwave treatment at 180 ◦C. It should be pointed out that the sample contains ∼30% of amorphous
phase before the heating treatment.

FIG. 1. The X-ray diffraction pattern of samples before and after hydrothermal-microwave treat-
ment at 180 ◦C
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After hydrothermal treatment for 20 minutes, the X-ray amorphous phase completely disappears, the sample is
contented solely by the phase with rhabdophane structure. Taking into account the lack of other phases and the ratio of
elements in the system due to the analysis data – 0.53LaPO4–0.47YPO4–(nH2O), it can be concluded after microwave
hydrothermal treatment at 180 ◦C and under a pressure of 1–1.5 MPa for 20 min, the solid solution is formed with
the averaged composition La0.53Y0.47PO4(nH2O). Isothermal holding under hydrothermal conditions at 180 ◦C for
30 min leads to the occurrence of phase with monazite structure (Fig. 1, 2). It is worth noting that for all samples
in the studied system, 0.5LaPO4–0.5YPO4–(nH2O) do not complete the transition of the rhabdophane phase into
monazite. Phase ratio in samples with isothermal holding from 60 up to 120 min almost does not change (phase
with monazite structure): (phase with rhabdophane structure) ≈ 70: 30 (±5%) wt% (Fig. 2). Thus it is impossible a
priori to state that the transformation of the solid solution with rhabdophane into monazite structure occurs without
composition change. The complexity of determining the elemental composition of individual nanoparticles in two-
phase composition does not allow one to answer the question of the phase composition coexisting in the system by
their direct elemental analysis. In such cases, the necessary information can be given by the correlation between the
composition and parameters of the lattice constants.

FIG. 2. The phase ratio depending on the isothermal holding time under hydrothermal microwave-
assisted conditions at 180 ◦C

The available literature data on the of elementary cells volume of solid solutions La1−xYxPO4 with monazite
structure and solid solutions La1−xYxPO4(nH2O) with rhabdophane structure are represented in Fig. 3. According to
prior research on the dependence of the elementary cell volume of phase with monazite structure on the composition
of the La1−xYxPO4 solid solution significantly differ from the data of other papers, further analysis was carried out
without taking into account the results of this paper [35]. The data of this work on the elementary cell volume of
monazite structure led us to conclude that the composition of the solid solution corresponds to the values x ≈0.25–
0.28. The hydrothermal treatment time increase results in slight increase values x – from ∼0.25 to 0.28. It is much
more difficult to draw any quantitative conclusions about the lanthanum and yttrium ratio change in the solid solution
with rhabdophane structure during the structural transformation process, since the unit cell volume of phase with
rhabdophane structure depends upon, to a large extent, the water content in the structure. Particularly, this is reflected
in large fluctuations in the volume of the unit cell, in depending on the synthesis conditions (Fig. 3). However, the
data from this research shows that that with an increase in the duration of hydrothermal treatment, the unit cell volume
of the solid solution with a rhabdophane structure systematically and significantly decrease (Fig. 3), as may be a
consequence of an increase in the content of yttrium orthophosphate in it. Overall it compensates for the precipitation
of the solid solution with a monazite structure enriched with lanthanum orthophosphate in comparison with the initial
composition of the system. In such a way, the analysis carried out allows one to conclude the transition of the solid
solution La1−xYxPO4(nH2O) the rhabdophane structure into monazite structure leads to a phase composition change.
There can be an explanation for the simultaneous coexistence in two systems of phases observed in this experiment,
that is to say, under hydrothermal conditions at the temperature of 180 ◦C and a pressure of ∼1–1.5 MPa in the LaPO4–
YPO4–(H2O) system in the range of LaPO4:YPO4 = 0.53:0.47. There exists a solid solution with a monazite structure
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FIG. 3. Unit cell volume of phases of variable composition with the structure of rhabdophane and monazite

of the composition La1−xYxPO4, where x ≈0.25–0.28, and another solid solution with the structure of rhabdophane
La1−yYyPO4 (nH2O), where y > 0.47 (∼0.57).

The dependence of crystallite sizes of solid solutions of lanthanum-yttrium orthophosphates with rhabdophane
and monazite structure, determined from non-overlapping reflections (100) and (200), respectively, on the isothermal
holding time is shown in Fig. 4. The size distribution of crystallites determined from the same reflexes is shown in
Fig. 5. From the analysis of the data presented in Fig. 4, it follows that with an increase holding time from 0 to
20 minutes, the average crystallite size of solid solutions with rhabdophane structure increases from ∼10 to ∼22 nm.

The size distribution of crystallites of the solid solution with rhabdophane structure for sample with the isothermal
holding for 20 minutes becomes wider (Fig. 5). The existence of the solid solution of lanthanum-yttrium orthophos-
phate with monazite structure in the sample after 30 minutes leads to the narrow size distribution (Fig. 5) with the
subsequent growth of crystallites to 26 nm (and distribution width) for sample with isothermal holding for 120 min-
utes, which is consistent with the data [43].

Crystallites of solid solutions of lanthanum-yttrium orthophosphates with monazite structure, formed after 30 min
of isothermal holding, have the average size of about 14 nm, and for longer period, the average crystallite size,
determined by the (200) reflection, stabilizes at level of ∼18 nm (Fig. 4). Size distribution of crystallites of solid
solution with monazite structure as the isothermal holding time increases from 60 to 120 minutes does not undergo
any significant changes (Fig. 5). However, it should be noted that these results were formulated based on the X-ray
data for only one non-overlapping reflex (200).

TEM data analysis shows that the particles of the solid solution of lanthanum-yttrium orthophosphate with rhab-
dophane structure within the occurrence of single crystalline phase (after hydrothermal treatment for 20 minutes) have
characteristic shape of short rods with average thickness of 20–30 nm and length range of ∼25–100 nm (Fig. 6a).
Rhabdophane nanoparticles of the same morphology also can be found in TEM images of samples after hydrothermal
treatment with isothermal holding at 30 and 120 minute (Fig. 6c,e), even if, the monazite phase appears in significant
quantities according to X-ray diffraction data. At the same time, in the samples after hydrothermal treatment at 30
and 120 minutes, when the monazite phase is present, there occurs in the samples (Fig. 1,2), long and thin nanorods
which are clearly visible, which can be reliably correlated with the monazite phase structure according by electron
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FIG. 4. Average crystallite size (according to reflex (100) – rhabdophane structure, and according
to reflex (200) – monazite structure)

microdiffraction data. Fig. 6b,d,f show interplanar distances corresponding to phases with rhabdophane and mon-
azite structures, as well as electron microdiffraction data, showing available crystalline phases with rhabdophane and
monazite structures in the samples.

The size distribution of nanorod thickness and length is shown in Fig. 7. The determination of each particle
belonging to the phases with rhabdophane and monazite was made according to their morphological features.

A bimodal type of thickness distribution of nanoparticles with rhabdophane structure phase for the sample after
microwave-assisted treatment with isothermal holding at 180 ◦C for 20 minutes to a certain extent agrees with unusu-
ally wide crystallite size distribution data for this sample, which is not typical for other samples (Fig. 5). Apparently,
the distribution of crystallites in this sample also has bimodal character, which cannot be determined within the frame-
work of the existing possibilities of analyzing X-ray diffraction lines, based on the assumption about lognormal shape
of the crystallite size distribution curve. It should be noted that the average thickness sizes of nanoparticles of this
sample and the corresponding sizes of crystallites, determined from the reflection (100), are pretty close to each other.
This allows us to conclude that nanorods of solid solutions of lanthanum-yttrium orthophosphate with rhabdophane
structure at the stage of their formation are mainly represented by single-crystal particles. The bimodal size distribution
of thickness of particles with rhabdophane structure for the sample after 20 minutes under hydrothermal conditions
may be associated with the different nature of their formation when mixing reagents at room temperature and during
the amorphous phase crystallization under hydrothermal conditions. Nanoparticles with rhabdophane structure hav-
ing greater thickness remain in the sample after hydrothermal treatment for 30 minutes, while thinner particles are
transformed into particles with monazite structure. After transformation of some particles with rhabdophane structure
into monazite structure – after 30 min of isothermal holding, the rhabdophane particle thickness distribution becomes
unimodal (Fig. 7c), which correlates with the crystallite size distribution narrowing data for this sample (Fig. 5). The
average length of particles with rhabdophane structure more than doubles during the hydrothermal treatment process:
from ∼37 to ∼83 nm. The occurrence in the sample after prolonged hydrothermal treatment (120 minutes) of wide,
close to uniform thickness distribution of particles with rhabdophane structure at interval of particle size variation of
∼20–55 nm can be associated with coalescence of particles of solid solutions of lanthanum-yttrium orthophosphates,
for example, by the aggregation-accommodation mechanism [48]. It should be noted that coalescence of nanorods
with rhabdophane structure in fluent media is characteristic for these nanoparticles [39]. This pattern of nanoparti-
cle thicknesss increasing is confirmed by comparison of the TEM data with the data on the crystallite sizes of these
particles, which shows that their average values after prolonged hydrothermal treatment remain at level of ∼25 nm.

Figure 6d shows conjugated nanorods of monazite phase and rhabdophane phase. The rhabdophane phases are
attached to the planes corresponding to the elementary cell parameter c = 6.37 Å, at angle of 40 ◦C to the (101) plane
of monazite phases (at interplanar distance 4.1 Å).
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FIG. 5. Size distribution of crystallites of solid solutions of lanthanum-yttrium orthophosphates
with rhabdophane (a) and monazite (b)
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FIG. 6. Fig. 6. TEM micrographs of samples after hydrothermal treatment with isothermal holding
at 180 ◦C for various durations: (a,b) – 20 minutes; (c,d) – 30 minutes; (e,f) – 120 minutes. The
rhabdophane phase is designated as Rh, the monazite phase as M
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FIG. 7. Size distributions of thickness and length of rhabdophane and monazite nanoparticles ac-
cording to TEM data. Samples after isothermal holding under hydrothermal conditions at 180 ◦C
for various durations: (a,b) – 20 minutes; (c,d) – 30 minutes; (e,f) – 120 minutes
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The average thickness of nanorods with monazite structure does not change for the samples obtained after hy-
drothermal treatment at 30 and 120 minutes of isothermal holding, and is ∼12 nm, which corresponds to the crystallite
size at monazite phase, determined from X-ray diffraction data. That is, these nanoparticles can be considered mainly
as monocrystalline. The average length of nanorods with monazite structure increases from ∼90 to ∼120 nm. Such
length increase of nanorods of the phase with monazite structure correlates well with the fraction change of phases
with monazite and rhabdophane structures in the system (Fig. 2); with a high degree of confidence can be associated
with transfer of matter under hydrothermal conditions from the phase with rhabdophane structure to the phase with
monazite structure while increase the isothermal holding time from 30 to 120 min.

A comparative data analysis on changes in the phase ratio, elementary cell volumes, dimensional parameters of
crystallites and particles with rhabdophane and monocyte structures during the microwave hydrothermal treatment
process of precipitated lanthanum-yttrium orthophosphates, as well as direct observation of structural transformations
in TEM micrographs (see, for example, Fig. 6d) allows us to represent the formation pattern of solid solutions in the
system 0.53LaPO4–0.47YPO4–(nH2O), as a series of the following processes:

1. a precipitation of lanthanum-yttrium orthophosphate with formation of nanocrystals with rhabdophane structure
and amorphous phase;

2. crystallization of the amorphous phase under hydrothermal conditions with the formation of nanocrystals with
rhabdophane structure and the formation of bimodal size distribution of monocrystalline (predominantly) nanoparti-
cles;

3. the transformation of some nanocrystals with rhabdophane structure (the thinnest rod-like particles formed
under hydrothermal conditions from amorphous phase) into monazite structure by degenerating one structure into
another along the nanocrystal edges at the initial phase;

4. differentiation according to the composition of solid solutions of lanthanum-yttrium orthophosphates during
structural transformation and stabilization as result of this two-phase state of the system;

5. the length increase (without changing the thickness) of nanoparticles of solid solutions of lanthanum-yttrium
orthophosphates with monazite structure by transfer of matter under hydrothermal conditions from particles with
rhabdophane structure;

6. the thickness increase of nanoparticles of solid solutions with rhabdophane structure by accretion of initially
single-crystal nanoparticles;

7. the length increase of nanoparticles of lanthanum-yttrium orthophosphate with rhabdophane structure by mass
transfer of matter under hydrothermal conditions.

4. Conclusion

As a result of studies, it has been shown that nanoparticles of phase with monazite structure having average
crystallite size of 15–17 nm begin to form after 30 minutes of hydrothermal microwave-assisted treatment at 180 ◦C
immediately after complete crystallization of amorphous phase in the system, the structural transition of the solid
solution from phosphate lanthanum-yttrium with rhabdophane structure into monazite structure is based on degener-
ation of nanocrystals with rhabdophane structure along certain edges into monazite structure. The nanoparticle size
increase (length of nanorods) with monazite structure after the stage of their formation occurs mainly due to matter
transfer from nanoparticles having rhabdophane structure to nanoparticles having monazite structure, while thickness
increase of rod-like particles with rhabdophane structure occurs due to their aggregation-accommodation coalescence.
The system under considered conditions of hydrothermal treatment (temperature – 180 ◦C, pressure ∼1–1.5 MPa,
duration – up to 120 min) remains two-phase due to composition differentiation of coexisting phases.

Acknowledgments

X-ray diffraction studies and elemental analysis of the samples performed using devices of the Engineering Center
of the St. Petersburg State Technological Institute (Technical University).

Studies on transmission electron microscope were performed using equipment from the Federal Common Use
Center “Materials Science and Diagnostics in Advanced Technologies” at the Ioffe Physical-Technical Institute of the
Russian Academy of Sciences.

These studies were financially supported by the Russian Fundamental Research Fund (Project No. 18-29-12119).

References
[1] Du A., Wan C., Qu Z., Wu R., Pan W. Effects of texture on the thermal conductivity of the LaPO4 monazite. Journal of the American Ceramic

Society, 2010, 93, P. 2822–2827.
[2] Hikichi Y., Ota T., Daimon K., Hattori T., Mizuno M. Thermal, Mechanical, and Chemical Properties of Sintered Xenotime-Type RPO4 (R =

Y, Er, Yb, or Lu). Journal of the American Ceramic Society, 1998, 81, P. 2216–2218.



714 M. O. Enikeeva, O. V. Proskurina, D. P. Danilovich, V. V. Gusarov

[3] Ushakov S.V., Helean K.B., Navrotsky A., Boatner L.A. Thermochemistry of rare-earth orthophosphates. J. Mater. Res., 2001, 16(9), P. 2623–
2633.

[4] Schlenz H., Heuser J., Neumann A., Schmitz S., Bosbach D. Monazite as a suitable actinide waste form. Crystalline Materials, 2013, 228(3),
P. 113–123.

[5] Mezentseva L., Osipov A., Ugolkov V., Akatov A., Doil’nitsyn V., Maslennikova T., Yakovlev A. Synthesis and Thermal Behavior of
Nanopowders in LaPO4-YPO4(-H2O), LaPO4-LuPO4(-H2O) and YPO4-ScPO4(-H2O) Systems for Ceramic Matrices. J Nanomed. Res.,
2017, 6(1), P. 00145.

[6] Gausse C., Szenknect S., Mesbah A., Clavier N., Neumeier S., Dacheux N. Dissolution kinetics of monazite LnPO4 (Ln = La to Gd): A
multiparametric study. Applied Geochemistry, 2018, 93, P. 81–93.
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